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Abstract

Background: We used the highly prosocial prairie vole to test the hypothesis that higher-order 

brain structure, microarchitecture and functional connectivity, would differ between males from 

populations with distinctly different levels of prosocial behavior. Specifically, Males from Illinois 

(IL), who display high levels of prosocial behavior and F1 males from Kansas dams and Illinois 

males (KI), which display the lowest level of prosocial behavior and higher aggression. Behavioral 

differences between these males are associated with overexpression estrogen receptor alpha in 

the medial amygdala (MeA) and bed nucleus of the stria terminalis (BST) and neuropeptide 

expression in the paraventricular nucleus (PVN).
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Methods: We compared apparent diffusion coefficient (ADC), fractional anisotropy (FA), and 

BOLD resting-state functional connectivity (rsFC) between males.

Results: IL males displayed higher ADC in regions associated with prosocial behavior including 

the BST, PVN and the anterior thalamic nuclei, while KI showed higher ADC in the brainstem. 

KI showed significantly higher FA than IL in 26 brain regions, with the majority being in the 

brainstem reticular activating system. IL males showed more BOLD-rsFC between the BST, PVN, 

and MeA along with other brain regions including the hippocampus and areas associated with the 

social and reward networks.

Conclusion: Our results suggest that gray matter microarchitecture and functional connectivity 

may play a role the expression of prosocial behavior and suggest that difference in other brain 

regions, especially in the brainstem, could be involved. The differences between males suggests 

that this system represents a potential valuable model system for studying emotional differences 

and vulnerability to stress and addiction.
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Introduction

Prairie voles (Microtus ochrogaster) are the primary human-relevant rodent model for 

studying the neural mechanisms and circuits involved in the expression of high levels of 

prosocial behavior associated with social monogamy. They form long-term pair bonds, 

express alloparental and biparental offspring care (1), and show depression-like responses 

to social isolation and partner loss (2). Microtines are a comparative model, as closely 

related species display a wide spectrum of behavior. Pine (M. pinetorium) and prairie 

voles are socially monogamous and highly prosocial, montane voles (M. montanus) are 

polygynous and solitary, while meadow voles (M. pennsylvanicus) display intermediate 

attributes, but are used as a polygynous model. Studies focusing on voles have provided 

insight into the neural regulation of prosocial behavior. 1. There are multiple neural 

mechanisms involved, oxytocin (3,4), vasopressin (5), dopamine (6,7), corticosterone (8) 

and estrogen receptor expression (9). 2. Two major neural networks, social and reward, as 

well as other regions/nuclei play a critical role in modulating prosocial behavior (10). 3. 

The pattern of receptor expression, oxytocin (11), vasopressin (12), estrogen (13), dopamine 

(14) and corticotrophin-releasing factor (15), vary with reproductive strategy and degree of 

prosociality. However, we have little or no understanding of the role of higher-brain structure 

in the generation/regulation of prosocial behavior, which may be critical in modeling human 

behavior. Therefore, our goal was to test the hypothesis that higher-order brain structure 

will differ between prosocially distinct males. We tested this by examining the grey matter 

microarchitecture and resting-state functional connectivity between culturally/behaviorally 

distinct male prairie voles.

Social monogamy, characterized by high levels of male prosociality and low levels of 

male/male aggression is based upon Illinois (IL) prairie voles (16). In contrast, Kansas 

(KS) prairie voles, although socially monogamous (17), display significantly lower levels 
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of prosocial behavior, less parental (18), form partner preferences with less contact (19) 

and higher levels of aggression (20) than IL voles. Differential male prosociality is 

associated with differences in the underlying mechanisms. KS males display significantly 

less oxytocinergic neurons hypothalamic paraventricular nucleus (PVN) neurons (21) 

and significantly more estrogen receptor alpha (ERα) in the bed nucleus of the stria 

terminalis (BST) and the medial amygdala (MeA) than IL males (22). ERα expression 

is critical, as low levels of BST and MeA ERα is associated with high levels of male 

prosocial behavior both within and between species (13), as differential ERα expression 

in MeA and BST is associated with social monogamy in non-microtine rodents (13,23). 

In IL males enhancement of BST (24) or MeA (9) ERα disrupted prosocial behavior. 

Conversely, decreasing MeA ERα in male meadow voles increased prosociality and 

decreased aggression (25). Difference between KS and IL males are exaggerated in F1 

KI males, KS mother/IL father, who have the lowest number of oxytocinergic neurons 

and more vasopressinergic neurons in the PVN than IL males (21), overexpress BST and 

MeA ERα (26) and display the lowest levels of prosocial behavior (21). The MeA and 

BST also play a critical role in social-signal processing, as they receive direct input from 

the olfactory and accessory olfactory bulbs (27). Given the differences in neuroanatomy 

and behavior we predicted there would be significant differences between males in grey 

matter microarchitecture and functional couplings with the BST and MeA between males. 

Specifically, IL males would show greater BST and MeA connectivity with areas associated 

with prosocial behavior. Since there are no specific resting-state maps showing overall 

prosocial functional connectivity (28) we predicted connections with nuclei within the 

social neural network, i.e. ventromedial hypothalamus, lateral septum, medial preoptic area 

(MPOA), other amygdaloid nuclei, regions associated with memory and learning, the reward 

network, i.e frontal cortex, nucleus accumbens (NAc), ventral pallidum or ventral tegmental 

area in IL males.

Methods

Animal Husbandry

Males originated at the Miami University (Oxford, Ohio, USA) and were transported, 45 to 

60 days of age, to the Center for Translational Imaging, Northeastern University (Boston, 

Massachusetts, USA). Animals were housed with same-sex siblings, PD21, and provided 

Purina high fiber Rabbit Chow and water ad libitum. Animals were housed in a temperature 

and humidity-controlled vivaria and maintained on a 14/10 light cycle. All procedures were 

approved by the Miami University and Northeastern University IACUCs prior to conducting 

any studies and were conducted in accordance with the National Institutes Health Guide for 

the Care and Use of Laboratory Animals.

Imaging Protocol

A Bruker Biospec 7.0T/20-cm USR horizontal magnet (Bruker, Billerica, MA U.S.A) and a 

20-G/cm magnetic field gradient insert (ID=12 cm) was used to scan anesthetized subjects 

using a quadrature transmit/receive volume coil (ID 38 mm) (29). Imaging sessions began 

with an anatomical scan (20 slices; slice thickness, 0.70 mm; field of view (FOV) 2.5 cm; 
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data matrix 256×256; repetition time (TR) 2.5 sec; echo time (TE) 12.0 msec; effective TE 

48 msec; number of averages (NEX), 2; total acquisition time, 80 sec).

Diffusion Weighted Imaging–Quantitative Anisotropy

The following procedures were identical to those described previously (30,31). DWI was 

acquired with a spin-echo echo-planar-imaging (EPI) pulse sequence having the following 

parameters: TR/TE=500/20 ms, eight EPI segments, and 10 non-collinear gradient directions 

with a single b-value shell at 1000 s/mm2 and one image with a B-value of 0 s/mm2 

(referred to as B0). Geometrical parameters were: 48 coronal slices, each 0.313 mm thick 

(brain volume) and with in-plane resolution of 0.313×0.313 mm2 (matrix size 96×96; 

FOV 30 mm2). The imaging protocol was repeated two times for signal averaging. 

DWI acquisition took 35–70 min. DWI included DW-3D-EPI images analysis producing 

fractional anisotropy (FA) maps and apparent diffusion coefficient (ADC). DWI analysis 

was implemented with MATLAB and MedINRIA (1.9.0;http://www.sop.inria.fr/asclepios/

software/MedINRIA/index.php) software. Because sporadic excessive breathing can cause 

motion artifacts apparent only in the slices sampled when motion occurred, each image (for 

each slice and each gradient direction) was screened, prior to analysis, for motion artifacts; if 

found, acquisition points with motion artifacts were eliminated from analysis.

For statistical analysis, each brain volume was registered with the 3D MRI Vole Brain 

Atlas© template (Ekam Solutions LLC, Boston, MA) allowing voxel- and region-based 

statistics (32). In-house MIVA software was used for image transformations and statistical 

analyses. For each vole, the B0 image was co-registered with the B0 template (using a 

6-parameter rigid-body transformation). The co-registration parameters were then applied 

on the DWI indexed maps for each index of anisotropy. Normalization was performed 

on the maps providing the most detailed and accurate visualization of brain structures. 

Normalization parameters were then applied to all indexed maps and then smoothed with a 

0.3-mm Gaussian kernel. To ensure that preprocessing did not significantly affect anisotropy 

values the ‘nearest neighbor’ option was used following registration and normalization. 

Statistical differences between DWI groups were determined using a Mann-Whitney U 

Test (α=5%). The formula below was used to account for false discovery from multiple 

comparisons.

P(i) ≤ i
V

q
c(V )

P(i) is the p value based on the t-test analysis. Each of 111 ROIs (i) within the 

brain containing (V) ROIs was ranked in order of its probability value (Tables S1–S3 

Supplement). The false-positive filter value q was set to 0.2 and the predetermined c(V) at 

unity (33).

Resting-state functional connectivity

The following procedures, with the exception of specific references to voles, were 

identical to those described previously (30,31). Resting-state fMRI was acquired with 

a gradient-echo triple-shot EPI sequence, TR/TE 3000/17 ms; matrix size 96×96×20; 
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voxel size 0.208×0.208×0.75mm; time points 200. Preprocessing was accomplished by 

combining Analysis of Functional NeuroImages (AFNI_17.1.12, http://afni.nimh.nih.gov/

afni/), FMRIB Software library (FSL, v5.0.9, http://fsl.fmrib.ox.ac.uk/fsl/), Advanced 

Normalization Tools (ANTs, https://sourceforge.net/projects/advants/) and MATLAB 

(Mathworks, Natick, MA). Brain tissue masks for resting-state functional images were 

manually drawn using 3DSlicer (https://www.slicer.org/) and applied for skull-stripping. 

Normalization was completed by registering functional data to the MRI vole atlas 

using affine registration through DRAMMS. This MRI vole brain atlas containing 111 

brain regions was used for segmentation. After quality assurance, band-pass filtering 

(0.01Hz~0.1Hz) was performed, reducing low-frequency drift effects and high-frequency 

physiological noise. The resulting images were detrended and spatially smoothed (full width 

at half maximum=0.6 mm). Finally, regressors comprised of motion outliers, the six motion 

parameters, mean white matter, and cerebrospinal fluid time series were fed into general 

linear models for nuisance regression removing unwanted effects.

Correlations in spontaneous BOLD fluctuations was measured using region-to-region 

functional connectivity. Networks consist of nodes and edges; nodes being the brain 

region of interest (ROI) and edges being the connections between regions. 111 nodes 

were defined using the ROIs segmented from our vole atlas. Voxel time series data were 

averaged per node based on the residual images using the nuisance regression procedure 

with motion parameters and mean time courses of white matter and ventricles. Pearson’s 

correlation coefficients across all node pairs (6105) were computed per subject, assessing 

temporal correlations between brain areas. r-values (−1 to 1) normality were improved 

using Fisher’s Z-transform. 111×111 symmetric connectivity matrices were constructed, 

each entry representing the strength of edge. Group-level analysis was performed to examine 

functional connectivity in all experimental groups. The resulting Z-score matrices from 

one-group t-tests were clustered using the K-nearest neighbors clustering method to identify 

how nodes cluster and form resting state networks (see Data in Supplement). A |Z|=2.3 

threshold was used to avoid spurious or weak node connections for visualization purposes.

Results

Diffusion Weighted Imaging

There were several significant differences in ADC (Table 1 and Fig 1 left column) between 

males. Many of the differences occurred in the brainstem, e.g. lateral paragigantocellularis, 

trigeminal complex, facial n., raphe, medullary reticular n. reticulotegmental n. The level 

of diffusivity, direction of significant difference was region dependent, with IL males being 

higher in some regions and KI higher in others.

Twenty-six brain areas were significantly different for FA between males. In all cases, FA 

was higher in KI than IL males (Table 2 and Fig 1 right column). Differences in FA were 

most prominent in the brainstem reticular activating system, e.g. reticulotegmental n., raphe, 

gigantocelllularis, paragigantocellularis, parvicellular reticular n, pontine reticular n. and 

medullary reticular n.
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Resting-state functional connectivity

Figure 2 shows the rsFC correlation matrix for both males. Letters denote primary clusters 

constituting major brain regions and their significant connections. IL males showed a 

greater number of functionally couplings then KI males. These difference are most noted 

in Area B (insular cortex, olfactory tubercles, medial septum, and BST connecting to rostral 

piriform, tenia tecta, diagonal band of Broca and medial preoptic), Area D (intra-thalamic 

connections) and Area G (brainstem reticular activating system).

The correlation matrix was used to generate significant positive correlations with the BST 

(Fig 3 table), MeA (Fig 4 table), and the PVN (Table 3) with associated Z-score. For 

all nodes IL males displayed more significant correlations than KI males. In the BST 

and PVN all KI functional couplings corresponded with IL males. The BST highlights 

major connectivity differences between males. IL males display extensive connectivity with 

multiple brain regions, including the amygdala, hypothalamus, basal ganglia e.g., caudate/

putamen, NAc, septum, and globus pallidus (Fig 3). IL males also displayed more MeA 

couplings (Fig 4). Although both KI and IL males showed significant coupling to the 

surrounding amygdala, only KI was coupled to the central and extended amygdala. IL had 

coupling to the hypothalamus, NAc shell and the hippocampal complex e.g., CA1, CA3 and 

dentate. Table 3 shows the limited significant connections associated with the PVN.

Discussion

Our results supported the hypothesis that grey matter microarchitecture and functional 

coupling would differ between behavioral distinct male prairie voles. Specifically, highly-

prosocial IL males had higher FA and greater functional connectivity in regions associated 

with prosocial behavior and reward than KI males. In contrast, KI males had higher FA in 

brainstem reticular formations. Our findings are significant because they link mechanisms 

and regions of the brain known to regulate prosocial behavior with brain microarchitecture 

and functional connectivity. Although we recognize that many of these brain regions 

regulated other behaviors and physiological responses our findings are discussed with 

respect to integrated neural circuitry believed to prosocial behavior and how they might 

translate to the human condition

Based upon similarities in sociosexual behavior between prairie voles and humans, prairie 

voles have become the primary human-relevant model for understanding neural regulation of 

social behavior. They have been used and/or proposed as a translational model for studying 

depression (34), autism (35,36) and addiction (37,38). Prairie voles, like humans, display 

significantly different cultural/populational patterns of social behavior and these differences 

are regulated by significant differences in the underlying mechanism. The differences 

between Kansas and Illinois prairie vole are well established and robost, supported by 

decades worth of studies and persist under laboratory conditions after generations of 

breeding. Additionally, when cross-bred, the sons display maternal behavioral patterns, with 

KI males displaying overexpression of ERα (26) and reduction in oxytocinergic neurons in 

the PVN, which is associated with a higher level of aggression and lowest levels of prosocial 

behavior (25).
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It seems a logical extension to consider the KI/IL system as a translational model for fMRI 

studies. Especially as a predictive model for treatment and assessment of vulnerabilities 

within and between human populations for mental health disorders and drug abuse. There 

are challenges to this approach. One involves species differences in processing social cues. 

Rodents typically use olfaction, while humans rely on vision, meaning that connectivity 

differs to at least some degree (39). However, the MeA and BST still play a critical role 

in regulating sociosexual behaviors in all eutherian mammals. Another issue, as eloquently 

stated in a recent review (28), is that specific-brain regions and functional connectivity 

associated with regulating prosocial behavior are “inferred” through task-based fMRI 

studying a single prosocial behavior. Meaning that, in part, because of the complexity, we do 

not have a “map” of the regions involved, nor do we understand their overall connectivity 

associated with producing prosociality. This human meta-analysis review examines potential 

regions involved in prosocial behavior, empathy and mentalizing. Many of the regions that 

were seen to be different between voles were implicated in the meta-analysis, including the 

prefrontal cortex and amygdala, with the striatum seen as playing a critical role (28). An 

interesting experimental approach to overall prosociality was conducted comparing DWI and 

resting connectivity in humans based upon social network size (40). While not exactly the 

same, this is comparable to the differential degree of KI/IL male prosociality, with IL males 

displaying stronger social bonds. There are some interesting correlates with our findings, as 

social network size was associated with FA in the cingulate cortex (anterior and posterior) 

and the pre-frontal cortex and greater rsFc within the anterior and posterior cingulate cortex 

with the amygdala. Drug addiction and resilience are associated with social support and 

social networks (41), suggesting the KI/IL model could be used in translational drugs of 

addiction studies. In a human rsFc study resilience was associated with hyperconnectivity 

in several regions that differed between KI and IL including the prefrontal cortex, caudate 

nucleus, motor area and putamen (42). If translated to voles would might predict that KI 

males would be more susceptible to drug addiction.

Grey matter microarchitecture-DWI

The diffusion of water, its directionality and restriction, is complex and dependent upon 

the microenvironment, i.e. neuronal and glial density, axonal, dendritic and synaptic 

organization, capillary density, connective tissue, intracellular and extracellular volumes. 

Given all the postmortem histology reporting cellular and molecular at microscopic levels 

and reflect gray matter microarchitecture (43). The differential anisotropy we observed 

shows that there are significant differences in numerous brain areas between the two 

populational and cultural distinct voles (21,44) we expected to see differences in measures 

of anisotropy when analyzing 111 brain areas. Indeed, there were many areas that included 

the olfactory system, basal ganglia and brainstem reticular activating system. The DWI data 

doesn’t assign the difference to one phenotype or the other but simply underscores that they 

are putative differences in the microanatomy in these different brain areas. The brain areas 

include the olfactory system which is critical for communication, the basal ganglia required 

for motivation and goal directed behavior and the reticular activating system which is needed 

for arousal. Collectively these areas and their interconnections would suggest a difference in 

behavior or temperament between IL and KI voles.
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Grey matter microarchitecture different. In prairie voles social bond formation is regulated 

by the interaction of two neural networks, social and reward (45), as well as other areas 

in the limbic system that have afferent or efferent connections with these networks. While 

further study is required to directly associate differences between prosocial behavior with 

gray matter microarchitecture and tract density the areas of difference between IL and KI 

males is very suggestive. IL males displayed significantly higher FA than KI males in 

regions directly associated to or implicated in the regulation of prosocial behavior, such as 

the PVN, BST, dorsal raphe nucleus (DRN) and the anterior thalamic n. The PVN produces 

major neuropeptides, oxytocin, vasopressin and corticotrophin-releasing factor, which 

regulate the formation of pair bonds (46). The BST plays a major role in the expression 

of prosocial behavior, including parental behavior and bond formation (24,47,48). The 

DRN has been associated with the process of the formation of partner preferences. Adult 

males reared by single mothers, rather than biparentally, showed delays in the formation of 

partner preferences. These delays were associated with changes in neuropeptide receptors, 

including in the DRN (49), and through changes in afferent serotonergic neurons from the 

DRN to the anterior hypothalamus, which modulate aggression and affiliation (50). The 

anterior thalamic n. plays a role in memory and emotional processing in addition to affective 

cognition (51), which may play a role in the responses to specific individuals and strength of 

bonding. ADC was greater in KI males compared with IL males in multiple regions, many 

of which are in the brain stem. It is difficult to directly link these with specific responses 

or patterns, but they could be involved in vigilance, aggression, motivation and/or social 

interactions. They do, however, emphasize the architectural difference between the males, 

which is further supported by the FA findings.

The FA data reveals several differences in microarchitecture. First, all significant differences 

were higher in KI FAs, further supporting real differences in brain function between KI 

and IL males. This supports previous findings that maternal influence is critical in the 

neuroanatomy of their male offspring (25,26). Males with Kansas mothers have more MeA 

and BST ERα, with KI males’ over-expressing ERα in these areas, but also in the MPOA 

and ventral medial hypothalamus (26), which regulate sociosexual behavior. It has been 

hypothesized that male offspring benefit from displaying behavioral and mating patterns 

associated with their native population, resulting in selection favoring the expression of 

maternal influences (26). Second, many of the differences are in the brainstem reticular 

activating system, which is associated with arousal (52) and cognition (53) and could 

play a role in differential expression of the males’ behavioral repertoire. Finally, there 

are differences in the cortex, prelimbic and anterior cingulate, medial and basal amygdala 

and NAc core, which are associated with sociosexual behavior, reward and motivation, 

suggesting that brain architecture is associated with differences in behavior.

Resting-state functional connectivity

As predicted, BOLD rsFc varied significantly between IL and KI males in nuclei/regions 

that are associated with social behavior, vigilance, reward and motivation. These included 

the prefrontal cortex, the amygdala, mid-brain reticular formation with the ventral tegmental 

area and the dorsal raphe and the brainstem reticular activating system, as well as several 

other regions in intra-thalamic connections, which are associated with signal processing. 
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rsFC results demonstrate the degree of differences between the males and suggest that 

understanding connectivity may be a key to understanding the ultimate expression of 

behavioral differences.

BOLD rsFc has previously been examined in prairie voles, describing base cortical and 

subcortical networks (27,54). While both studies state that voles are a human-relevant model 

to understand networks involved in the organization and expression of prosocial behavior, 

neither presented findings of what these connections/pathways are nor drew conclusions 

based upon comparisons with other species. While we did do not address the association 

between functional connectivity and higher order prosocial behavior regulation, i.e. the 

process of pair bond formation or functional responses of males to their partners, our results 

do provide insight into the areas of connectivity that may play a critical role because we 

compared two behaviorally distinct males. The males display significantly different levels of 

prosocial behavior and aggression (25), which are associated with differential expression of 

the underlying neural mechanisms (25,26). We analyzed rsFC in the BST, MeA and PVN. 

These three nuclei play a critical role in regulating social behavior and processing external 

social stimuli. The PVN is the primary site of central neuropeptides production involved 

the expression of prosocial behavior (46). The PVN has efferent connections with nuclei in 

the social and reward circuits, releasing oxytocin, vasopressin, and corticotrophin-releasing 

factor. There is also a relationship between the expression of vasopressin and ERα in the 

PVN that may play a critical role in male prosocial behavior (46). The BST and MeA both 

receive direct inputs from the olfactory system, with the MeA playing a critical role in social 

recognition and memory (55). Both nuclei are part of the social neural network (27) and 

play critical roles in regulating pair bond formation and male paternal behavior (24,47,48). 

Low levels of ERα in the BST (24) and MeA (9) are essential for the expression of vole 

male prosocial behavior. Together these studies predict that if male prosocial behavior is 

associated with higher-order connectivity then these nuclei would be highly likely to have 

differential connectivity with other regions.

While the study was not designed to relate connectivity with behavioral repertoires the 

results do suggest an important role of the PVN, BST and MeA. In all three IL males 

had more significant connections than KI males. In the PVN and BST all the functional 

connection in KI males occurred in IL males, with IL males having 2x more in the 

PVN and more than 5x in the BST. In contrast KI and IL shared several connections 

with the MeA, but KI also displayed connections within the amygdaloid complex, central 

(CeA) and extended amygdala, not observed in IL. The CeA plays a critical role in fear 

regulating social interactions (56) suggesting a potential area of interest in regulating KI 

social interactions. In terms of connectivity with the amygdala IL males show connections 

with the anterior amygdala from the MeA and BST, while KI males only show significant 

functional connectivity between the MeA and anterior amygdala. Another region associated 

with the social neural network, the MPOA (27), is functionally associated with the PVN and 

BST, but again only in IL males. Multiple node connections were also seen with the NAc, 

which is involved in motivation and reward. KI and IL males show connectivity between the 

BST and NAc core, however only IL males displayed connectivity with the NAc shell, MeA 

and BST. This is an important distinction as the NAc shell, but not the core, is involved in 

pair bond formation (57). IL males displayed significant connectivity between the anterior 
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hypothalamus and all three nodes, while KI males only showed connectivity with the MeA. 

Only IL males displayed PVN/MeA connectivity with the hippocampus. Both nodes being 

connected with the dentate hippocampus. The dentate hippocampus plays a critical role 

in learning and memory (58), which is important for social interactions. In addition, IL 

males showed connectivity of CA1 and CA3 and the MeA. These regions are involved in 

spatial and contextual memory (59). It should be noted that while KI display significantly 

lower levels of prosocial behavior they are capable of displaying behaviors associated with 

social monogamy, suggesting that KI/IL shared nodes of connectivity may be critical for the 

minimum expression of the necessary prosocial behaviors.

In conclusion, there are significant differences in microarchitecture and resting-state 

functional connectivity between culturally distinct prairie voles. The findings strongly 

suggest higher-order brain organization plays a critical role in the expression of prosocial 

behavior. Further studies are needed to fully understand the structural differences and their 

role in the expression of prosocial behavior and bond formation, including examining brain 

architecture in Kansas prairie to understand maternal influence on male offspring brain 

organization. Finally, our findings suggest that prairie voles are a potentially powerful model 

for studying microarchitecture, functional connectivity and as a translational rodent model 

for studying social behavior and social deficit disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Diffusion Weighted Imaging. Left hand column shows regions of significant differences 

in Apparent Diffusion Coefficients (ADC) between IL and KI males, while the right hand 

column indicates regions with significant differences in Fractional Anisotropy. P values (≤ 

.047 ADC, ≤ 0.045 FA) for brain regions are indexed by degree of red shading, while 

significant differences in white matter are indicated in yellow.
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Figure 2. 
Shows Resting-state functional connectivity. Upper left graph is a correlation matrices of 

rsfc between IL (top/right) and KI (left/bottom) males separated by the diagonal line. Each 

colored red/orange pixel represents 1 of 111 brain areas that has a significant positive 

correlation with other brain areas. Pixels in shades of blue have a significant negative, or 

anticorrelation with other brain regions. The brain areas with significant correlations appear 

as clusters because they are contiguous in their neuroanatomy and function. Each pixel on 

one side of the line has a mirror image pixel on the other side. The delineated areas serve 

to focus attention on similarities and differences in connectivity. For example, the rectangles 

labeled B and B* highlight the differences between IL and KI, respectively. The brain areas 

outlined by the rectangles include the insular ctx, olfactory tubercles, medial septum and 
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BST and their connections with the rostral piriform, tenia tecta, diagonal band of Broca and 

medial preotic n. Significant correlations passing the |Z| > 2.3) threshold are shown.

Area A – Prefrontal ctx e.g. prelimbic, infralimbic, association, orbital, ant cingulate

Area B - Lines highlighting box are the insular cortex, olfactory tubercles, medial septum, 

and bed n. stria terminalis connecting to rostral piriform, tenia tecta, diagonal band of Broca 

and medial preoptic

Area C – caudate putamen, somatosensory ctx, claustrum, endopiriform ctx connecting to 

2nd primary motor cortices and orbit ctx

Area D – Intra-thalamic connections

Area E – Amygdala

Area F – Thalamus

Area G – highlighted by line which is midbrain reticular formation making connections with 

VTA, SN, PAG, dorsal raphe, posterior hypothalamus, medial geniculate red nucleus

Area H – anterior cerebellum and subiculum and entorhinal ctx

Area I – brainstem reticular activating system – pontine reticular n., tegmental n., 

parabrachial n., trigeminal complex, paraflocculus, gigantocellularis, reticulotegmental n., 

parvicellular reticular n.

The pixel positions describe are mirror images of each other with a diagonal line 

separating IL and KI groups. Z-scores of Pearson’s correlation coefficients are displayed 

in a color-coded matrix for both groups, with the greater absolute Z value indicating 

greater connections between two region pairs and smaller absolute values indicating weaker 

connections. Delineated brain regions with significant correlations are clustered based on 

their contiguous neuroanatomy and/or function.

Numerous neural regions (labeled A-I) are highlighted and magnified displaying the 

differences in connectivity.
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Figure 3. 
Compares the significant functional connectivity with the BST between IL and KI males. 

The colors in the 3D graphics indicate areas that show regions with higher functional 

connectivity in both populations. Embedded tables show significant (|Z| > 2.3), while “–

“ indicates ns) resting-state functional connections.
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Figure 4. 
Compares the significant functional connectivity with the MeA between IL and KI males. 

The colors in the 3D graphics indicate areas that show regions with higher functional 

connectivity in both populations. Embedded table show significant (|Z| > 2.3), while “–

“ indicates ns) resting-state functional connections.
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Ortiz et al. Page 19

Table 1.

Shows the apparent diffusion coefficient, average + SD, of the 19 areas regions, out of 111 brain areas in the 

vole MRI atlas, that were significantly different between IL and KI males. Regions are presented in order of 

significant differences. A significance level of p ≤ 0.034 was applied to adjust for multiple comparisons.

Apparent Diffusion Coefficient

Illinois Kansas/Illinois

Brain Area AVG SD AVG SD P-val

tenia tecta ctx 1.43 0.13 < 1.81 0.17 0.001

lateral paragigantocellular nucleus 0.42 0.54 < 1.47 0.85 0.011

olfactory tubercles 1.40 0.34 < 1.95 0.43 0.012

trigeminal complex medulla 0.62 0.35 < 1.01 0.21 0.017

facial nucleus medulla 0.29 0.37 < 1.13 0.80 0.018

dorsal raphe 1.24 0.11 > 1.12 0.05 0.019

anterior thalamic nuclei 1.22 0.13 > 1.08 0.07 0.020

paraventricular nucleus 1.28 0.17 > 1.11 0.09 0.026

medullary reticular nucleus 0.67 0.53 < 1.26 0.42 0.028

reticulotegmental nucleus 0.40 0.41 < 0.90 0.40 0.028

bed nucleus stria terminalis 1.19 0.10 > 1.09 0.05 0.030

ventral tegmental area 1.08 0.39 < 1.58 0.44 0.031

lateral dorsal thalamic nucleus 1.31 0.11 > 1.20 0.07 0.033

lateral hypothalamus 1.17 0.32 < 1.49 0.21 0.035

medial septum 1.22 0.10 > 1.12 0.06 0.036

paraflocculus cerebellum 0.81 0.32 < 1.23 0.41 0.038

raphe magnus 0.54 0.74 < 1.48 0.91 0.040

glomerular layer olfactory bulb 0.97 0.44 < 1.39 0.31 0.044

globus pallidus 1.15 0.10 > 1.06 0.06 0.045
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Ortiz et al. Page 20

Table 2.

Shows the average ± SD fractional anisotropy in 26 regions in which there was a significant difference 

between IL and KI males. In all case KI was higher than IL males. Regions are presented in rank order 

of significance. A significance level of p ≤ 0.047 was applied when taking into consideration multiple 

comparisons.

Fractional Anisotropy

Illinois Kansas/Illinois

Brain Area AVG SD AVG SD P-val

red nucleus 0.46 0.04 < 0.53 0.04 0.002

white matter 0.50 0.04 < 0.55 0.03 0.004

lateral preoptic area 0.51 0.05 < 0.58 0.02 0.006

paraflocculus cerebellum 0.29 0.11 < 0.42 0.04 0.009

facial nucleus medulla 0.07 0.09 < 0.24 0.14 0.011

raphe magnus 0.11 0.17 < 0.37 0.18 0.012

reticulotegmental nucleus 0.12 0.13 < 0.30 0.12 0.013

reticular formation 0.45 0.04 < 0.51 0.04 0.017

dorsal raphe 0.48 0.04 < 0.54 0.05 0.017

medial amygdala 0.46 0.11 < 0.56 0.04 0.018

gigantocellular reticular nucleus 0.26 0.22 < 0.49 0.10 0.020

vestibular nucleus 0.39 0.17 < 0.54 0.04 0.023

lateral paragigantocellular nucleus 0.11 0.16 < 0.32 0.17 0.023

trigeminal complex medulla 0.22 0.14 < 0.36 0.10 0.030

prelimbic ctx 0.35 0.05 < 0.40 0.05 0.030

parvicellular reticular nucleus 0.30 0.19 < 0.48 0.09 0.031

pontine reticular nucleus caudal 0.34 0.18 < 0.51 0.08 0.032

solitary tract nucleus 0.32 0.21 < 0.50 0.06 0.035

trigeminal complex pons 0.27 0.14 < 0.41 0.10 0.036

central medial thalamic nucleus 0.44 0.05 < 0.50 0.05 0.037

posterior hypothalamus 0.46 0.10 < 0.55 0.05 0.040

basal amygdala 0.48 0.06 < 0.55 0.06 0.041

anterior cingulate ctx 0.40 0.02 < 0.45 0.06 0.042

tegmental nucleus 0.46 0.12 < 0.56 0.05 0.043

accumbens core 0.49 0.04 < 0.54 0.04 0.046

medullary reticular nucleus 0.24 0.21 < 0.44 0.15 0.047

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2023 June 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ortiz et al. Page 21

Table 3.

Shows significant (|Z| > 2.3) resting-state couplings (“–“ indicates ns) with the paraventricular nucleus of the 

hypothalamus in IL and KI males.

Paraventricular Nucleus Illinois Z score Kansas Illinois Z score

reuniens thalamus 3.5 3.5

dorsomedial hypothalamus 3.8 4.1

anterior hypothalamus 4.0 3.6

medial preoptic area 3.0 -

tenia tecta 2.4 -

dentate hippocampus 2.4 -
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