
Copyright © 2020 Billing et al.
This is an open-access article distributed under the terms of the Creative Commons Attribution
4.0 International license, which permits unrestricted use, distribution and reproduction in any
medium provided that the original work is properly attributed.

Research Article: New Research | Sensory and Motor Systems

Synaptic connections of aromatase circuits in
the medial amygdala are sex specific

https://doi.org/10.1523/ENEURO.0489-19.2020

Cite as: eNeuro 2020; 10.1523/ENEURO.0489-19.2020

Received: 21 November 2019
Revised: 3 April 2020
Accepted: 10 April 2020

This Early Release article has been peer-reviewed and accepted, but has not been through
the composition and copyediting processes. The final version may differ slightly in style or
formatting and will contain links to any extended data.

Alerts: Sign up at www.eneuro.org/alerts to receive customized email alerts when the fully
formatted version of this article is published.



 

 1 

Title: Synaptic connections of aromatase circuits in the medial amygdala are sex 
specific. 
 
Abbreviated title: Sex-specific aromatase circuits in the medial amygdala 
 
 
Addison Billing, Marcelo Henrique Correia, Diane A. Kelly, Geng-Lin Li, and Joseph Bergan 
 
Affiliation and address for all authors: Neuroscience and Behavior Program, Department of 
Psychological and Brain Sciences, University of Massachusetts, Amherst, Amherst MA, 01003, 
USA 
 
Author contributions: JB and G-LL Designed research; JB, AB and MHC Performed research; 
AB, DAK and MHC Analyzed data; JB and DAK Wrote the paper.  
 
Correspondence should be addressed to: Joseph F. Bergan, Department of Psychological and 
Brain Sciences, University of Massachusetts, Amherst MA, 01003, USA 
Email: jbergan@umass.edu; Phone: (413) 545-0071 
 
  
Number of Figures: 6 + 2 supplements  
Number of Tables: 0 
Number of Multimedia: 2 
 
Number of words, Abstract: 172 
Number of words, Significance Stat.: 116  
Number of words, Introduction: 299 
Number of words, Discussion: 782 
 
 
 
Acknowledgments: We thank A. Lanjuin and C. Dulac for providing the arom-cre mouse line.  
We thank P. Sterling for helpful comments on early drafts of this manuscript. Current affiliation 
for AB: DOT-HUB, Biomedical Optics Research Laboratory, University College London, UK; for 
G-LL: Otorhinolaryngology Department, Affiliated Eye and ENT Hospital, Fudan University, 
Shanghai, China.  
 
 
The authors report no conflicts of interest. 
 
Funding Sources: UMass Amherst start up (JFB), NIMH (R01MH115094; JFB), and a gift from 
H. Britton Sanderford Jr. 
 

 

 

 

 



 

 2 

Abstract: 1 

The brain of male and female mice is shaped by genetics and hormones during development. 2 

The enzyme aromatase helps establish sex differences in social behaviors and in the neural 3 

circuits that produce these behaviors. The medial amygdala of mice contains a large population 4 

of aromatase neurons and is a critical hub in the social behavior network. Moreover, the neural 5 

representation of social stimuli in the medial amygdala displays clear sex differences that track 6 

developmental changes in social behaviors. Here, we identify a potential anatomical basis for 7 

those sex differences. We found that sensory input from the AOB to aromatase neurons is 8 

derived nearly exclusively from the anterior AOB, which selectively responds to chemosensory 9 

cues from conspecific animals. Through the coordinated use of mouse transgenics and viral-10 

based circuit tracing strategies, we demonstrate a clear sex difference in the volume of synapses 11 

connecting the accessory olfactory bulb to aromatase-expressing neurons in the medial 12 

amygdala of male versus female mice. This difference in anatomy likely mediates, at least in 13 

part, sex differences in medial amygdala mediated social behaviors. 14 

 15 

Significance Statement: (120 words max) 16 

The medial amygdala is a central hub of the brain’s social behavior network that integrates 17 

social information and produces behaviors like aggression, parenting, and reproduction. We 18 

determined that in mice, medial amygdala neurons expressing aromatase – an enzyme that 19 

converts testosterone to estradiol and plays an important role in establishing neuroanatomical 20 

sex differences – receive sensory information from a restricted population of pheromone-21 

sensitive neurons in the vomeronasal pathway. These aromatase-expressing neurons had similar 22 

intrinsic electrophysiological properties in both sexes but received more sensory inputs in males 23 

than in females. We propose that the different anatomical configurations of social circuits 24 

described here contribute to known sex differences in medial amygdala function and, ultimately, 25 

to sex differences in critically important social behaviors. 26 
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Introduction: 27 

Mice broadcast signals critical for social behavior using semiochemicals that are detected by 28 

the vomeronasal organ (VNO) and relayed via the accessory olfactory bulb to the social behavior 29 

network (Stowers et al. 2002; Mandiyan et al. 2005). The medial amygdala (MeA) serves as a hub 30 

for neural circuits within the social behavior network that identify social cues and guide innate 31 

social behaviors (Newman et al., 1999). These social behaviors are central for an individual’s 32 

survival and rely on conserved neural circuits (Tinbergen, 1951; Petrovich 2001; Goodson 2005). 33 

MeA-mediated social behaviors including parenting, aggression, mating, and defense are often 34 

sexually differentiated (Ferguson et al., 2001; Unger et al., 2015; Yao et al., 2017), implying that 35 

sex-differences exist in the configuration and function of the underlying MeA circuits (Figure 1; 36 

Lehman et al. 1980; Wu et al., 2009). But precisely which features differ in these circuits and how 37 

do they produce different patterns of behavior?  38 

We investigated the configuration of aromatase-expressing neurons (arom+) in the MeA 39 

because of their critical role in establishing and maintaining sex differences in social behaviors. 40 

We hypothesized that the MeA’s arom+ neurons would either receive sexually differentiated 41 

sensory input or that the intrinsic properties of arom+ neurons would be different in male and 42 

female mice. Here, we demonstrate that arom+ neurons of both sexes receive input near 43 

exclusively from the anterior division of the AOB, with few inputs from the posterior AOB. We 44 

also observed no sex difference in the intrinsic electrophysiological function of arom+ neurons. 45 

However, the synaptic convergence from the AOB to individual arom+ neurons is substantially 46 

greater in males than in females. Together, these data suggest that the volume of synaptic 47 

connections made between the AOB and arom+ neurons in the MeA provide an anatomical basis 48 

for sexually differentiated function in the MeA. 49 

 50 

Materials and Methods: 51 

Animals 52 
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44 male and female adult mice (10-16 weeks old) were group housed in single-sex cages 53 

in a temperature (22°C) and light (12hr: 12hr light: dark) controlled facility, with ad libitum 54 

access to food and water. All animal procedures were approved by the University of 55 

Massachusetts at Amherst Institutional Animal Care and Use Committee and performed in 56 

compliance with all animal care regulations. 57 

The Cyp19a1-Cre transgenic line was generated by BAC recombination (Yao et al., 2017). 58 

A Lox-STOP-Lox-tdTomato reporter line with a LoxP-flanked STOP was used to express 59 

tdTomato in Cre+ cells (Ai9; Jackson Labs, Bar Harbor, Maine; Madisen et al., 2010). 60 

Homozygous Cyp19a1-Cre mice were crossed with homozygous rosa26-lsl-tdTomato reporter 61 

mice to visualize aromatase-expressing neurons. The resulting double transgenic mice expressed 62 

bright tdTomato fluorescence consistent with past studies investigating aromatase expression in 63 

the brain. Faithful genetic access to aromatase neurons using this strategy was previously 64 

described and verified in Yao et al. 2017.  65 

 66 

Slice Electrophysiology 67 

Whole-cell patch recordings were made from the posterior dorsal MeA in adult male and 68 

adult female (age: 10-16 weeks) mouse brain slices (Figure 2A). Female mice in the diestrus 69 

phase of the estrus cycle were used. Animals were euthanized the hour before lights-off and slice 70 

recordings were performed during the first 4 hours of the dark phase of the 12:12 light dark cycle 71 

in the vivarium. Aromatase-expressing neurons (arom+) were distinguished from neurons that 72 

did not express aromatase (arom-) based on the expression of tdTomato in arom+ neurons. 73 

Briefly, targeted expression of tdTomato was achieved in arom+ neurons by crossing an 74 

aromatase-cre transgenic mouse (Yao et al. 2017) with a tdTomato reporter line (Figure 2B; 75 

Madisen et al. 2010). Fluorescent arom+ neurons were easily distinguished from arom- neurons 76 

and all recorded neurons were filled with neurobiotin for posthoc confirmation of cell type, 77 

morphology, and location (Fig. 2C).  78 
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Mice were deeply anesthetized with isoflurane and euthanized. The brain was rapidly 79 

removed and placed in ice-cold (bubbling 95% O2/5% CO2) solution containing: 89.1 mM 80 

sucrose, 13.88 mM glucose, 87.27 mM NaCl , 25mM  NaHCO3, 2.5 mM KCl, 7 mM MgCl2 / 81 

6H2O, 0.37 mM CaCl2, and 1.25mM NaH2PO4 in H2O. Coronal slices (300 μm) were cut using a 82 

vibratome (Leica VT1200S) and incubated at 35o C for 30 minutes in artificial oxygenated 83 

cerebrospinal fluid (ACSF) containing: 127 mM NaCl, 25mM glucose, 25mM NaHCO3, 2.5mM 84 

KCl, 1.325mM MgCl2, 2.5mM CaCl2 and 1.2mM NaH2PO4  in H2O. Slices were then transferred 85 

to a recording chamber. 86 

Slices were perfused with oxygenated ACSF and maintained at room temperature for the 87 

duration of the recording session. Electrodes were made with borosilicate glass drawn from a 88 

vertical pipette extractor (PC-10, Narishige, Tokyo, Japan) and filled with an internal solution 89 

(20mM KCl , 120mM KGlu, 0.1mM CaCl2, 5mM EGTA, 5mM HEPES, 3mM MgATP, 0.5mM 90 

NaGTP; pH: 7.3; osmolarity: 290 mOsm; impedence: 8-12 MΩ). Whole cell patch-clamp 91 

recordings were made from arom+ neurons identified by tdTomato expression and arom- 92 

neurons in the MeA using infrared differential contrast (DIC) and an upright fluorescent 93 

microscope (BX51WIF, Olympus, Tokyo, Japan) with a 60X water immersion lens. Neurobiotin 94 

(0.1%) was added to the internal solution to fill the recorded neurons for subsequent 95 

visualization and morphological analysis.  96 

After achieving whole-cell configuration, voltage was clamped at -80 mV, and a “soft” 97 

current clamp switch was performed in which the current used to hold the cell at -80 mV was 98 

maintained. Neurons were then depolarized by injecting current ranging from 20-220 pA in 99 

20pA steps each for a duration of 500ms. Recorded voltage signals were filtered and then 100 

sampled at 100 kHz. The number of action potentials elicited by each current step was recorded 101 

for each neuron. The baseline spike rate was determined by injecting no current and recording 102 

for one minute. The threshold for eliciting an action potential was determined by ramping 103 

current injection from 0 pA to 200 pA over a 1 second epoch—the threshold was determined by 104 
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the timing of the first spike during this epoch. Measurements were calculated using Igor Pro 6.0 105 

software (WaveMetrics) and MATLAB (MathWorks, Natick, MA, United States). Following each 106 

recording, brain slices were fixed in PFA for two hours at room temperature, washed three times 107 

in PBST (0.1% Triton X in PBS, pH = 8) for 15 minutes, and incubated in fluorescently 108 

conjugated streptavidin (DyLight 649, Vector Laboratories; 1:200) to visualize the recorded 109 

neurons. After one hour, sections were washed three times in PBS, mounted on slides, and 110 

imaged using a BX51WIF upright fluorescent microscope (Olympus, Tokyo, Japan). 111 

 112 

Stereotaxic injections 113 

Iontophoretic injections of the anatomical tracer Fluoro-Gold (10% in ddH2O; 114 

Fluorochrome LLC, Denver CO) were made in the posterior dorsal MeA of male and female mice 115 

(Bregma −1.8, Lateral 1.8, Depth 4.5 to 5.5; retaining current: -1 μA constant DC; injection 116 

current: +5 μA constant DC; 10 minutes).  Anesthesia was maintained with 1–2% isoflurane in 117 

aseptic conditions throughout the surgery. Good retrograde labeling was observed after a 118 

survival period of 7 days. Animals were deeply anesthetized with isoflurane and exsanguinated 119 

with 50ml cold PBS followed by 25 ml cold PFA (4% in PBS). The brain was extracted and 120 

postfixed in 4% PFA at 4oC overnight. Fluoro-Gold labeled tissue samples were sectioned 121 

coronally (100 μM) and visualized with an ultraviolet excitation filter.  122 

We next used an approach based on a modified rabies virus to identify monosynaptic 123 

input specific to the arom+ neurons in the MeA (Wickersham et al. 2007; Watabe-Uchida et al. 124 

2012; Menegas et al. 2015). Briefly, a non-endogenous cell-surface receptor (TVA) required for 125 

rabies infection was co-expressed with a rabies envelope glycoprotein (RG) required for 126 

replication in arom+ neurons of the MeA (Figure 3A).   127 

 All AAV viruses were produced by the UNC Vector Core Facility (Chapel Hill, NC, United 128 

States). Rabies circuit tracing experiments involved two consecutive stereotaxic injections in 129 

both sexes. In the first injection, 500 nl of AAV-FLEX-TVA and AAV-FLEX-RG (both serotype 130 
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8; mixed 1:1; Watabe-Uchida et al. 2012) were injected into the posterior dorsal MeA of 131 

aromatase-cre mice (Bregma −1.8, Lateral 1.8, Depth 4.5 to 5.5). After 14 days, 300 nl of 132 

SADΔG-EGFP(EnvA) virus (Viral Vector Core, Salk Institute, La Jolla, CA) was injected into the 133 

MeA at the same stereotaxic coordinates (Wickersham et al. 2007). In two animals, 250 nl of 134 

AAV-FLEX-TVA (without AAV-FLEX-RG) was injected and, after 14 days, followed by a 300 nl 135 

injection of SADΔG-EGFP(EnvA) virus in the aromatase-cre tdTomato reporter double 136 

transgenic line. Excluding AAV-FLEX-RG prevents the synaptic spread of the SADΔG-137 

EGFP(EnvA) virus and allowed us to confirm colocalization of initial rabies infection to cre-138 

expressing (tdTomato positive) neurons. This is consistent with published reports showing the 139 

high genetic specificity of the rabies-based strategy (Wickersham., 2007;  Watabe-Uchida et al., 140 

2012; Menegas et al., 2015). 141 

Ten days after the final injection, animals were deeply anesthetized with isoflurane and 142 

exsanguinated with 50ml cold PBS followed by 25 ml cold PFA (4% in PBS). The brain was 143 

extracted and post-fixed in 25 ml hydrogel (recipe: 40 ml of 40% acrylamide, 10 ml of 2% bis-144 

acrylamide, 1 gram VA-044 initiator, 40 ml of 10× PBS, 100 ml of 16% PFA, 210 ml of H2O; 145 

Chung et al., 2013) at 4oC for 48 hours.   146 

After 48 hours incubation in hydrogel, oxygen was flushed from the hydrogel by 147 

bubbling the liquid hydrogel solution with nitrogen. The tissue container was resealed and 148 

transferred to a 37°C water bath for 1 hour. If hydrogel was not yet solidified the sample was 149 

returned to the water bath until polymerization was complete. Excess hydrogel was removed 150 

from the brain manually and the tissue sample was washed in PBST (0.1% Triton X in PBS, pH = 151 

8) overnight at 37°C with gentle rocking. The brain was then transferred to clearing solution and 152 

passively incubated for two days prior to active clearing.  153 

Active clearing was performed in a 5 gallon bucket with a custom magnetohydrodynamic 154 

(MHD) clearing device (unpublished observations). Briefly, the tissue sample was placed at the 155 

intersection of a strong magnetic field and a 0.3 Amp (~30V) electrical field. The resulting MHD 156 
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force rapidly removed unbound lipids from the tissue sample and also circulated the clearing 157 

solution to keep the sample at a constant temperature. Brains were cleared until bright white 158 

and translucent, which typically took 48 hours. Brains were then transferred to PBST (0.1% 159 

Triton, pH = 8) for 24 hr with 3 changes of the PBST solution to help remove remaining clearing 160 

solution. Brains were transferred from PBST to an OptiView imaging solution (Isogai et al. 2017) 161 

with refractive index 1.45 and incubated at 37°C for 2 days before imaging.  162 

AOB and MeA images were acquired with the Zeiss Z.1 Lightsheet microscope (Carl 163 

Zeiss, Jena, Germany). Rabies-labeled GFP+ neurons were excited with a 488 nm laser, and a 164 

561 nm laser was used to produce an autofluorescence image for subsequent background 165 

subtraction and isolation of the GFP signal. Images were collected with a 5X objective (MeA) or 166 

20X objective (AOB) with PCO-Edge scMOS cameras (PCO, Kelheim, Germany). The MeA was 167 

imaged horizontally from the brain’s ventral surface and the AOB was imaged sagittally from its 168 

lateral edge. Images were saved at 1-5 μm resolution for cell counting, fiber mapping, and to 169 

outline brain regions. ImageJ was used to format images into tif stacks. 170 

 171 

Data analysis 172 

Statistical analyses and figure generation was done using validated MATLAB scripts 173 

(MathWorks, Natick, MA). Slice electrophysiology comparisons between two groups were 174 

performed with an unpaired t test and a mixed model analysis of variance (ANOVA) for nested 175 

comparisons of more than two groups. Statistical results were considered ‘significant’ if p < 176 

0.05, and ANOVAs returning a significant p value were followed by pairwise comparisons with 177 

Bonferroni-correction to investigate the significant differences. Cohen's d was calculated by 178 

finding the difference of means between each group and dividing by the pooled SD.  All means 179 

are reported with standard error measurements. Regressions were performed in MATLAB using 180 

the fitlm and predict functions.  All statistical tests are presented in Table 1 along with a more 181 

complete description of the statistical results. 182 
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 183 

Results: 184 

Because aromatase expression is critical to establish sex differences in MeA function, we 185 

hypothesized that the intrinsic electrophysiological properties of arom+ MeA neurons may be 186 

different in male and female mice. To test this hypothesis, we measured the electrophysiological 187 

properties of arom+ neurons and arom- neurons in brain slices from 14 male and 15 female mice 188 

(Figure 2D; Arom+ neurons: n = 46 male, 47 female; Arom- neurons: n = 65, 31 male, 34 189 

female).  In contrast to our hypothesis, we found no evidence for sex differences in the intrinsic 190 

electrophysiological properties of MeA neurons. No sex difference was observed for arom+ 191 

neurons for either input resistance (male: 740 ± 60 M ; female: 670 ± 40 M ;  unpaired t-test: 192 

p = 0.36, t=0.91, d.f. = 82; Table 1, line a ) or the threshold voltage for eliciting an action 193 

potential (male: -45.9 ± 1.4 mV; female: -47.9 ± 0.95 mV; unpaired t-test: p = 0.27, t=1.12, d.f. = 194 

76; Table 1, line b). Similarly, no sex difference was observed for arom- neurons for either input 195 

resistance (male: 680 ± 70 M ; female: 700 ± 70 M ; unpaired t-test: p = 0.83, t=0.22, d.f. = 196 

57; Table 1, line c) or the threshold voltage for eliciting an action potential (male: -49.4 ± 1.5 197 

mV; female: -53.4 ± 1.25 mV; unpaired t-test: p = 0.32, t=1.01, d.f. = 54; Table 1, line d). In 198 

addition, when we measured the number of action potentials elicited by current steps, we 199 

observed no significant effect of sex on the number of current-evoked spikes in arom+ neurons 200 

(Figure 2E: top; mixed model ANOVA: F = 2.8, d.f. = 1, p = 0.10; Table 1, line e; Cohen’s D for 201 

maximum # of spikes = 0.19), or the number of current-evoked spikes in arom- neurons of male 202 

versus female mice at any current (Figure 2E: bottom; mixed model ANOVA: F = 0.43, d.f. = 1, p 203 

= 0.52, Table 1, line f; Cohen’s D for maximum # of spikes = 0.20).  However, arom- neurons 204 

produced more action potentials than arom+ neurons in response to the same current step 205 

(Figure 2D,E; ANOVA: F = 9.78, d.f. = 1, p = 0.002, Table 1, line g). Moreover, the firing rate of 206 

arom- neurons increased more steeply with increasing current steps, with a peak firing rate for 207 



 

 10 

injected current of 80 pA followed by a gradual reduction in response to larger current steps 208 

(Figure 2E).    209 

Next, we used a modified rabies viral tracing strategy to investigate the configuration of 210 

arom+ neural circuits (Wickersham et al., 2007).  Briefly, initial infection was restricted to arom+ 211 

neurons based on cre-dependent expression of the TVA receptor, which is required for EnvA 212 

pseudotyped rabies virus to infect mammalian cells, in arom-cre mice. Trans-synaptic spread to 213 

neurons that contact arom+ neurons was possible by also expressing the rabies envelope 214 

glycoprotein (RG) only in arom+ neurons (Figure 3A). We identified both local neurons with 215 

direct projections to arom+ neurons (Figure 3B; Video 1), as well as long range input from the 216 

AOB, which we will abbreviate as arom+ neurons (Figure 3C,D; Video 2). No neurons were 217 

labeled in the main olfactory bulb. Arom+ neurons were located in the mitral/tufted cell layer 218 

(Arrow: Figure 3C), and clear dendritic arborizations were visible in AOB glomeruli of the AOB 219 

(Arrowhead: Figure 3C).  220 

Imaging the intact AOB using CLARITY and lightsheet microscopy (see methods) 221 

allowed identification of nearly all arom+ neurons and their corresponding glomeruli (Figure 222 

3D). The linea alba was used to distinguish the anterior AOB from the posterior AOB and the 223 

distribution of arom+ neurons was heavily skewed to the anterior AOB (Figure 4A; anterior: 224 

89± 2.9%; posterior: 11± 2.9%;  unpaired t-test: p < 0.00001, t=17.6, d.f. = 20; Table 1, line h). 225 

In contrast to the anterior AOB bias observed for rabies-infected arom+ projecting neurons, 226 

nearly all AOB mitral and tufted cells in both the anterior and posterior AOB were labeled by the 227 

non-conditional retrograde tracer Fluoro-Gold iontophoretically injected in the MeA (Figure 5; 228 

anterior: 51± 2.4%; posterior: 49± 2.4%;  unpaired t-test: p = 0.41, t=0.88, d.f. = 8; Table 1, line 229 

i). Thus, both anterior and posterior AOB neurons project to the MeA, but arom+ MeA neurons 230 

receive input nearly exclusively from the anterior AOB.  231 

The dendritic arbors of arom+ neurons in the AOB were traced to the glomeruli they 232 

innervated. Arom+ neurons predominantly innervated anterior AOB glomeruli that receive 233 
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V1R-derived sensory information from the VNO. We imaged the dendritic arbors of arom+  234 

AOB neurons, including the innervated glomeruli, in a subset of animals (Figure 4B,C). The 235 

dendrites of each arom+ neuron in the AOB ramified in 2 to 10 glomeruli with an average of 236 

4.2 glomeruli innervated per cell. The vast majority of glomerular inputs came from the anterior 237 

AOB (Figure 4B; anterior: 85± 1.9%; anterior: 15± 1.9%; unpaired t-test : p < 0.00001, t=21.4, 238 

d.f. = 16; Table 1, line j). 67% of arom+ neurons had dendrites that innervated only anterior 239 

AOB glomeruli; 30% of the labeled AOB neurons had dendrites that innervated anterior and 240 

posterior AOB glomeruli; and 3% of the labeled AOB neurons had dendrites that innervated only 241 

posterior AOB glomeruli (Figure 4D). Thus, the segregation between anterior and posterior AOB 242 

is not complete; some integration occurs between anterior and posterior glomeruli even within 243 

the AOB. Of the AOB neurons receiving input from the posterior glomeruli, 91% also received 244 

input from at least one anterior glomerulus and most received input from more anterior than 245 

posterior glomeruli.  246 

This analysis also revealed a stark sex difference. More arom+ neurons were labeled by 247 

retrograde tracing in the AOB of male mice as compared to female mice (Figure 6). In both male 248 

and female mice, the number of infected AOB neurons was proportional to the number of arom+ 249 

starter neurons infected in the MeA (Figure 6C; Female regression: R2 = 0.80; p = 0.016; Male 250 

regression: R2 = 0.63; p = 0.018). Because there are a larger number of aromatase neurons in 251 

the male MeA (Stanić et al., 2014), one possible explanation of the differential labeling observed 252 

in the AOB could be that more arom+ starter neurons were initially infected in males. While we 253 

found a small difference in the numbers of arom+ ‘starter neurons’ in the male than in the 254 

female MeA, this difference was not statistically significant (Male: 56.6 ± 11.2 MeA cells; 255 

Female: 54.5 ± 14.3 MeA cells; unpaired t-test : p = 0.93, t=0.08, d.f. = 12; Table 1, line k).  256 

To further rule out the possibility that the larger number of neurons labeled in the AOB 257 

of males was due to slight differences in the numbers of starter neurons, we normalized the 258 

number of labeled AOB projection neurons by dividing by the number of ‘starter neurons’ in the 259 
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MeA of each animal (Figure 6B). The stronger labeling in the male AOB remained significant 260 

after accounting for differences in the number of ‘starter neurons’ in each animal (Male: 1.25 ± 261 

0.43 AOB cells / MeA cell; Female: 0.13 ± 0.05 AOB cells / MeA cell; unpaired t-test : p = 0.04, 262 

t=2.22, d.f. = 12; Table 1, line l). Comparing the pattern of connectivity between the AOB and 263 

MeA arom+ neurons in male and female mice revealed a similar anterior bias in both sexes, with 264 

the vast majority of labeled neurons located in the anterior AOB (Anterior cells in males: 86.068 265 

± 4.0%; Anterior cells in females: 93.9 ± 3.3%; , unpaired t-test : p = 0.24, t=1.2, d.f. = 9, Table 266 

1, line m). A regression analysis comparing the rate of AOB infection for the number of starter 267 

neurons infected in males and females showed a larger slope for males than females, with the 268 

95% confidence intervals for predicted AOB neurons separated for MeA infection rates higher 269 

than 50 starter neurons in a given 100 um slice. Therefore, we found that each arom+ neuron in 270 

the male MeA receives input from nearly an order of magnitude more AOB neurons on 271 

average—indicating a robust sexual difference in the connectivity between the anterior AOB and 272 

aromatase-expressing neurons in the MeA (Figure 6C). 273 

 274 

Discussion:  275 

Here, we show that in both male and female mice, a set of neurons in the AOB project 276 

directly to arom+ neurons in the MeA. Approximately 90% of AOB input to arom+ neurons is 277 

from the anterior AOB, 10 % from the posterior AOB, and essentially no direct input is from the 278 

main olfactory bulb. The topographical segregation of V1R-derived and V2R-derived 279 

information established in the VNO is maintained in the AOB, as V1R-expressing sensory 280 

neurons project to the anterior AOB and V2R-expressing sensory neurons project to the 281 

posterior AOB (Dulac and Torello 2003). It is possible that the enhancement of anterior AOB 282 

neurons projecting to arom+ neurons in the MeA may also reflect the topographic distribution 283 

of arom+ neurons in the posterodorsal MeA. Because arom+ MeA neurons receive input almost 284 

exclusively from the anterior AOB (V1R), our study demonstrates that the separation of V1R-285 
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derived from V2R-derived sensory channels is maintained at least to the level of the MeA. 286 

Consistent with these findings, behaviors mediated by arom+ MeA neurons (Unger et al., 2015; 287 

Yao et al., 2017) are likely driven by sensory cues detected by V1R receptors. V1R receptors 288 

respond to lipophilic odorants, including sulfated steroids, that convey information about the 289 

physiological status of conspecific individuals (Nodari et al. 2008; Isogai et al. 2011; Hammen et 290 

al. 2014), indicating that arom+ neurons have direct access to sensory channels strongly linked 291 

to sexually differentiated behaviors (Nodari et al., 2008; Isogai et al., 2011).  292 

While the sensory stimuli and neuroendocrine states that drive sex differences in social 293 

behaviors have been established for some time, the circuit mechanisms that produce sex 294 

differences in behavior are less well understood. Initially, we hypothesized that differences in 295 

the intrinsic properties of arom+ neurons may produce sex differences in circuit functions 296 

(Cooke et al., 1999). This line of reasoning was based on the critical role for aromatase in the 297 

development and maintenance of hormone-dependent sex differences in MeA neuroanatomy 298 

(Cooke et al., 1999; Morris et. al, 2008; Wu et al., 2009; Bergan et al., 2014). While we were able 299 

to establish that arom+ neurons represent an electrophysiologically distinct category of MeA 300 

neuron (Keshavarzi et al., 2015), we observed no obvious sex differences in the intrinsic 301 

properties of either the arom+ or arom- neurons. The lack of clear sex differences in arom+ 302 

neurons in this region is, at first pass, surprising given known sex-differences in anatomy, 303 

sensory representation, and contributions to behavior of MeA neurons (Cooke et al., 1999; 304 

Morris et. al, 2008; Wu et al., 2009; Bergan et al., 2014; Hong et. al, 2014; Unger, et. al, 2015; 305 

Yao et al., 2017).  306 

Our anatomical results demonstrate that some arom+ neurons receive input from the 307 

anterior AOB, however, the percentage of MeA arom+ neurons that receive AOB input is not yet 308 

known. Our electrophysiological experiments could not distinguish arom+ MeA neurons based 309 

on whether they did or did not receive AOB input and may have missed a subtle difference in a 310 

relevant subpopulation. Moreover, our electrophysiological data cannot rule out all potential sex 311 
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differences in electrophysiological function of MeA neurons. For example, it is possible that the 312 

different hormonal milieus present in adult males and females, including those linked to estrus 313 

state, may induce differences in electrophysiological function that are not captured by the ex 314 

vivo slice preparation we employed (Cooke et al., 1999; Woolley 1999).  315 

Sex differences in neural processing exist at many points along the trajectory from 316 

sensory transduction to motor output. Some moths express different receptors at the sensory 317 

epithelium of male and female animals (Schneiderman and Hildebrand 1986). Fruit flies display 318 

few sex differences at the sensory epithelium, but second order projection neurons route sex-319 

specific sensory information to different targets in the brains of male and female flies (Ryner et 320 

al. 1996; Ruta et al. 2010; Kohl et al. 2013). Similarly, we found that the second order projection 321 

from AOB neurons to arom+ neurons in the MeA displays a large sex difference in mice (Figure 322 

7). The larger number of AOB neurons labeled in the male AOB cannot be explained by the 323 

larger number of arom+ neurons in the male MeA (Cooke et al., 1999) as only slightly more 324 

arom+ MeA starter neurons were infected in male mice. Moreover, the sex difference in AOB 325 

neurons projecting to arom+ MeA neurons persists even after normalizing by the size of the 326 

initial MeA infection. Therefore, the projection of arom+ neurons to the MeA of mice is 327 

configured differently in male and female mice. 328 

The functional consequences of the anatomical sex-difference described here are difficult 329 

to predict. It is possible that AOB input to arom+ MeA neurons of male animals is simply 330 

stronger, with greater numbers of synaptic contacts. Another possibility is that there is less 331 

branching of AOB neurons in males and, accordingly, males require integration from a larger 332 

number of AOB neurons to innervate the same percentage of MeA arom+ neurons. Indeed, each 333 

individual AOB synapse with an arom+ MeA neuron may be weaker in male versus female mice. 334 

Moreover, while both male mice and female mice receive input from the anterior AOB, it is 335 

possible that the subset of V1R receptors providing sensory input is different in male versus 336 

female mice. Despite these outstanding questions, our results unambiguously show that the 337 
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projection from AOB neurons to arom+ MeA neurons is configured differently in male versus 338 

female mice.  339 
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Figures 465 
 466 
Figure 1: Circuit contributions to sex differences in social behavior. Top) Sex 467 
differences in behavior indicate that the same sensory stimulus produces different responses in 468 
males and females. Bottom) The vomeronasal system is a critical mediator of social behaviors 469 
that often display sex differences. Arrows (bottom) indicate direct anatomical connections 470 
between brain regions (VNO: vomeronasal organ; AOB: accessory olfactory bulb; MeA: medial 471 
amygdala; Hyp: hypothalamus). 472 
 473 
 474 
Figure 2. Ex-vivo characterization of the intrinsic electrophysiological properties 475 
of arom+ and arom- neurons in males and females. A) schematic of whole cell patch 476 
recording strategy from the MeA of transgenic mice. B) Arom+ neurons were distinguished from 477 
arom- neurons based on tdTomato expression in a cross between a transgenic mouse line 478 
expressing Cre in arom+ neurons  (Yao et al., 2017) and a tdTomato reporter line (Madisen et al., 479 
2010). C) Left: aromatase expressing neurons are shown in red; Right: two recorded neurons 480 
filled with neurobiotin-streptavidin are shown in cyan; Center: Merged channels showing one 481 
recorded neuron was arom+ (arrow) and the other arom- (arrowhead). Scalebar: 250 μm. D) 482 
Firing pattern of a single arom+ neuron (top) and arom- neuron (bottom) in response to current 483 
steps ranging from 20 to 220 pA . E) Average number of spikes are shown for male (blue) and 484 
female (red) MeA neurons, with arom + neurons (top) and arom- neurons (bottom). Shaded 485 
areas indicate s.e.m. 486 
 487 
 488 
Figure 3. Strategy for circuit mapping from arom+ neurons in the MeA. A) 489 
Conditional AAV vectors were used to express TVA, RG, and mCherry in arom+ neurons of the 490 
MeA (methods). After ten days, G-deleted rabies (GFP) was injected at the same stereotaxic 491 
coordinates to infect arom+ ‘starter neurons’ after which 7 days were allowed for rabies to be 492 
transported from arom+ neurons in the MeA to the AOB. B) Horizontal image of MeA showing 493 
arom+ neurons (red) and arom+ projecting neurons ( arom+) in cyan (arrowhead). Co-labeled 494 
neurons were interpreted as ‘starter neurons’ (arrow). C) The AOB was rendered transparent 495 
and imaged intact. A maximum intensity projection of the entire AOB showing arom+ neurons 496 
monosynaptically labeled from the ipsilateral MeA (arrow: labeled mitral cell; arrowhead: 497 
labeled dendritic arbor in glomerulus; linea alba: thin straight line). D) 3D representation of all 498 

arom+ neurons in the AOB in a single animal (cyan: cell bodies; blue: glomeruli). Note the 499 
strong anterior bias of both cell bodies and glomeruli. All scale bars: 250 μm. 500 
 501 
 502 
Figure 4. Quantitative analysis of AOB input to arom+ neurons in the MeA. A) 503 
Percentage of arom+  neuron cell bodies in the anterior versus posterior AOB. B) Percentage of 504 

arom+ glomeruli in the anterior versus posterior AOB. C) Neuroanatomical reconstruction of 505 
the all arom+ in the MeA of a single female mouse. Two neurons are highlighted: the first 506 
receives input only from anterior glomeruli while the second, with a markedly smaller dendritic 507 
arbor, receives input from only posterior glomeruli (linea alba: thin straight line). D) The 508 
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fraction of arom+ neurons that receive input from only the anterior AOB glomeruli (black); 509 
only the posterior AOB glomeruli (grey), or both anterior and posterior AOB glomeruli (white). 510 
Error bars indicate s.e.m. 511 
 512 
 513 
Figure 5. Classical retrograde tracing from the MeA to the AOB. A) Fluoro-Gold was 514 
iontophoretically injected into the MeA and 10 days were allowed for retrograde transport of 515 
Fluoro-Gold from the MeA to the AOB. B) A Fluoro-Gold injection site demonstrates labeling in 516 
both the dorsal and ventral MeA. C) Retrogradely labeled projection neurons in the AOB mitral 517 
cell layer showing dense labeling in both the anterior and posterior AOB. D) Percentage of 518 
neurons located in the anterior versus posterior AOB. All scale bars: 250 μm. 519 
 520 
 521 
 522 
Figure 6. Sex differences in the AOB projection to arom+ MeA neurons. A) Average 523 
number of arom+ projecting AOB neurons in female (red) or male (blue) mice. B) Average 524 
number of arom+ projecting AOB neurons in female (red) or male (blue) mice after 525 
normalization by the number of starter neurons in the MeA. C) Relationship between numbers 526 
of arom+ ‘starter neurons’ in the MeA and arom+ neurons in the AOB of male (blue squares) 527 
and female (red circles) mice. Dashed lines indicate the best linear fit to the data and the shaded 528 
regions indicate the 95% confidence interval on each fit. Error bars indicate s.e.m.  529 
 530 
 531 
Figure 7. Diagram of AOB inputs to arom+ MeA neurons in male and female mice. 532 
V1R-expressing sensory neurons project from the VNO to the anterior AOB in both male and 533 
female mice, while V2R-expressing sensory neurons project to the posterior AOB. Mitral cells in 534 
the anterior AOB provide roughly 90% of the input to arom+ neurons in the MeA, with the 535 
remaining 10% coming from the posterior AOB. This ratio is similar between male and female 536 
mice. The male MeA contains more aromatase neurons than the female MeA, each of which 537 
receives more input from the anterior AOB.  538 
 539 
 540 
 541 
Table 1: Summary of Statistical Analyses 542 
 543 
 544 
Video 1: Visualization of viral injection site in the MeA.  Horizontal view of the MeA 545 
showing tdTomato in arom+ neurons  (red: aromatase-cre X tdTomato reporter line) and GFP 546 
(green) in neurons infected with the modified SADΔG-EGFP(EnvA) rabies virus. Both cell 547 
bodies and neural processes are visible. Each new frame represents a movement of 1 micron into 548 
the brain starting near the ventral surface of the MeA. The field of view was 0.96 mm in both 549 
dimensions. 550 
 551 
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Video 2: Visualization of rabies-labeled neurons in the AOB.  Sagittal view of the AOB 552 
showing GFP (green) in neurons infected with the modified SADΔG-EGFP(EnvA) rabies virus 553 
that project to arom+ neurons in the MeA. An autofluorescence image was also collected 554 
(excitation: 561nm) for improved visualization (red). Cell bodies, neural processes, and 555 
dendritic arborization in the AOB glomeruli are visible. Each new frame represents a movement 556 
of 1 micron into the brain starting near the lateral surface of the AOB and moving medial. 557 
Anterior is to the left. The field of view was 1.3 mm in both dimensions. 558 
 559 
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 Data structure Type of test Sample Size Statistical data 
a Normal distribution Unpaired two-sample t test. Arom+ neurons: n = 46 male, 47 female p = 0.36, t=0.91, d.f. = 82 
b Normal distribution Unpaired two-sample t test. Arom+ neurons: n = 46 male, 47 female p = 0.27, t=1.12, d.f. = 76 
c Normal distribution Unpaired two-sample t test. Arom- neurons: n = 31 male, 34 female p = 0.83, t=0.22, d.f. = 57; 
d Normal distribution Unpaired two-sample t test. Arom- neurons: n = 31 male, 34 female p = 0.32, t=1.01, d.f. = 54 

e Normal distribution 
Mixed model ANOVA: (Current 
step, Sex of animal) N = 14 male mice; N = 15 female mice 

d.f. = 10,1,10; F(current) = 3.32, 
F(sex) = 2.8, F(interaction) = 
0.29; p(current) = 0.0004, p(sex) 
= 0.095, p(interaction) = 0.98  

f Normal distribution 
Mixed model ANOVA: (Current 
step, Sex of animal) N = 14 male mice; N = 15 female mice 

d.f. = 10,1,10; F(current) = 2.37, 
F(sex) = 0.43, F(interaction) = 
0.34; p(current) = 0.01, p(sex) = 
0.51, p(interaction) = 0.97  

g Normal distribution 
Mixed model ANOVA: (Current 
step, cell type: arom+ vs arom- ) N = 14 male mice; N = 15 female mice 

d.f. = 10,1,10; F(current) = 4.75, 
F(cell type) =9.78, F(interaction) 
= 0.91; p(current) < 0.00001, 
p(cell type) = 0.0018, 
p(interaction) = 0.52  

h Normal distribution Unpaired t test. N = 14 mice (6 female; 8 male) p < 0.00001, t=17.6, d.f. = 20 
i Normal distribution Unpaired t test. N = 7 mice p = 0.41, t=0.88, d.f. = 8 
j Normal distribution Unpaired t test. N = 14 mice (6 female; 8 male) p < 0.00001, t=21.4, d.f. = 16 
k Normal distribution Unpaired two-sample t test. N = 8 male mice; N = 6 female mice p = 0.93, t=0.08, d.f. = 12 
l Normal distribution Unpaired two-sample t test. N = 8 male mice; N = 6 female mice p = 0.04, t=2.22, d.f. = 12 
m Normal distribution Unpaired two-sample t test. N = 8 male mice; N = 6 female mice p = 0.24, t=1.2, d.f. = 9 






