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Abstract

The brains of male and female mice are shaped by genetics and hormones during development. The enzyme
aromatase helps establish sex differences in social behaviors and in the neural circuits that produce these be-
haviors. The medial amygdala of mice contains a large population of aromatase neurons and is a critical hub
in the social behavior network. Moreover, the neural representation of social stimuli in the medial amygdala
displays clear sex differences that track developmental changes in social behaviors. Here, we identify a poten-
tial anatomic basis for those sex differences. We found that sensory input from the accessory olfactory bulb
(AOB) to aromatase neurons is derived nearly exclusively from the anterior AOB, which selectively responds to
chemosensory cues from conspecific animals. Through the coordinated use of mouse transgenics and viral-
based circuit-tracing strategies, we demonstrate a clear sex difference in the volume of synapses connecting
the accessory olfactory bulb to aromatase-expressing neurons in the medial amygdala of male versus female
mice. This difference in anatomy likely mediates, at least in part, sex differences in medial amygdala-mediated
social behaviors.
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The medial amygdala is a central hub of the social behavior network of the brain that integrates social infor-
mation and produces behaviors like aggression, parenting, and reproduction. We determined that in mice,
medial amygdala neurons expressing aromatase, an enzyme that converts testosterone to estradiol and
plays an important role in establishing neuroanatomical sex differences, receive sensory information from a
restricted population of pheromone-sensitive neurons in the vomeronasal pathway. These aromatase-ex-
pressing neurons had similar intrinsic electrophysiological properties in both sexes but received more sen-
sory inputs in males than in females. We propose that the different anatomic configurations of social circuits
described here contribute to known sex differences in medial amygdala function and, ultimately, to sex dif-
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Introduction

Mice broadcast signals critical for social behavior using
semiochemicals that are detected by the vomeronasal
organ (VNO) and relayed via the accessory olfactory bulb
to the social behavior network (Stowers et al., 2002;
Mandiyan et al., 2005). The medial amygdala (MeA) serves
as a hub for neural circuits within the social behavior
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network that identify social cues and guide innate social
behaviors (Newman, 1999). These social behaviors are
central for an individual’s survival and rely on conserved
neural circuits (Tinbergen, 1951; Petrovich et al., 2001;
Goodson, 2005). MeA-mediated social behaviors includ-
ing parenting, aggression, mating, and defense are often
sexually differentiated (Ferguson et al., 2001; Unger et al.,
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2015; Yao et al., 2017), implying that sex differences exist
in the configuration and function of the underlying MeA
circuits (Fig. 1; Lehman et al., 1980; Wu et al., 2009). But
precisely which features differ in these circuits and how
do they produce different patterns of behavior?

We investigated the configuration of aromatase-ex-
pressing (arom™) neurons in the MeA because of their crit-
ical role in establishing and maintaining sex differences in
social behaviors. We hypothesized that the arom™ neu-
rons of MeA would either receive sexually differentiated
sensory input or that the intrinsic properties of arom™
neurons would be different in male and female mice.
Here, we demonstrate that arom™ neurons of both sexes
receive input near exclusively from the anterior division of
the accessory olfactory bulb (AOB), with few inputs from
the posterior AOB. We also observed no sex difference
in the intrinsic electrophysiological function of arom™ neu-
rons. However, the synaptic convergence from the AOB
to individual arom™ neurons is substantially greater in
males than in females. Together, these data suggest that
the volume of synaptic connections made between the
AOB and arom™ neurons in the MeA provides an anatom-
ic basis for sexually differentiated function in the MeA.

Materials and Methods

Animals. Forty-four male and female adult mice (10-
16 weeks old) were group housed in single-sex cages in a
temperature-controlled (22°C) and light-controlled (12 h
light/dark) facility, with ad libitum access to food and
water. All animal procedures were approved by the
University of Massachusetts at Amherst Institutional
Animal Care and Use Committee and were performed in
compliance with all animal care regulations.

The Cyp19a1-Cre transgenic line was generated by
BAC (bacterial artificial chromosome) recombination (Yao
etal., 2017). A Lox-STOP-Lox-tdTomato reporter line with
a LoxP-flanked STOP was used to express tdTomato in
Cre™ cells (Ai9, The Jackson Laboratory; Madisen et al.,
2010). Homozygous Cyp19ai1-Cre mice were crossed
with homozygous rosa26-Isl-tdTomato reporter mice to
visualize aromatase-expressing neurons. The resulting
double transgenic mice expressed bright tdTomato fluo-
rescence consistent with past studies investigating
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Figure 1. Circuit contributions to sex differences in social be-
havior. Top, Sex differences in behavior indicate that the same
sensory stimulus produces different responses in males and fe-
males. Bottom, The vomeronasal system is a critical mediator
of social behaviors that often display sex differences. Arrows
(bottom) indicate direct anatomic connections between brain
regions. Hyp, Hypothalamus.

aromatase expression in the brain. Faithful genetic access
to aromatase neurons using this strategy was previously
described and verified in the study by Yao et al. (2017).

Slice electrophysiology. Whole-cell patch recordings
were made from the posterior dorsal MeA in adult male
and adult female (age, 10-16 weeks) mouse brain slices
(Fig. 2A). Female mice in the diestrus phase of the estrus
cycle were used. Animals were killed the hour before
lights-off, and slice recordings were performed during the
first 4 h of the dark phase of the 12 h light/dark cycle in
the vivarium. The arom™ neurons were distinguished from
neurons that did not express aromatase (arom ™) based on
the expression of tdTomato in arom™ neurons. Briefly, tar-
geted expression of tdTomato was achieved in arom™
neurons by crossing an aromatase-cre transgenic mouse
(Yao et al., 2017) with a tdTomato reporter line (Fig. 2B;
Madisen et al., 2010). Fluorescent arom™ neurons were
easily distinguished from arom™ neurons, and all recorded
neurons were filled with neurobiotin for post hoc confir-
mation of cell type, morphology, and location (Fig. 2C).

Mice were deeply anesthetized with isoflurane and
killed. The brain was rapidly removed and placed in ice-
cold (bubbling 95% 0,/5% CO,) solution containing the
following: 89.1 mm sucrose, 13.88 mm glucose, 87.27 mm
NaCl, 25 mm NaHCO3, 2.5 mm KCI, 7 mm MgCl,/6H,0,
0.37 mm CaCl,, and 1.25 mm NaHsPO, in H>0O. Coronal
slices (8300 um) were cut using a vibratome (model
VT12008S, Leica) and incubated at 35°C for 30 min in oxy-
genated artificial CSF (ACSF) containing the following:
127 mm NaCl, 25 mm glucose, 25 mm NaHCOg, 2.5 mwm
KCl, 1.325 mm MgCl,, 2.5 mm CaCl,, and 1.2 mwm
NaH,PO, in H,O. Slices were then transferred to a record-
ing chamber.

Slices were perfused with oxygenated ACSF and main-
tained at room temperature for the duration of the record-
ing session. Electrodes were made with borosilicate glass
drawn from a vertical pipette extractor (PC-10, Narishige)
and were filled with an internal solution (20 mm KCI, 120
mm KGlu, 0.1 mm CaCl,, 5 mm EGTA, 5 mm HEPES, 3 mm
MgATP, and 0.5 mm NaGTP, at pH 7.3 osmolarity of 290
mOsm, and impedence of 8-12 M(). Whole-cell patch-
clamp recordings were made from arom™ neurons identi-
fied by tdTomato expression and arom™ neurons in the
MeA using infrared differential interference contrast and

eNeuro.org


mailto:jbergan@umass.edu
mailto:jbergan@umass.edu
https://doi.org/10.1523/ENEURO.0489-19.2020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

~Meuro
B

Voltage (mV) O

N

| Rosa26 |

Voltage (mV)

00 400 600 800
Time (ms)

0 2

Research Article: New Research 3 of 11

Cyp19 exon 1

Merge

E

4

A +

3 rom
9
5- 2 _
(Vp) =

1

0 =

4 Arom-
» 3
8 -
z?

1 .

(==

40 80 120160 200
Current (pA)

Figure 2. Ex vivo characterization of the intrinsic electrophysiological properties of arom™ and arom™ neurons in males and females.
A, Schematic of whole-cell patch recording strategy from the MeA of transgenic mice. B, Arom™ neurons were distinguished from
arom™ neurons based on tdTomato expression in a cross between a transgenic mouse line expressing Cre in arom™ neurons (Yao
et al., 2017) and a tdTomato reporter line (Madisen et al., 2010). C, Left, Aromatase-expressing neurons are shown in red. Right,
Two recorded neurons filled with neurobiotin-streptavidin are shown in cyan. Middle, Merged channels showing one recorded neu-
ron was arom™ (arrow) and the other was arom™ (arrowhead). Scale bar, 250 um. D, Firing pattern of a single arom™ neuron (top)
and arom™ neuron (bottom) in response to current steps ranging from 20 to 220 pA. E, Average number of spikes are shown for
male (blue) and female (red) MeA neurons, with arom ™ neurons (top) and arom™ neurons (bottom). Shaded areas indicate SEM.

an upright fluorescent microscope (BX51WIF, Olympus)
with a 60x water immersion lens. Neurobiotin (0.1%) was
added to the internal solution to fill the recorded neurons
for subsequent visualization and morphologic analysis.
After achieving whole-cell configuration, voltage was
clamped at —80mV, and a “soft” current-clamp switch
was performed in which the current used to hold the cell
at —80 mV was maintained. Neurons were then depolar-
ized by injecting current ranging from 20 to 220pA in
20 pA steps each for a duration of 500 ms. Recorded volt-
age signals were filtered and then sampled at 100 kHz.
The number of action potentials elicited by each current
step was recorded for each neuron. The baseline spike

May/June 2020, 7(3) ENEURO.0489-19.2020

rate was determined by injecting no current and recording
for 1 min. The threshold for eliciting an action potential
was determined by ramping current injection from 0 to
200 pA over a 1 s epoch; the threshold was determined
by the timing of the first spike during this epoch.
Measurements were calculated using Igor Pro 6.0 soft-
ware (WaveMetrics) and MATLAB (MathWorks). Following
each recording, brain slices were fixed in PFA for 2 h at
room temperature, washed three times in PBST (0.1%
Triton X-100 in PBS, pH 8) for 15 min, and incubated in flu-
orescently conjugated streptavidin (1:200; DyLight 649,
Vector Laboratories) to visualize the recorded neurons.
After 1 h, sections were washed three times in PBS,
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Figure 3. Strategy for circuit mapping from arom™ neurons in the MeA. A, Conditional AAV vectors were used to express TVA, RG,
and mCherry in arom™ neurons of the MeA (Materials and Methods). After 10 d, G-deleted rabies (GFP) was injected at the same
stereotaxic coordinates to infect arom™ starter neurons, after which 7 d were allowed for rabies to be transported from arom™ neu-
rons in the MeA to the AOB. B, Horizontal image of MeA showing arom™ neurons (red) and arom™ —arom™) in cyan (arrowhead).
Colabeled neurons were interpreted as starter neurons (arrow). C, The AOB was rendered transparent and imaged intact. A maxi-
mum intensity projection of the entire AOB showing —arom™ neurons monosynaptically labeled from the ipsilateral MeA. Arrow,
Labeled mitral cell; arrowhead, labeled dendritic arbor in glomerulus; linea alba, thin straight line. D, 3D representation of all
—arom™ neurons in the AOB in a single animal (cyan, cell bodies; blue, glomeruli). Note the strong anterior bias of both cell bodies

and glomeruli. Scale bars, 250 um.

mounted on slides, and imaged using a BX51WIF upright
fluorescent microscope (Olympus).

Stereotaxic injections. lontophoretic injections of the
anatomic tracer Fluoro-Gold (10% in double distilled H,0;
fluorochrome) were made in the posterior dorsal MeA of
male and female mice (bregma, —1.8 mm; lateral, 1.8 mm;
depth, 4.5-5.5 mm; retaining current, —1 uA constant DC;
injection current, +5 pA constant DC; 10 min). Anesthesia
was maintained with 1-2% isoflurane in aseptic condi-
tions throughout the surgery. Good retrograde labeling
was observed after a survival period of 7d. Animals were
deeply anesthetized with isoflurane and exsanguinated
with 50 ml of cold PBS followed by 25 ml of cold PFA (4%
in PBS). The brain was extracted and postfixed in 4% PFA
at 4°C overnight. Fluoro-Gold-labeled tissue samples
were sectioned coronally (100 um) and visualized with an
ultraviolet excitation filter.

We next used an approach based on a modified rabies
virus to identify monosynaptic input specific to the arom™
neurons in the MeA (Wickersham et al., 2007; Watabe-
Uchida et al., 2012; Menegas et al., 2015). Briefly, a non-
endogenous cell-surface receptor (TVA) required for ra-
bies infection was coexpressed with a rabies envelope

May/June 2020, 7(3) ENEURO.0489-19.2020

glycoprotein (RG) required for replication in arom™ neu-
rons of the MeA (Fig. 3A).

All adeno-associated viruses (AAVs) were produced by the
UNC Vector Core Facility (Chapel Hill, NC). Rabies circuit
tracing experiments involved two consecutive stereotaxic in-
jections in both sexes. In the first injection, 500 nl of AAV-
FLEX-TVA and AAV-FLEX-RG (both serotype 8; mixed 1:1;
Watabe-Uchida et al., 2012) were injected into the posterior
dorsal MeA of aromatase-cre mice (bregma, —1.8; lateral,
1.8; depth, 4.5-5.5). After 14 d, 300 nl of SADAG-EGFP(EnvA)
virus (Viral Vector Core, Salk Institute, La Jolla, CA) was in-
jected into the MeA at the same stereotaxic coordinates
(Wickersham et al., 2007). In two animals, 250 nl of AAV-
FLEX-TVA (without AAV-FLEX-RG) was injected and, after
14d, was followed by a 300 nl injection of SADAG-EGFP
(EnvA) virus in the aromatase-cre tdTomato reporter double
transgenic line. Excluding AAV-FLEX-RG prevents the synap-
tic spread of the SADAG-EGFP(EnvA) virus and allowed us to
confirm colocalization of initial rabies infection to cre-express-
ing (tdTomato-positive) neurons. This is consistent with pub-
lished reports showing the high genetic specificity of the
rabies-based strategy (Wickersham et al., 2007; Watabe-
Uchida et al., 2012; Menegas et al., 2015).
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Table 1: Summary of statistical analyses
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Data structure Type of test Sample size Statistical data
Normal Unpaired two-sample ttest ~ Arom™ neurons: n = 46 male, 47 p=0.36,t=0.91, df =82
distribution female
Normal Unpaired two-sample t test ~ Arom™ neurons: n = 46 male, 47 p=027,t=1.12,df =76
distribution female
Normal Unpaired two-sample ttest ~ Arom™ neurons: n = 31 male, 34 p =0.83,t=0.22, df = 57;
distribution female
Normal Unpaired two-sample t test Arom™ neurons: n = 31 male, 34 p=0.32,t=1.01,df =54
distribution female
Normal Mixed-model ANOVA: (cur- N = 14 male mice; N = 15 female df =10,1,10; F(current) = 3.32,
distribution rent step, sex of animal) mice F(sex) = 2.8, F(interaction) = 0.29;
p(current) = 0.0004, p(sex) = 0.095,
p(interaction) = 0.98
f Normal Mixed model ANOVA: (cur- N = 14 male mice; N = 15 female df =10,1,10; F(current) = 2.37,
distribution rent step, sex of animal) mice F(sex) = 0.43, F(interaction) = 0.34;
p(current) = 0.01, p(sex) = 0.51,
p(interaction) = 0.97
g Normal Mixed model ANOVA: (cur- N = 14 male mice; N = 15 female df =10,1,10; F(current) = 4.75,
distribution rent step, cell type: arom™ mice F(cell type) =9.78, F(interaction) = 0.91;
vs arom™) p(current) < 0.00001, p(cell type) = 0.0018,
p(interaction) = 0.52
h Normal Unpaired t test N =14 mice (6 female; 8 male) p < 0.00001,t=17.6,df =20
distribution
i Normal Unpaired t test N =7 mice p=0.41,t=0.88,df =8
distribution
j  Normal Unpaired t test N = 14 mice (6 female; 8 male) p < 0.00001,t=21.4,df =16
distribution
k Normal Unpaired two-sample ttest N = 8 male mice; N = 6 female mice p =0.93,t=0.08, df =12
distribution
| Normal Unpaired two-sample ttest N = 8 male mice; N = 6 female mice p=0.04,t=2.22,df=12
distribution
m Normal Unpaired two-sample t test N = 8 male mice; N =6 female mice p=0.24,t=1.2,df=9
distribution

Ten days after the final injection, animals were deeply
anesthetized with isoflurane and exsanguinated with 50
ml of cold PBS followed by 25 ml of cold PFA (4% in
PBS). The brain was extracted and postfixed in 25 ml of
hydrogel (recipe: 40 ml of 40% acrylamide, 10 ml of 2%
bis-acrylamide, 1 g of VA-044 initiator, 40 ml of 10x PBS,
100 ml of 16% PFA, 210 ml of H,O; Chung et al., 2013) at
4°C for 48 h.

After 48 h of incubation in hydrogel, oxygen was flushed
from the hydrogel by bubbling the liquid hydrogel solution
with nitrogen. The tissue container was resealed and
transferred to a 37°C water bath for 1 h. If hydrogel was
not yet solidified, the sample was returned to the water
bath until polymerization was complete. Excess hydrogel
was removed from the brain manually, and the tissue
sample was washed in PBST (0.1% Triton X-100 in PBS,
pH 8) overnight at 37°C with gentle rocking. The brain was
then transferred to clearing solution and passively incu-
bated for 2 d before active clearing.

Active clearing was performed in a 5 gallon bucket with a
custom magnetohydrodynamic (MHD) clearing device
(Joseph F. Dwyer, unpublished observations). Briefly, the
tissue sample was placed at the intersection of a strong
magnetic field and a 0.3 A (~30 V) electrical field. The re-
sulting MHD force rapidly removed unbound lipids from
the tissue sample and also circulated the clearing solution

May/June 2020, 7(3) ENEURO.0489-19.2020

to keep the sample at a constant temperature. Brains were
cleared until bright white and translucent, which typically
took 48 h. Brains were then transferred to PBST (0.1%
Triton X-100, pH 8) for 24 h with three changes of the PBST
solution to help remove the remaining clearing solution.
Brains were transferred from PBST to an OptiView imaging
solution (Isogai et al., 2017) with a refractive index of 1.45
and incubated at 37°C for 2 d before imaging.

AOB and MeA images were acquired with the Zeiss Z.1
Lightsheet Microscope (Carl Zeiss). Rabies-labeled GFP™
neurons were excited with a 488 nm laser, and a 561 nm
laser was used to produce an autofluorescence image for
subsequent background subtraction and isolation of the
GFP signal. Images were collected with a 5x objective
(MeA) or 20x objective (AOB) with PCO-Edge scMOS
cameras (PCO). The MeA was imaged horizontally from
the ventral surface of the brain, and the AOB was imaged
sagittally from its lateral edge. Images were saved at 1-
5 um resolution for cell counting, fiber mapping, and out-
lining of brain regions. ImageJ was used to format images
into .tif stacks.

Data analysis. Statistical analyses and figure generation
were done using validated MATLAB scripts (MathWorks).
Slice electrophysiology comparisons between two groups
were performed with an unpaired t test and a mixed-
model ANOVA for nested comparisons of more than two
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groups. Statistical results were considered significant at
p < 0.05, and ANOVAs returning a significant p value were
followed by pairwise comparisons with Bonferroni correc-
tion to investigate the significant differences. Cohen’s d
was calculated by finding the difference of means be-
tween each group and dividing by the pooled SD. All
means are reported with SE measurements. Regressions
were performed in MATLAB using the fitim and predict
functions. All statistical tests are presented in Table 1
along with a more complete description of the statistical
results.

Results

Because aromatase expression is critical to establish
sex differences in MeA function, we hypothesized that the
intrinsic electrophysiological properties of arom® MeA
neurons may be different in male and female mice. To test
this hypothesis, we measured the electrophysiological
properties of arom™ neurons and arom™~ neurons in brain
slices from 14 male and 15 female mice (Fig. 2D; arom™
neurons: n=46 male, 47 female; arom™ neurons: n =65,
31 male, 34 female). In contrast to our hypothesis, we
found no evidence for sex differences in the intrinsic elec-
trophysiological properties of MeA neurons. No sex differ-
ence was observed for arom™ neurons for either input
resistance (male, 740 = 60 MQ; female, 670 = 40 M(Q; un-
paired t test: p=0.36, t=0.91, df = 82; Table 1, a) or the
threshold voltage for eliciting an action potential (male,
—45.9 = 1.4mV; female, —47.9 = 0.95 mV; unpaired t test:
p=0.27,t=1.12, df = 76; Table 1, b). Similarly, no sex dif-
ference was observed for arom™ neurons for either input
resistance (male, 680 = 70 M(); female, 700 = 70 MQ; un-
paired t test: p=0.83, t=0.22, df = 57; Table 1, c) or the
threshold voltage for eliciting an action potential (male,
—49.4 = 1.5mV; female, —53.4 = 1.25 mV; unpaired t test:
p=0.32,t=1.01, df = 54; Table 1, d). In addition, when we
measured the number of action potentials elicited by cur-
rent steps, we observed no significant effect of sex on the
number of current-evoked spikes in arom™ neurons (Fig.
2E, top; mixed-model ANOVA: F=2.8, df = 1, p=0.10;
Table 1, e; Cohen’s d for maximum number of
spikes, 0.19), or the number of current-evoked spikes in
arom™ neurons of male versus female mice at any current
(Fig. 2E, bottom; mixed-model ANOVA: F=0.43, df = 1,
p=0.52, Table 1, f; Cohen’s d for maximum number of
spikes, 0.20). However, arom™ neurons produced more
action potentials than arom™ neurons in response to the
same current step (Fig. 2D,E; ANOVA: F=9.78, df = 1,
p=0.002, Table 1, g). Moreover, the firing rate of arom™
neurons increased more steeply with increasing current
steps, with a peak firing rate for injected current of 80 pA
followed by a gradual reduction in response to larger cur-
rent steps (Fig. 2E).

Next, we used a modified rabies viral tracing strategy to
investigate the configuration of arom™ neural circuits
(Wickersham et al., 2007). Briefly, initial infection was re-
stricted to arom™ neurons based on cre-dependent ex-
pression of the TVA receptor, which is required for EnvA
pseudotyped rabies virus to infect mammalian cells, in
arom-cre mice. Trans-synaptic spread to neurons that
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Movie 1. Visualization of viral injection site in the MeA.
Horizontal view of the MeA showing tdTomato in arom™ neu-
rons (red, aromatase-cre X tdTomato reporter line) and GFP
(green) in neurons infected with the modified SADAG-EGFP
(EnvA) rabies virus. Both cell bodies and neural processes are
visible. Each new frame represents a movement of 1 um into
the brain starting near the ventral surface of the MeA. The field
of view was 0.96 mm in both dimensions. [View online]

contact arom™ neurons was made possible by also ex-
pressing the rabies envelope RG only in arom™ neurons
(Fig. 3A). We identified both local neurons with direct
projections to arom™ neurons (Fig. 38, Movie 1), as well
as long-range input from the AOB, which we will abbre-
viate as —arom™ neurons (Fig. 3C,D, Movie 2). No neu-
rons were labeled in the main olfactory bulb. The
—arom™ neurons were located in the mitral/tufted cell
layer (Fig. 3C, arrow), and clear dendritic arborizations
were visible in AOB glomeruli of the AOB (Fig. 3C,
arrowhead).

Imaging the intact AOB using CLARITY and lightsheet
microscopy (see Materials and Methods) allowed identifi-
cation of nearly all —arom™ neurons and their corre-
sponding glomeruli (Fig. 3D). The linea alba was used to
distinguish the anterior AOB from the posterior AOB, and
the distribution of —arom™ neurons was heavily skewed
to the anterior AOB (Fig. 4A; anterior, 89 + 2.9%; poste-
rior, 11 =2.9%; unpaired t test: p<0.00,001, t=17.6,
df = 20; Table 1, h). In contrast to the anterior AOB bias
observed for rabies-infected arom™-projecting neurons,
nearly all AOB mitral and tufted cells in both the anterior
and posterior AOBs were labeled by the nonconditional
retrograde tracer Fluoro-Gold iontophoretically injected in
the MeA (Fig. 5; anterior, 51 =2.4%; posterior, 49 =
2.4%; unpaired t test: p=0.41, t=0.88, df = 8; Table 1, i).
Thus, both anterior and posterior AOB neurons project to
the MeA, but arom™ MeA neurons receive input nearly ex-
clusively from the anterior AOB.
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Movie 2. Visualization of rabies-labeled neurons in the AOB.

Sagittal view of the AOB showing GFP (green) in neurons in-
fected with the modified SADAG-EGFP(EnvA) rabies virus that
project to arom® neurons in the MeA. An autofluorescence
image was also collected (excitation, 561 nm) for improved vis-
ualization (red). Cell bodies, neural processes, and dendritic ar-
borization in the AOB glomeruli are visible. Each new frame
represents a movement of 1 um into the brain starting near the
lateral surface of the AOB and moving medial. Anterior is to the
left. The field of view was 1.3 mm in both dimensions. [View
online]

The dendritic arbors of —arom™ neurons in the AOB
were traced to the glomeruli they innervated. The
—arom™ neurons predominantly innervated anterior AOB
glomeruli that receive vomeronasal 1 receptor (V1R)-de-
rived sensory information from the VNO. We imaged the
dendritic arbors of —arom™ AOB neurons, including the
innervated glomeruli, in a subset of animals (Fig. 4B,C).
The dendrites of each —arom™ neuron in the AOB ramified
in 2-10 glomeruli with an average of 4.2 glomeruli innervated
per cell. The vast majority of glomerular inputs came from
the anterior AOB (Fig. 4B; anterior, 85+ 1.9%; anterior,
15+ 1.9%; unpaired t test: p <0.00,001, t=21.4, df = 16;
Table 1, j). Sixty-seven percent of —arom™ neurons had
dendrites that innervated only anterior AOB glomeruli; 30%
of the labeled AOB neurons had dendrites that innervated
anterior and posterior AOB glomeruli; and 3% of the labeled
AOB neurons had dendrites that innervated only posterior
AOB glomeruli (Fig. 4D). Thus, the segregation between an-
terior and posterior AOBs is not complete; some integration
occurs between anterior and posterior glomeruli even within
the AOB. Of the AOB neurons receiving input from the pos-
terior glomeruli, 91% also received input from at least one
anterior glomerulus, and most received input from more an-
terior than posterior glomeruli.

This analysis also revealed a stark sex difference. More
—arom™ neurons were labeled by retrograde tracing in
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Figure 4. Quantitative analysis of AOB input to arom™ neurons
in the MeA. A, Percentage of —arom™ neuron cell bodies in the
anterior versus posterior AOB. B, Percentage of —arom™ glo-
meruli in the anterior versus posterior AOB. C, Neuroanatomical
reconstruction of the all —arom™ in the MeA of a single female
mouse. Two neurons are highlighted: the first receives input
only from anterior glomeruli, while the second, with a markedly
smaller dendritic arbor, receives input from only posterior glo-
meruli (linea alba, thin straight line). D, The fraction of —arom™
neurons that receive input from only the anterior AOB glomeruli
(black), from only the posterior AOB glomeruli (gray), or from
both the anterior and posterior AOB glomeruli (white). Error bars
indicate SEM.

the AOB of male mice compared with female mice (Fig. 6).
In both male and female mice, the number of infected
AOB neurons was proportional to the number of arom™
“starter neurons” infected in the MeA (Fig. 6C; female re-
gression: R? = 0.80, p = 0.016; male regression: R* = 0.63,
p =0.018). Because there are a larger number of aroma-
tase neurons in the male MeA (Stanic et al., 2014), one
possible explanation of the differential labeling observed
in the AOB could be that more arom™ starter neurons
were initially infected in males. While we found a small dif-
ference in the numbers of arom™ starter neurons in the
male than in the female MeA, this difference was not stat-
istically significant (male, 56.6 = 11.2 MeA cells; female,
54.5 +14.3 MeA cells; unpaired t test: p=0.93, t=0.08,
df =12; Table 1, k).

To further rule out the possibility that the larger number
of neurons labeled in the AOB of males was due to slight
differences in the numbers of starter neurons, we normal-
ized the number of labeled AOB projection neurons by
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Figure 5. Classical retrograde tracing from the MeA to the AOB. A, Fluoro-Gold was iontophoretically injected into the MeA,
and 10d were allowed for retrograde transport of Fluoro-Gold from the MeA to the AOB. B, A Fluoro-Gold injection site demon-
strates labeling in both the dorsal and ventral MeA. C, Retrogradely labeled projection neurons in the AOB mitral cell layer
showing dense labeling in both the anterior and posterior AOB. D, Percentage of neurons located in the anterior versus poste-

rior AOB. Scale bars, 250 um.

dividing by the number of starter neurons in the MeA
of each animal (Fig. 6B). The stronger labeling in the
male AOB remained significant after accounting for
differences in the number of starter neurons in each
animal (male, 1.25 = 0.43 AOB cells/MeA cell; female,
0.13 +0.05 AOB cells/MeA cell; unpaired t test: p=
0.04,t=2.22,df = 12; Table 1, I). Comparing the pattern
of connectivity between the AOB and MeA arom™ neu-
rons in male and female mice revealed a similar ante-
rior bias in both sexes, with the vast majority of labeled
neurons located in the anterior AOB (anterior cells
in males, 86.068 =4.0%; anterior cells in females,
98.9 = 3.3%;, unpaired t test: p=0.24, t=1.2, df = 9,
Table 1, m). A regression analysis comparing the rate
of AOB infection for the number of starter neurons in-
fected in males and females showed a larger slope for
males than females, with the 95% confidence intervals
for predicted AOB neurons separated for MeA infec-
tion rates >50 starter neurons in a given 100 um slice.
Therefore, we found that each arom™ neuron in the
male MeA receives input from nearly an order of mag-
nitude more AOB neurons on average—indicating a ro-
bust sexual difference in the connectivity between the
anterior AOB and aromatase-expressing neurons in
the MeA (Fig. 6C).

May/June 2020, 7(3) ENEURO.0489-19.2020

Discussion

Here, we show that in both male and female mice, a set
of neurons in the AOB projects directly to arom™ neurons
in the MeA. Approximately 90% of AOB input to arom™
neurons is from the anterior AOB and 10% is from the
posterior AOB, and essentially no direct input is from the
main olfactory bulb. The topographical segregation of
V1R-derived and vomeronasal 2 receptor (V2R)-derived
information established in the VNO is maintained in the
AOB, as V1R-expressing sensory neurons project to the
anterior AOB and V2R-expressing sensory neurons pro-
ject to the posterior AOB (Dulac and Torello, 2003). It is
possible that the enhancement of anterior AOB neurons
projecting to arom™ neurons in the MeA may also reflect
the topographic distribution of arom™ neurons in the pos-
terodorsal MeA. Because arom™ MeA neurons receive
input almost exclusively from the anterior AOB (V1R), our
study demonstrates that the separation of V1R-derived
from V2R-derived sensory channels is maintained at least
to the level of the MeA. Consistent with these findings, be-
haviors mediated by arom™ MeA neurons (Unger et al.,
2015; Yao et al., 2017) are likely driven by sensory cues
detected by V1R receptors. V1R receptors respond to lip-
ophilic odorants, including sulfated steroids, that convey
information about the physiological status of conspecific
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Figure 6. Sex differences in the AOB projection to arom* MeA
neurons. A, The average number of arom™ projecting AOB neu-
rons in female (red) or male (blue) mice. B, Average number of
arom* projecting AOB neurons in female (red) or male (blue) mice
after normalization by the number of starter neurons in the MeA.
C, Relationship between the numbers of arom™ starter neurons in
the MeA and —arom™ neurons in the AOB of male (blue squares)
and female (red circles) mice. Dashed lines indicate the best linear
fit to the data, and the shaded regions indicate the 95% confi-
dence interval on each fit. Error bars indicate SEM.
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individuals (Nodari et al., 2008; Isogai et al., 2011;
Hammen et al., 2014), indicating that arom™ neurons have
direct access to sensory channels strongly linked to sexu-
ally differentiated behaviors (Nodari et al., 2008; Isogai et
al., 2011).

While the sensory stimuli and neuroendocrine states
that drive sex differences in social behaviors have been
established for some time, the circuit mechanisms that
produce sex differences in behavior are less well under-
stood. Initially, we hypothesized that differences in the in-
trinsic properties of arom™ neurons may produce sex
differences in circuit functions (Cooke et al., 1999). This
line of reasoning was based on the critical role for aroma-
tase in the development and maintenance of hormone-
dependent sex differences in MeA neuroanatomy (Cooke
et al., 1999; Morris et al., 2008; Wu et al., 2009; Bergan et
al., 2014). While we were able to establish that arom™
neurons represent an electrophysiologically distinct cate-
gory of MeA neuron (Keshavarzi et al., 2014), we observed
no obvious sex differences in the intrinsic properties of ei-
ther the arom™ or arom™ neurons. The lack of clear sex
differences in arom™ neurons in this region is, at first
pass, surprising given known sex differences in anatomy,
sensory representation, and contributions to the behavior
of MeA neurons (Cooke et al., 1999; Morris et al., 2008;
Wu et al., 2009; Bergan et al., 2014; Hong et al., 2014;
Unger et al., 2015; Yao et al., 2017).

Our anatomic results demonstrate that some arom™
neurons receive input from the anterior AOB, however,
the percentage of MeA arom+ neurons that receive
AOB input is not yet known. Our electrophysiological

Female

VNO

VNO

AOB

MeA

MeA

Figure 7. Diagram of AOB inputs to arom™ MeA neurons in male and female mice. V1R-expressing sensory neurons project from
the VNO to the anterior AOB in both male and female mice, while V2R-expressing sensory neurons project to the posterior AOB.
Mitral cells in the anterior AOB provide ~90% of the input to arom™ neurons in the MeA, with the remaining 10% coming from the
posterior AOB. This ratio is similar between male and female mice. The male MeA contains more aromatase neurons than the female

MeA, each of which receives more input from the anterior AOB.
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experiments could not distinguish arom+ MeA neurons
based on whether they did or did not receive AOB input
and may have missed a subtle difference in a relevant
subpopulation. Moreover, our electrophysiological data
cannot rule out all potential sex differences in electro-
physiological function of MeA neurons. For example, it is
possible that the different hormonal milieus present in
adult males and females, including those linked to estrus
state, may induce differences in electrophysiological
function that are not captured by the ex vivo slice prepara-
tion we used (Cooke et al., 1999; Woolley, 1999).

Sex differences in neural processing exist at many
points along the trajectory from sensory transduction to
motor output. Some moths express different receptors at
the sensory epithelium of male and female animals
(Schneiderman et al., 1986). Fruit flies display few sex dif-
ferences at the sensory epithelium, but second-order pro-
jection neurons route sex-specific sensory information to
different targets in the brains of male and female flies
(Ryner et al., 1996; Ruta et al., 2010; Kohl et al., 2013).
Similarly, we found that the second-order projection from
AOB neurons to arom™ neurons in the MeA displays a
large sex difference in mice (Fig. 7). The larger number of
AOB neurons labeled in the male AOB cannot be ex-
plained by the larger number of arom™ neurons in the
male MeA (Cooke et al., 1999) as only slightly more arom™
MeA starter neurons were infected in male mice.
Moreover, the sex difference in AOB neurons projecting
to arom™ MeA neurons persists even after normalizing by
the size of the initial MeA infection. Therefore, the projec-
tion of —arom™ neurons to the MeA of mice is configured
differently in male and female mice.

The functional consequences of the anatomic sex dif-
ference described here are difficult to predict. It is possi-
ble that AOB input to arom™ MeA neurons of male
animals is simply stronger, with greater numbers of syn-
aptic contacts. Another possibility is that there is less
branching of AOB neurons in males and, accordingly,
males require integration from a larger number of AOB
neurons to innervate the same percentage of MeA arom™
neurons. Indeed, each individual AOB synapse with an
arom™* MeA neuron may be weaker in male versus female
mice. Moreover, while both male mice and female mice
receive input from the anterior AOB, it is possible that the
subset of V1R receptors providing sensory input is differ-
ent in male versus female mice. Despite these outstand-
ing questions, our results unambiguously show that the
projection from AOB neurons to arom™ MeA neurons is
configured differently in male versus female mice.
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