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Localization of oxytocin receptors in the prairie vole (Microtus 
ochrogaster) neocortex

Auriane Duchemina,1, Adele M. H. Seelkea, Trenton C. Simmonsa, Sara M. Freemana,b, and 
Karen L. Balesa,b

aPsychology Department, University of California - Davis, Davis, CA, USA

bCalifornia National Primate Research Center, University of California - Davis, Davis, CA, USA

Abstract

Early experience and social context interact to alter the phenotype of complex social behaviors. 

These early experiences can also result in alterations to cortical organization and connections. 

Given the ability of the neuropeptide oxytocin (OT) to modulate social and reproductive behavior, 

OT is likely involved in these cortical processes. However, little is known about the distribution of 

OT and OT receptors (OTR) within the neocortex. Using autoradiographic and neuroanatomical 

techniques, we characterized the cortical distribution of oxytocin receptors (OTR) in prairie voles, 

a socially monogamous rodent species. We found that OTR density was low in the primary 

sensory areas (including primary somatosensory and auditory regions) but was quite high in 

association regions (including temporal and parietal association areas, and prelimbic regions). In 

the primary motor area as well as the temporal and parietal association areas, we observed 

differences in OTR density across cortical layers. Specifically, cortical layers 2/3 and 5 exhibited 

greater OTR density than layer 4. Our results point to a role for OT in integrating sensory and 

motor in the prairie vole brain, providing a complimentary mechanism for the modulation of social 

interactions. Given the ability of early social experience and developmental manipulations of OT 

to affect the brain and behavior, these results suggest a novel mechanism for how OT may 

influence cortical organization.
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Introduction

Oxytocin (OT; see Table 1 for abbreviations) is a nine amino acid peptide that has long been 

known for its peripheral effects on female mammalian reproductive physiology, specifically 

uterine contractions during labor and milk ejection during nursing. But in the past few 
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decades, it was discovered that OT and its analogs, including vasopressin and vasotocin, also 

have central effects and contribute to a wide variety of behaviors in many vertebrate species 

(Kelly and Goodson 2014), including food intake (Arletti, et al. 1990, Chaves, et al. 2013), 

stress response (Jezova, et al. 1995, Gibbs 1984, Williams, et al. 1985), temperature 

regulation (Chaves, et al. 2013, Young 2013, Kasahara, et al. 2015), grooming (Carter and 

Wilkinson 2015, Burkett, et al. 2016), and social and reproductive behaviors, including 

sexual behavior, parental behavior, infant attachment and social bonding (Insel and Shapiro 

1992, Insel, et al. 1997, Bales, et al. 2013, Ross, et al. 2009, Bales, et al. 2007). Indeed, the 

OT system is an integral component to the development and expression of species-typical 

social behaviors.

Many areas containing oxytocin receptors (OTR) receive direct OT projections from the 

paraventricular nucleus (PVN) of the hypothalamus. But, there is also a considerable 

incongruency between the density of those projections and the density of OT binding sites, 

in that the distribution of cells that are immunoreactive for OT does not necessarily match 

the distribution of its receptors (Veening, et al. 2010). Furthermore, the expression and 

sensitivity of OTR are extensively controlled in a localized and specific way by many 

factors, including steroid hormones, thus resulting in a heterogeneous pattern of receptor 

binding in across the brain (Jimenez, et al. 2015, Mooney, et al. 2015, Ross, et al. 2009).

The neural distribution of OTR may underlie variations in social behavior. This can be seen 

by comparing OTR localization in the brain of two species of voles: the prairie vole 

(Microtus ochrogaster), which is monogamous and biparental, and the montane vole 

(Microtus montanus), which is polygamous (Insel and Shapiro 1992). The prairie vole has 

high OTR density in the prelimbic cortex (PLC), the bed nucleus of the stria terminalis 

(BNST), the nucleus accumbens (NAcc), the midline nuclei of the thalamus, and lateral 

aspects of the amygdala. In contrast, the montane vole has higher OTR density in the lateral 

septum, the ventromedial nucleus of the hypothalamus, and cortical nucleus of the 

amygdala. Moreover, in the female montane vole, the OTR distribution in the brain changes 

within 24h after parturition, more closely resembling the pattern observed in the prairie vole 

(Insel and Shapiro 1992). Thus, the distribution of the OTR in the brain of the voles can be 

directly associated with the social organization of the species (Insel and Shapiro 1992, Ross, 

et al. 2009).

In this study we used the prairie vole (Microtus ochrogaster) as the model species due to its 

very rare qualities: a rodent as easy to breed in the laboratory as the mouse, but 

monogamous and biparental (McGraw and Young 2010, Thomas and Birney 1979, Getz, et 

al. 1981). Moreover, these animals are only a few generations removed from the wild so 

there is still a great deal of intra-species diversity. As described before, the distribution of 

OTR in the subcortical regions of adult prairie voles has been well characterized (Insel and 

Shapiro 1992). But while a great deal is known about the subcortical distribution of OTR, no 

published studies have quantified its distribution across the prairie vole neocortex.

The mammalian neocortex is a six-layered structure which is involved in processing sensory 

inputs and generating motor output. Cortical areas are segregated by sensory modality (i.e., 

somatosensory, visual, and auditory areas), as well as a motor cortical area (Campi, et al. 
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2007). These functional representations correspond with distinct neuroanatomical 

characteristics, which can be identified using histological staining techniques. Interspersed 

between the primary sensory and motor areas are association regions. One common feature 

of association cortex is that these regions receive and process signals from one or more 

primary sensory and/or motor areas (Buckner and Krienen 2013). Different regions of 

association cortex are differentially recruited to integrate sensory and motor functions. The 

prefrontal cortex (also called the prelimbic cortex in rodents) is arguably the most studied 

and is involved in memory and decision making (Euston, et al. 2012, Miller and Cohen 

2001). Other areas of association cortex are involved in the integration of sensory and motor 

information. The parietal association area (Paa), for example, integrates visual and 

sensorimotor processes (Wilber, et al. 2015, Whitlock, et al. 2012, Seelke, et al. 2011) while 

the temporal association area (Taa) integrates visual and auditory processes (Berger and 

Ehrsson 2014, Perrodin, et al. 2014).

This project focuses on the distribution of OTR in the cortex of adult prairie voles. In order 

to best appreciate the anatomical distribution of OTR we used a combination of histological 

techniques, including traditional coronal sectioning as well as a flattened cortex preparation. 

This novel approach allowed us to examine where OTR was found throughout cortical layers 

as well as across the entire cortical sheet. We found several regions of high OTR density 

within the prairie vole cortex, especially in association areas. Primary sensory and motor 

regions exhibited very low levels of OTR density. These results may provide insight into 

how the OT system influences cortical organization, particularly through the modification of 

association regions.

Experimental Procedures

Subjects

For this study, 12 prairie voles (Microtus ochrogaster) were subjects (6 males and 6 

females). Animals were born and housed in the Psychology Department Vivarium at the 

University of California, Davis. These animals were descendants of a wild stock originally 

caught near Champaign, Illinois. The animals were weaned at 20 days of age and pair 

housed with an animal of the same sex (sibling if available, similarly aged non-sibling if not) 

in small laboratory cages (27 × 16 × 13 cm) in which food and water were available ad 
libitum. All animals were maintained at approximately 70°F (21°C) on a 14:10 light/dark 

cycle with the lights on at 6 a.m. All experiments were performed under National Institutes 

of Health guidelines for the care of animals in research and were approved by the 

Institutional Animal Care and Use Committee of the University of California, Davis.

Brain removal and slicing

Subjects were euthanized at day 60 via cervical dislocation under anesthesia, and their 

brains were removed, flash frozen on dry ice and stored at −80°C. Brains from 10 of the 

animals were sliced on a cryostat into 20μm coronal sections and mounted onto Super-frost 

slides. Brains from the remaining 2 animals had their cortical hemispheres dissected from 

subcortical regions, flattened, flash frozen on dry ice, sliced tangential to the pial surface 

into 20μm sections, and mounted onto Super-frost slides. All slides were stored at −80°C in 
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sealed slide boxes with desiccants until the time of assay. Alternate adjacent sections were 

stained for Nissl substance (in the case of coronal sections) or myelin (in the case of 

flattened cortex sections).

Receptor Autoradiography

Receptor autoradiography for OTR was performed as described previously (Perkeybile, et al. 

2015). Slides were removed from −80°C and allowed to thaw at room temperature. Next, 

they were lightly fixed in 0.1% paraformaldehyde (pH 7.4), washed twice in 50 mM Tris 

base (pH 7.4), and incubated in tracer buffer (pH 7.4) containing 0.05 nM 125I-

d(CH2)5[Tyr(Me)2-Tyr-NH2]9-OVT (125I-OVTA; PerkinElmer) for 1 hr. Finally, slides 

were rinsed in 50 mM Tris base with 10 mM MgCl (pH 7.4) and dipped in deionized water 

before being allowed to air dry. The slides were exposed to BioMax MR film (Kodak, 

Rochester, NY) for 3 days and then developed and analyzed.

Nissl staining

The coronal sections that were stained for Nissl substance were left for 30 min in a 

chloroform-ethanol mix to defat the tissue. Then they underwent a series of alcohol 

rehydration steps (from 100% ethanol to 30% ethanol) before being immersed in a cresyl 

violet solution. Cresyl violet binds to DNA and RNA, staining them a blue/purple color. 

Thus the cell bodies, containing the DNA and the very large majority of the RNA, are 

apparent and the regions of the brain and layers of the cortex can be distinguished though 

their differing cellular densities. After the cresyl violet stain, the slides were dehydrated 

using a series of gradated alcohols (from 70% ethanol to 100% ethanol), cleared in 

histoclear and coverslipped with DPX mounting medium. Those sections were compared to 

the adjacent sections used for the autoradiography, so that we could precisely identify the 

anatomical regions of interest.

Quantification

The anatomical boundaries of regions of interest (ROI) were determined by comparing the 

sections that underwent autoradiography for OTR to adjacent sections that had been stained 

for Nissl substance and to a mouse brain atlas (Franklin and Paxinos 2013). Then the 125I-

OVTA binding was quantified using ImageJ (NIH; Bethesda, MD, USA) to measure optical 

density. These techniques have been described previously (Freeman, et al. 2016). Films were 

scanned and digitized using an Epson Perfection V500 Photo scanner. The digitized 

autoradiogram images were imported into ImageJ 64, and optical binding density (OBD) 

values from a set of 125I autoradiography standards (American Radiolabeled Chemicals, 

Inc., St. Louis, MO) were loaded into the software and used to generate a standard curve, 

from which OBD values for each ROI could be extrapolated. In each brain, OBD values 

were calculated for each ROI as well as one background region where no binding was 

detected. Three measurements were taken for each ROI and background region. Background 

was quantified for each section of tissue from a subcortical area lacking OT receptors 

(corpus callosum or part of the thalamus, depending on the caudo-rostral position). The 

background OBD values were subtracted from each ROI value in order to account for 

individual differences in nonspecific binding and to yield normalize OBDs across brains.
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We measured the optical binding density of the following brain regions: NAcc, PLC, insular 

cortex (Ins), Paa, Taa, primary motor areas (M1), primary auditory areas (AC) and primary 

somatosensory areas (S1). Additionally, a qualitative examination of the tissue revealed a 

heterogenous subcortical distribution of OTR, with the NAcc displaying some of the greatest 

density. Thus, we included the NAcc as a point of reference to compare cortical OTR density 

against an area in prairie voles that is characterized by high OTR density. For 4 animals (2 M 

and 2 F) the Paa and AC were not visible on the slices, so for these two areas, the values 

were obtained on only 6 animals instead of 10.

Additionally, an examination of several cortical regions, including M1, Taa, and Paa, 

revealed heterogenous OTR distribution across cortical layers. As before, ROIs were 

identified by comparing nissl-stained brain sections against adjacent sections that underwent 

OTR autoradiography. In each ROI, OBDs were determined for the area as a whole, as well 

as individual layers, including layers 2/3, 4, and 5.

Flattened cortex

While coronal sections allow us to clearly visualize cortical layers, it is difficult to 

appreciate the spatial relationship between cortical regions. Using a flattened cortical 

preparation allows for the simultaneous visualization of the entire cortical sheet and the 

arrangement of the primary sensory and motor areas. However, it is difficult to clearly 

identify layers using this preparation. Thus, the flattened cortex sections were used to assist 

in the visualization of the OTR distribution, but were not included in the quantification of 

data.

Alternating sections of the flattened cortical tissue were stained for myelin. Primary sensory 

regions within the neocortex contain a greater concentration of myelin than association 

areas. Thus, a myelin stain can be used to clearly identify architectonic boundaries of 

cortical regions. This method (Gallyas 1979) has been used previously by this laboratory 

(Campi, et al. 2007, Seelke, et al. 2012, Seelke, et al. in press). As with the Nissl stain, the 

myelin stain allowed us to clearly visualize and distinguish cortical areas.

Statistical Analyses

All statistical analyses were performed in R version 3.2.4 (The R Foundation; www.r-

project.org) using the lmerTest and lsmeans packages. The lmerTest package utilizes the 

mixed modeling code found in lme4 but provides additional functionality, including the 

calculation of p-values using Satterwaite’s approximation for degrees of freedom. Since our 

experimental design only necessitated within-subject comparisons, we performed repeated 

measures analyses of variance (ANOVAs) with animal ID as a repeated effect. Post-hoc 

analyses were accomplished using the lsmeans package. Adjustments for multiple 

comparisons were computed using the Tukey method. For all analyses, α = 0.05.

Prior to analyzing differences in cortical regions, we first tested to see if OTR differed by 

hemisphere or sex using one-way ANOVAs for each factor. We found no significant 

difference between the left and right hemispheres for any ROI so we averaged the values 

together for further analyses. Similarly, having found no significant difference between the 

sexes in any of the tested regions we pooled male and female data. In summary, the density 
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of OTR (in disintegrations per minute per milligram of tissue [dpm/mg]) for each ROI was 

determined by first averaging within subjects (left and right hemispheres) and then between 

subjects (male and female together).

Results

To quantify the localization and density of OTR in the cortex of adult prairie voles, we first 

examined coronal sections of vole brains. We compared images of OTR binding to adjacent 

sections stained with Nissl (Figure 1). Previous work has explored OTR distribution in 

subcortical regions, and in this study we saw dense OTR staining in areas that have already 

been described in the literature, including the NAcc, BNST, amygdala, and lateral septal 

nucleus (Bales, et al. 2007, Wang, et al. 1997, Witt and Insel 1991). Similarly, a close 

examination of the cortex revealed a non-homogenous distribution of OTR, with OTR 

density in some areas approaching that of the densest subcortical binding (e.g. NAcc). When 

we compared OTR binding across cortical regions we found a significant main effect of area 

(F7,62=98.379, p<2e-16; Figure 2), which confirms the heterogeneity of OTR distribution in 

the cortex. The amount of OTR did not significantly differ between Ins, Taa and PLC. 

Importantly, those areas also did not differ from NAcc, demonstrating that some cortical 

regions contain very high densities of OTR. We also found that there is no significant 

difference in OTR density between Paa and M1, although they both had significantly lower 

density than the NAcc, Ins, Taa, and PLC (t ≥ 3.287, p ≤ <0.0309). OTR density in AC was 

significantly lower than in Paa (p=0.0042), and S1 contained almost no OTR (difference 

between AC and S1 p<0.0001). Mean values in dpm/mg are shown in the Table 2. The p-

value of the difference between every area is displayed in Table 3.

Interestingly, when we partitioned the cortical regions of interest based on function, we 

found that the non-sensory (Ins, PLC) and association areas (Taa, Paa), had a much higher 

OTR density than the primary motor (M1; t ≥ 3.354, p ≤ 0.0256) and sensory areas (S1, AC; 

t ≥ 3.932, p ≤ 0.0042; Figure 2; Table 2). The one exception is the comparison between M1 

and Paa, which did not significantly differ (t = 0.435, p = 0.999).

Heterogeneous OTR distribution in cortical layers

In addition to regional differences in OTR density, we also observed selected areas of 

heterogeneous laminar OTR distribution in coronal sections of vole cortex (Figures 3 and 4; 

Table 4). In the Paa for example, there was greater OTR density in layers 2/3 and layer 5 

than in layer 4 (p<0.0001). It was the same with Paa, with greater OTR density in layers 2/3 

and 5 than in layer 4 (p<0.0001). Within M1 we also found more OTR in layer 2/3 than in 

layer 4 (p<0.0001).

Distribution of OTR in the flattened cortex

To investigate the distribution of OTR from another point of view, we used a flattened cortex 

preparation. This method allowed us to look at OTR distribution across the entire cortical 

sheet in sections parallel to the cortical layers. The flattened cortex preparation confirmed a 

distinct inverse relationship between OTR density and the location of the primary sensory 

regions (Figure 5). The architectonic organization of the prairie vole neocortex has been 

Duchemin et al. Page 6

Neuroscience. Author manuscript; available in PMC 2018 April 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



described previously (Campi, et al. 2007, Seelke, et al. 2016). Briefly, the primary visual 

cortex (V1) is located on the caudal pole of the neocortex and it stains darkly for myelin. 

The AC is a round structure that is found lateral to V1 and stains darkly for myelin. S1 is 

found rostral to V1 and AC, and stains darkly, but non-uniformly, for myelin. M1 is found 

immediately rostral to S1 and stains moderately for myelin. Indeed, one clear characteristic 

of cortical tissue is that the primary sensory and motor areas stain darkly for myelin. This 

pattern is in sharp contrast to the distribution of OTR density in flattened cortex, where the 

primary sensory areas have a low density of OTR. In contrast, the association areas, which 

stain very lightly for myelin, have a high density of OTR (Figure 5).

Discussion

OT is involved in a wide variety of social behaviors, including pair bonding and parental 

care (Insel and Shapiro 1992, Bales, et al. 2013, Ross, et al. 2009, Bales, et al. 2007, Insel 

1992, Carter, et al. 1995). The distribution of OTR is a critical aspect of the OT system, as 

the pattern of receptor expression indicates which neural substrates are sensitive to the local 

release of OT in the brain. Furthermore, differences in the neuroanatomical distribution of 

OTR have been able to account for some of the differences in social organization across vole 

species (Insel and Shapiro 1992, Lim, et al. 2004, Young and Wang 2004). The subcortical 

distribution of OTR has been examined in a wide variety of species, including but not 

limited to: rats, mice, several vole species, marmosets, coppery titi monkeys, rhesus 

macaques, and humans (Insel and Shapiro 1992, Freeman, et al. 2016, Vaccari, et al. 1998, 

Gould and Zingg 2003, Freeman, et al. 2014, Freeman, et al. 2014, Schorscher-Petcu, et al. 

2009). However, neocortical OTR distribution has gone largely unquantified, even though in 

many of these papers there are clearly visible areas of high OTR density within the 

neocortex. To the best of our knowledge, this study is the first quantitative regional 

examination of OTR distribution in the neocortex of the prairie vole.

The neocortical distribution of OTR has been examined in other species, including the 

mouse (Hammock and Levitt 2013) and coppery titi monkey (Freeman, et al. 2014). In adult 

mice, little to no OTR were found in S1, which was the only region measured. However, 

developing mice showed significant levels of OTR in several layers within S1 (Hammock 

and Levitt 2013). The coppery titi monkey did not show appreciable levels of OTR anywhere 

in the neocortex (Freeman, et al. 2014). This result is in contrast to the data presented here, 

where some cortical regions, such as Ins, PLC, and Taa exhibit similar levels of OTR density 

as the Nacc, which contains some of the highest OTR density in the vole brain.

Numerous studies have shown behavioral differences between males and females when OT 

is involved, however in this study we found no differences in OTR density between male and 

female brains. Studies in many species have shown sex differences in brain OTR densities 

(reviewed in (Dumais and Veenema 2016)). Female rats show lower levels of OTR in most 

forebrain regions than males (Dumais, et al. 2013). Other regions in rats, like the central 

amygdala, display increased OTR for females relative to males. Conversely, several 

subcortical structures in the forebrain of prairie voles, including the BNST and amygdala, 

did not show differences between males and females (Bales, et al. 2007). Furthermore, while 

it was previously found that the OTR binding in the medial prefrontal cortex, (what we have 
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labeled “prelimbic cortex”) was higher in female than in male prairie voles (Smeltzer, et al. 

2006), we did not replicate this finding with our results. This could be explained by a 

number of statistical considerations including our small sample sizes and subsequent low 

power to detect sex differences. There is also the possibility that the disparity between the 

two studies could be explained by differences in methodology. While Smeltzer et al. (2006) 

simply measured grain density, our values were generated using a standard curve and we 

controlled for non-specific background binding.

Architectonic analysis of OTR distribution

The examination of cortical organization is complicated by the fact that the cortex is a very 

large 3-dimensional structure that shows significant variation across both its width and 

depth. Thus, in order to fully appreciate both its layered structure as well as the relative 

locations of primary sensory and motor regions, it was helpful to use multiple planes of 

section to obtain a more complete picture of the spatial distribution and density of OTR in 

the cortex. As in other mammalian species, the prairie vole neocortex is characterized by six 

layers that vary based on cell type and density. Sectioning tissue coronally provides a clear 

visualization of cortical layers and allows for the identification of boundaries between 

cortical regions (Figure 3). However, in order to observe the relative spatial organization of 

different cortical regions, it is helpful to view the entire cortical sheet in a single plane of 

section using a flattened cortical preparation (Figure 5). The flattened cortical preparation is 

most commonly used in neuroanatomical studies (e.g., (Campi, et al. 2007, Seelke, et al. 

2011, Seelke, et al. 2012, Seelke, et al. in press, Seelke, et al. 2016), although is has been 

used in conjunction with autoradiography when documenting the development of ocular 

dominance columns in macaques (Horton and Hocking 1996). To our knowledge, this is the 

first time that the flattened cortex preparation has been used to examine the distribution of 

neuropeptide receptors.

Using both histological planes of section, we found that association regions, and not primary 

sensory and motor regions, contained the greatest OTR density. Both the sensory and 

association cortices likely play an important role in social behaviors: the sensory cortices 

directly receive information from the environment, and the association cortices integrate the 

different sensory inputs, which can influence behavioral responses. There have been recent 

studies that suggest OT plays a role in the processing of sensory information. A study in 

mice reported that sensory experience during early development regulates OT synthesis and 

secretion in the brain, which then mediates cross-modal plasticity (Zheng, et al. 2014). OT 

thus has direct effects on the sensory cortices, but the cross-modal plasticity might be 

happening via the association cortex, where cortical OTR density is greatest. In the bat, it 

was found that there are OT immunoreactive neurons in nuclei in the auditory brain stem 

(Kanwal and Rao 2002), as well as in the frontal and auditory cortices (Prasada Rao and 

Kanwal 2004). Mother-infant interactions in bats are highly dependent on vocal recognition 

and auditory feedback, and as adults bats rely on echolocation for spatial navigation as well 

as food acquisition (Schnitzler, et al. 2003). This result suggests that OT may influence 

sensory processing to help recognize relevant sensory inputs. A recent study in mice showed 

that OT disinhibits auditory cortex within seconds, and also leads to long-term modifications 

that are essential for balancing inhibition with excitation (Marlin, et al. 2015). Even in 
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humans, it was found that variations in OTR gene expression was associated with auditory 

processing (Tops, et al. 2011). The presence of the presumably more efficient GG phenotype 

of an OTR gene polymorphism was positively correlated with decreased difficulty in hearing 

and understanding people within a lot of background noises.

The consequences of early experience

Cortical organization is very sensitive to environmental stimulation during critical periods, 

which renders it highly dynamic and adaptable to context. In prairie voles, it was shown that 

different parental rearing styles, measured by examining the amount of parental contact in 

the first few days after birth, are associated with differences in the organization of the 

cortical connections (Seelke, et al. 2016). The offspring of voles that were categorized as 

High Contact (HC) parents exhibited a different pattern of cortical connections than the 

offspring of voles categorized as Low Contact (LC) parents. The HC offspring had a greater 

density of intrinsic connections within the S1 compared to LC offspring, while the LC 

offspring had a wider distribution of labeled cells. Similarly, the size of cortical fields was 

altered both by differences in parental care as well as exposure to a single dose of OT on the 

day of birth (Seelke, et al. in press). Early experiences, likely mediated through the OT 

system, can also result in behavioral changes later in life. As we know, some changes in 

response to early experience are mediated by OT (see (Bales and Perkeybile 2012) for 

review), like the amount of alloparental behavior, which is higher in males who have been 

handled in the first few days of life (Bales, et al. 2011). These behavioral changes are 

correlated with OTR receptor density variation in some subcortical regions, with less OTR 

binding in the BNST and the NAcc. This result, taken in context with our findings, has lead 

us to hypothesize that the changes in cortical connections observed in HC vs LC offspring 

could be mediated by OTR in the cortex.

Other studies have shown that the OT might balance excitation and inhibition in the cortex. 

For example, in the rat, the excitatory-to-inhibitory switch of GABA actions in the fetal 

brain shortly before delivery is triggered by the maternal OT (Tyzio, et al. 2006). Moreover, 

in the mouse, OT has been shown to suppress excitatory glutamatergic neurotransmission in 

some part of the prefrontal cortex (Ninan 2011). Our data then suggest that the OT could 

play an important role at the association cortex level, maybe allowing balance in inhibition 

and excitation that could lead to cortical plasticity and successful social behaviors. This 

possibility provides an alternative mechanism by which OT may act to regulate the salience 

of social cues (Shamay-Tsoory and Abu-Akel 2016).

In this project we also found that the OTR are not homogeneously distributed between the 

cortical layers. In the motor areas, temporal association areas and posterior parietal 

association areas, layers 2/3 and 5 seem to express more OTR than the other layers. 

Interestingly, studies in other species also found more OTR in layer 2/3 of the cortex 

compared to other layers. In rats there were high levels of OTR mRNA in layers 2 and 3 of 

the neocortex (Yoshimura, et al. 1993). In mice, there is also a developmental peak of OTR 

density in the neocortex in pre-weaning mice (P14) (Hammock and Levitt 2013) and more 

precisely the OTR are prominent in layers 2 and 3 and in the upper layer 5. This 

heterogeneous OTR density is present in mice only during the early development, but it is 
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very interesting to see that, much like we report here, OTR are always denser in layers 2 and 

3, which send and receive projections from other cortical regions. The action of OT at OTR 

in layers 2/3 may be one mechanism by which OT can contribute to cortical plasticity.

Clinical relevance and future considerations

The research focused on the OT system has greatly increased for the past two decades. It is 

now seen as the “prosocial hormone” (Shamay-Tsoory and Abu-Akel 2016, Macdonald and 

Macdonald 2010, Kemp and Guastella 2010, Striepens, et al. 2011), warranting its scrutiny 

as a possible therapeutic for individuals with autism spectrum disorders (ASD; (Okamoto, et 

al. 2016, Yamasue 2016, Young and Barrett 2015). There are many clinical trials that are 

currently underway using intranasal administration of OT to treat patients with ASD. 

However, the literature surrounding OT as a therapeutic for ASD suffers from a variety of 

complications: (1) we do not know exactly how the OT system works in the brain (especially 

in humans), (2) the mechanism behind the effect of intranasal OT administration is still 

unknown (Quintana, et al. 2015), (3) clinical trials are experiencing a replication problem 

(Lane, et al. 2016), and (4) there may even be a publication bias for positive effects of OT 

administration (Lane, et al. 2016, Walum, et al. 2016) which confounds the potential null 

effect of intranasal OT administration.

But the question of whether OT can successfully be utilized as a treatment for ASD is 

fundamentally different than the question of whether or not the etiology of ASD involves the 

OT system. In fact, the idea that OT administration can alleviate the symptoms of ASD has 

been widely debated. Several studies have provided evidence for an effect while others have 

failed to do so (reviewed in Anagnostou, et al. 2014, Preti, et al. 2014), and a recent meta-

analysis has concluded that OT administration has no effect on social cognition deficits or 

repetitive behaviors in children with ASD (Ooi, et al. 2016). But despite the lack of 

conclusive evidence for a therapeutic effect of OT on ASD, two related meta-analyses have 

confirmed associations between ASD and over a dozen variants of the OTR gene (Kranz, et 

al. 2016, LoParo and Waldman 2015). Other studies link alterations in OTR gene 

methylation status (e.g. gene expression activity) to children with ASD (Elagoz Yuksel, et al. 

2016, Gregory, et al. 2009). These findings support the idea that the etiology of ASD may 

involve altered OTR distribution throughout the brain. Unfortunately, studies exploring the 

neuroanatomical distribution of OTR within the human brain have yet to characterize 

cortical regions (Freeman, et al. 2016). Given our finding of dense OTR binding with the 

prairie vole neocortex, further studies are warranted to determine the prevalence of OTR 

within human neocortex, particularly motor and sensory association regions. Localization of 

OTR in the human neocortex might help explain the fact that many individuals with ASD 

also experience comorbid alterations in responsivity to sensory input (Patten, et al. 2013, 

Ausderau, et al. 2014, Ausderau, et al. 2014, Ausderau, et al. 2016, American Psychiatric 

Association 2013), providing an alternative mechanism by which the OT system may 

modulate social experience.

Ultimately, there is a need to expand our understanding of the function of OT more broadly. 

While our project is an essential step to understanding the multi-faceted nature of the OT 

system, many more studies are still necessary. It would be quite informative to examine the 
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development trajectory of the distribution of OTR in the neocortex of prairie voles, as OT 

seems to mediate many aspects of cortical development and plasticity, and the patterns of 

OTR binding in the brain have been found to change during development (Hammock 2013). 

According to our data, OT plays a more prominent role in the association cortex than in 

primary motor and sensory regions in the prairie vole. Having a greater understanding of the 

implications of these findings may inform how social and sensory experiences during 

infancy can influence behavioral and brain organization in adulthood.
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Highlights

1. Oxytocin receptors are heterogeneously distributed throughout the neocortex.

2. Primary sensory areas have low densities of oxytocin receptors.

3. Association regions have high densities of oxytocin receptors.

4. Cortical layers 2/3 and 5 exhibited greater oxytocin receptor density than 

layer 4.
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Figure 1. 
Anatomical identification of cortical regions of interest. Adjacent sections were stained for 

Nissl substance (left) or processed for OTR autoradiography (right). In the right column, 

dark regions correspond to areas that contain high OTR density. The top row represents the 

most rostral regions of interest, while the bottom row represents the most caudal regions. 

Specific cortical regions and subcortical nuclei are labeled (see Table 1 for abbreviations). 

The Nissl stain allowed us to clearly identify specific regions of interest based on neuronal 

density, the presence of cortical layers, and the intensity of staining. All images were 

converted to grayscale, and brightness and contrast were adjusted equally across all images. 

In all images, dorsal is up and lateral is to the right.
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Figure 2. 
Oxytocin receptor density in different cortical regions. Groups that differ significantly from 

each other in the overall ANOVA are indicated by different letters. Subcortical regions 

(NAcc) are indicated in black, association cortical regions are indicated in gray, and primary 

sensory and motor regions are indicated in white. In the cortex, the association areas contain 

a higher density of OTR than the primary areas.
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Figure 3. 
Anatomical identification of cortical layers. Adjacent sections were stained for Nissl 

substance (left) or processed for OTR autoradiography (right). Arrows indicate the 

boundaries of the temporal association area, and cortical layers (1–6) and the amygdala 

(Amy) are labeled. All images were converted to grayscale and brightness and contrast were 

adjusted.
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Figure 4. 
Quantification of oxytocin receptor density in different cortical layers. Groups that differ 

significantly from each other in the overall ANOVA are indicated by different letters. 

Individual layers (gray) were compared against each other and the cortical area as a whole 

(black). In the temporal association area (A) layers 2/3 and 5 had a higher OTR density than 

layer 4 as well as the area as a whole. In the parietal association area (B), layers 2/3 and 5 

had a greater OTR density than layer 4, which in turn had a higher OTR density than the 

area as a whole. In the primary motor area (C), cortical layer 2/3 had a greater OTR density 

than layer 4 as well as the area as a whole.
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Figure 5. 
Distribution of OTR across the cortical sheet. A) A flattened section of cortical tissue stained 

for myelin. The areas that stain darkly for myelin correspond with primary sensory and 

motor regions. B) The architectonic boundaries of cortical sensory and motor regions 

reconstructed from myelin-stained tissue. C) A flattened section of cortical tissue upon 

which OTR autoradiography was performed. Dark regions correspond to areas that contain 

high OTR density. In contrast to the myelin-stained section, here we see light staining in the 

sensory and motor areas and dark staining in the association areas, indicating low OTR 

density in sensory and motor regions and high OTR density in association regions. All 

images were converted to grayscale and brightness and contrast were adjusted. In all panels, 

rostral is to the right and medial is up.
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Table 1

Abbreviations

AC Auditory cortex

Amy Amygdala

BNST Bed Nucleus of the Stria Terminalis

CP Caudate putamen

dpm disintegrations per minute

HC Hippocampus

Ins Agranular insular area

LS Lateral septum

M1 Primary motor cortex

NAcc Nucleus accumbens

OT Oxytocin

OTR Oxytocin receptor

Paa Parietal association area

PLC Prelimbic cortex

PVN Paraventricular nucleus

S1 Primary somatosensory cortex

S2 Second somatosensory area

Taa Temporal association area

V1 Primary visual cortex
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Table 4

Average OTR density throughout cortical layers, in dpm. Mean ± standard error.

Taa Paa M1

Whole area 1094.5 ± 31.7 736.1 ± 52.4 789.3 ± 64.7

Layer 2/3 1254.1 ± 43.2 892.0 ± 56.9 691.7 ± 71.2

Layer 4 1130.9 ± 35.2 787.5 ± 54.7 790.4 ± 72.6

Layer 5 1327.3 ± 28.2 889.7 ± 57.2
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