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Abstract

The accessory olfactory bulb (AOB) plays a critical role in classifying pheromonal signals.

Here we identify two previously undescribed sources of aromatase signaling in the AOB: 1) A
population of aromatase-expressing neurons in the AOB itself; 2) A tract of aromatase-expressing
axons which originate in the ventral medial amygdala (MEA) and terminate in the AOB. Using a
retrograde tracer in conjunction with a transgenic strategy to label aromatase-expressing neurons
throughout the brain, we found that a single contiguous population of neurons in the ventral
MEA provides the only significant feedback by aromatase-expressing neurons to the AOB. This
population expresses the estrogen receptor alpha (ERa) and displayed anatomical sex-differences
in the number of neurons (higher in male mice) and the size of cell bodies (larger in females).
Given the previously established relationship between aromatase-expression, estrogen signaling,
and the function of sexually dimorphic circuits, we suggest that this feed-back population is
well-positioned to provide neuroendocrine feedback to modulate sensory processing of social
stimuli in the AOB.
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Aromatase neurons are distributed in clustered populations primarily in a network of brain
regions (red) devoted to social behavior. Out of all potential sources of aromatase neurons, only
the ventral medial amygdala projects back to the accessory olfactory bulb. The population of
aromatase-expressing neurons in the ventral medial amygdala also expresses Era and displays
two sex differences: 1) aromatase-expressing neurons are larger in females; 2) there are more
aromatase-expressing neurons in male mice.
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INTRODUCTION:

Sensory perception relies on both feed forward and feedback connections within sensory
circuits. Feedback projections can modulate the representation of sensory cues as early as
the sensory epithelium (Repérant et al., 2007; Cherian et al., 2014; Keesom and Hurley,
2020), including in chemosensory circuits (Broadwell and Jacobowitz 1976; Chae et al.,
2018). Mice rely heavily on the detection of specific chemicals by the vomeronasal organ
to identify and respond to potential social partners (Dulac and Wagner, 2006; Liberles,
2014). Therefore, pinpointing the sources of feedback and modulation of early sensory
representations is an important aspect of understanding how the brain produces social
behavior in mice.

Chemical cues are detected by multiple complementary sensory systems in mice: the

main olfactory system, which detects volatile odorants, and the vomeronasal system which
detects non-volatile chemosignals (Powers and Winans, 1975; Dulac and Torello, 2003;
Halpern and Martinez-Marcos, 2003; Kimchi et al., 2007). Impairments to the vomeronasal
system disrupt innate behaviors such as reproduction, territorial aggression, parenting, and
predatory avoidance (Stowers et al., 2002; Keller et al., 2006; Kimchi et al., 2007; Hasen
and Gammie, 2009; Isogai et al., 2011). Sensory neurons in the vomeronasal organ synapse
in the AOB which, in-turn, broadcasts this information to an evolutionarily conserved Social
Behavior Network in the basal forebrain within the basal forebrain, hypothalamus, and
midbrain (SBN; Newman, 1999) that controls social behavior and neuroendocrine responses.
The social behaviors elicited by a specific stimulus can vary depending on the age, sex,
neuroendocrine state, and the past experiences of each animal. Within the SBN, feedback
from the MEA to the AOB plays an important role in modulating the behavioral response to
social stimuli based on an animal’s internal state (Newman, 1999; Fan and Luo, 2009).

In this study, we characterize aromatase expression in the AOB. Aromatase is the

enzyme responsible for converting testosterone into estradiol. Specifically, we define two
populations of aromatase-expressing neurons that interact with the AOB—aone within the
AOB itself and a tract of aromatase-expressing axons that originate from neurons in

the ventral MEA and terminate in the AOB. To our knowledge, neither population has
been previously identified. Although several aromatase-expressing (arom+) populations of
neurons are distributed throughout the brain, the vast majority of arom+ neurons reside
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in the SBN. The largest population of arom+ neurons in the mouse brain is in the

MEA, and these neurons have been implicated in the control of territorial aggression,
social investigation, and social memory (Ferguson et al., 2001; Unger et al., 2015; Yao
etal., 2017). Arom+ MEA neurons mediate behaviors with clear sex-differences and,
correspondingly, sex-differences have been identified for both the afferent and efferent
synaptic connections of these neurons (Wu et al., 2009; Billing et al., 2020). Thus, arom+
MEA neurons represent a central node in the SBN that can integrate sensory information
with neuroendocrine status to generate social behaviors.

Here, we use a transgenic approach to label arom+ neurons throughout the brain in
conjunction with retrograde tracing to identify the source of arom+ feedback to the AOB.
This approach identified a small subset of arom+ neurons in the MEA. In contrast to

the large population of arom+ neurons located in the posterodorsal MEA (MEApd), the
population described here is located along the ventral surface of the MEA (MEAv) and
extends across the full anterior to posterior extent of the ventral MEA. This finding
demonstrates that there are at least two distinct populations of arom+ neurons in the MEA,
which are anatomically separated and maintain different connectivity with the AOB. Given
the role of aromatase in establishing sexually dimorphic circuits, and in accord with the role
of estradiol in modulating vomeronasal responses (Cherian et al., 2014), we hypothesize
that this feed-back population is well-positioned to integrate sensory and neuroendocrine
information and, ultimately, modulate the representation of social stimuli in the AOB.

METHODS:

Animals:

All mice (mus musculus) used in this study were housed and maintained on a 12-hour
light-dark cycle with 24-hour access to food and water available ad libitum. Animals
remained group-housed in single-sex cages prior to surgery, after which they were placed in
single-housing for recovery. All animal care and experiments were carried out in accordance
with NIH guidelines and protocols approved by the Institutional Animal Care and Use
Committee at the University of Massachusetts in Amherst (IACUC; protocol #2018-0014
and #2017-0060). Euthanasia of mice was performed using isoflurane (2-5%) to induce
deep anesthesia followed by cervical dislocation.

The aromatase expression was identified using a double-transgenic mouse line generated
by cross-breeding a homozygous aromatase-cre mouse with a homozygous Rosa26-Isl-
tdTomato reporter. The aromatase-cre transgenic line was reported previously and displays
faithful expression (Yao et al., 2017). The Rosa26-Isl-tdTomato reporter line (Ai9) was
purchased from Jackson Labs (Maine; Madisen et al., 2010). Arom+ neurons could then
be observed with fluorescent microscopy images acquired using a Zeiss Apotome with an
AxioCam digital camera and AxioVision software (Zeiss; NY).

Fluorogold Injections:

Fluorogold (Fluorochrome Inc., Englewood CO) was dissolved in deionized distilled water
to make a 2% solution. Animals were anesthetized with isoflurane throughout the stereotaxic
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injection. A small cut was made over the AOB and a craniotomy was performed over the
olfactory bulbs, rostral to, but as close as possible to the rhinal sinus prior to fluorogold
injection (Ben-Shaul et al., 2010). Each animal received 5 bilateral pressure injections (100
nL each) starting at the ventral surface of the AOB, serially ascending 250um at a 45-degree
angle, using a hydraulic microinjector and 20um glass capillary. Each injection volume was
delivered over 2 minutes with a 5-minute rest period after each injection and before the
pipette was moved to the next site. Animals were maintained 10 days after the stereotaxic
injection to allow retrograde transport of fluorogold from axons in the AOB to cell bodies in
the brain.

Tissue Preparation and Histology:

Animals were anesthetized and transcardially perfused with phosphate buffer solution
followed by 4% paraformaldehyde in phosphate buffer solution. Perfused brains were post-
fixed in 4% paraformaldehyde for 1 day prior to being sectioned coronally at 100pum with
a vibratome. Olfactory bulbs were sectioned on the parasagittal plane at 100 um thickness.
A subset of tissue sections was counter-stained for cell nuclei with TOPRO-3 prior to
mounting on slides. Immunohistochemistry was performed on tissue sections as described
above. Sections were bathed in 10% FBS in 0.5% TritonX-100/PBS blocking solution for
one hour at room temperature. Sections were then incubated overnight at 4°C in rabbit
polyclonal anti-ERa primary antibody (06-935, 1:1000; Millipore Sigma). Sections were
then washed 3 times in 0.05% tritonX-100 in PBS (5 minutes; 20 minutes; 40 minutes)

and incubated with an Alexa Fluor 488-conjugated goat anti-rabbit 1gG (1:200; Jackson
ImmunoResearch). Sections were then washed 3 times in 0.05% tritonX-100 in PBS (5
minutes; 20 minutes; 40 minutes) and mounted on slides for fluorescence microscopy.
Analyses investigating the expression of ERa and sex differences in the number of arom+
neurons considered the entire contiguous population of arom+ neurons in the ventral MEA.

Data Analysis:

All the analyses adhered to the ARRIVE guidelines. To generate cell counts, a trained
blind observer was presented with images and cell locations were recorded using custom
MATLAB (Mathworks, MA) scripts. The borders of brain regions were outlined by a
trained observer, blind to the fluorogold signal, based on the Paxinos atlas (Franklin and
Paxinos, 2008). Statistical analyses and figure generation were performed using validated
MATLAB scripts. Comparisons between two groups were performed with an unpaired
t-test. To measure soma sizes, cropped images were made centered on all counted neurons
and a randomized sample were presented to a trained blind observer to measure the long
and short axes of the soma. Areas were then estimated by calculating their corresponding
ellipsis which was compared between males and females using a 2-way nested ANOVA.
Statistical results were considered significant at p < 0.05 with Bonferroni correction to
identify significant differences when considering multiple comparisons. Cohen’s d was
calculated by finding the difference of means between each group and dividing by the
pooled SD. All means are reported with SEM measurements.
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RESULTS:

The aromatase-cre line crossed with the Ai9 tdTomato reporter line brightly labeled
aromatase-expressing (arom+) neurons (Yao, et al. 2017), and we examined brain-wide
expression in regions with previously established aromatase expression to confirm the
veracity of the reporter line. Arom+ neurons were found in the lateral septum, ventral
pallidum, medial amygdala, bed nucleus of the stria terminalis, posterior cortical amygdala,
hypothalamus, and sparsely in the hippocampus (Figure 1A). This distribution is consistent
with previous reports of the expression of aromatase in the mouse brain (MacLusky et al.,
1987; Balthazart et al., 1990; Balthazart et al. 1991; Wagner and Morrell, 1997; Yao et al.,
2018;).

A previously undescribed arom+ fiber bundle was observed in the AOB with a small
population of arom+ neurons intercalated within this fiber tract. All cell bodies and fibers
for aromatase neurons in the olfactory bulb were specific to the AOB and not present

in the MOB (Figure 1B). All identified arom+ cell bodies in the olfactory bulb were in

the AOB (9 animals; 204 neurons) and no arom+ neurons were identified in the MOB
indicating that the distribution of arom+ neurons in the olfactory bulb is highly selective for
the AOB (p=0.0004, two-sample t-test). Closer examination of arom+ neurons in the AOB
revealed neurons in the mitral cell layer (10.8 £ 2.3%), granule cell layer (22.8 + 4.5%), and
dorsolateral olfactory tract (66.5 + 4.2%; Figure 1C).

To determine the source of arom+ fibers in the AOB, we injected fluorogold in the AOB

of aromatase reporter mice to retrogradely label the cell bodies of neurons that project to
the AOB (arom+—AQOB; Figure 2A, B). No significant co-labeling of arom+ neurons with
fluorogold was observed in most arom+ populations (Figure 2C, D). The thalamus (TH;
arom+—AOB =0.06 + 0.5 SEM % of total) and posteromedial cortical amygdala (PMCo;
arom+—AOB = 0.07 + 0.06 SEM % of total) contained mutually exclusive populations of
fluorogold labeled neurons and Arom+ neurons that were interwoven but non-overlapping.
The piriform cortex (Pir; arom+—AOB = 0.85 + 0.43 SEM % of total) and posterodorsal
subnucleus of the media amygdala contained some co-labeled neurons but these represent a
small fraction of the total arom+ population (MEApd; arom+—AOB = 0.33 + 0.11 SEM %
of total). Thus, while each of the above areas contains a robust population of arom+ neurons
and/or feedback projections to the AOB, none of these populations contributes significantly
to the arom+—AOB population (Figure 2D; p>0.2; single sample t-test with Bonferroni
correction).

A single contiguous population of arom+ neurons in the ventral MEA (MEAv) was
retrogradely labeled from fluorogold microinjections in the AOB (Figure 3A). The vast
majority of MEAv arom+ neurons synapse on the AOB (Figure 3B) with at least 84.7

+ 4.5 SEM percent of arom+ MEAv neurons co-labeled for fluorogold (p<0.00001,
single sample t-test; 50.8 + 9.7 SEM average MEAV col-labeled neurons per slice). The
population of arom+ neurons in the ventral MeA constitutes 97.5 + 0.9 SEM percent

of all arom+—AOB projecting neurons in the brain (Figure 3C; p<0.00001, two sample
t-test) and is anatomically distinct from a much larger population of arom+ neurons in the
MEApd (Figure 3D). Thus, in addition to their cell bodies being anatomically separated
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from the larger population of aromatase neurons in the MEApd, arom+ in MEAv are the
only population of arom+ neurons that synapse on the AOB. The ventral population of
arom+—AOB neurons spanned the anterior-posterior axis of the MeA and the fraction of
arom+—AOB neurons was similar across the anterior to posterior axis suggesting that, at
least in terms of connectivity with the AOB, this is a homogenous population.

Because aromatase neurons produce estradiol, we immunostained for estrogen receptor
alpha (ERa)) in aromatase reporter animals. Most neurons contiguous with the
arom+—AOB population expressed both ERa and tdTomato (59.0 £ 2.8 % SEM), while
smaller fractions expressed only tdTomato (14.2 + 2.3 % SEM) or ERa (26.8 £ 3.2 %
SEM). Therefore, roughly 80 percent of the MEAv arom+ population that projects back

to the AOB also express ERa (Figure 4 A, B), and the fraction of MEAv neurons that
co-labeled for aromatase and ERa was similar in males and females (p = 0.67, two-sample
t-test). However, the population of arom+ neurons in the ventral MeA contains more neurons
in male versus female animals (Figure 4C; male: 44.28 + 6.76 SEM average neurons/slice;
female: 27.78 + 2.84 SEM average neurons/slice; p=0.039, two-sample t-test), while the
soma area of these neurons were modestly smaller in males versus females (figure 4D;
males: 301.7 + 3.7 pm2 SEM; female: 330 + 3.0 um2 SEM; p = 0.0042, two-way nested
ANOVA).

DISCUSSION:

Here, we report a small population of arom+ neurons that are specific to the AOB and
show that the AOB is dense with aromatase-positive fibers originating from a contiguous
population of neurons located in the ventral MeA. Consistent with previous findings, these
fibers terminated most densely in the granule cell layer of the AOB (Fan and Luo., 2009;
Oboti et al., 2018). Feedback to early sensory regions is a common and critical feature of
circuit organization. The feedback population described here is unique in that: 1) Seemingly
all arom+ neurons in this population project back to the AOB; 2) It originates from a
single small and contiguous population of arom+ neurons in the ventral MeA; 3) It is the
first report of distinct sub-populations of arom+ neurons within the MeA,; 4) It specifically
targets the AOB and not the MOB. This degree of feedback specificity (a single population
of arom+ neurons accounts for nearly all feedback to the AOB) implies that the population
of arom+ neurons described here are quite restricted and, therefore, may provide specific
contributions to the processing of pheromones and production of social behavior.

The mutual dissociation of cell body location and synaptic connectivity to the AOB
definitively demonstrate at least two distinct subpopulations of arom+ neurons in the MeA:
1) a large subpopulation of arom+ neurons in the posterodorsal MeA that is implicated in
aggression and the modulation of social investigation by oxytocin (Unger et al., 2015; Yao et
al., 2017) that does not send afferent fibers to the AOB; 2) a smaller subpopulation of arom+
neurons in the ventral MeA that project directly to the AOB, described here, whose function
remains uncharacterized. These results highlight the heterogeneity of aromatase neurons in
the MEA, which is likely to extend well beyond the two subpopulations outlined here.
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Roughly 98% of arom+—AOB neurons are part of a single population of neurons spanning
the ventral MeA. The remaining 2% were distributed over several brain regions with none
of these populations reaching statistical significance. The specificity of this finding provides
insight regarding the potential functions of arom+ feedback to the AOB. First, the AOB and
ventral MEA are both integral nodes in the vomeronasal pathway that mediates detection

of pheromones, detection of allomones, and the regulation of social behaviors (Fernandez-
Fewell and Meredith, 1994; Samuelsen and Meredith, 2009; Choi et al.,2005; Ben-Shaul et
al., 2010; Bergan et al., 2014). For example, electrolytic lesions of the homologous region
induced changes in parental behavior in both male and female rats (Del Cerro et al., 1991,
Izquierdo et al., 1992). Neural activity in the MEApv is involved in mate selection, territorial
aggression, and the detection of predator odors (Choi et al.,2005; Ishii et al., 2017), and
neurons projecting from the MEA to the AOB are known to convey opposite-sex stimuli
(Martel and Baum, 2009). Moreover, estrogens modulate social behavior and enhance an
animal’s ability to discriminate social odors directly at the olfactory bulb (Woodley &
Baum, 2004). Given the extensive literature linking the MeA and AOB to social behavior, in
accord with the role of aromatase in establishing sex-specific social behaviors and the role
of estrogens in modulating chemosensory responses, we hypothesize that the arom+—AOB
population may shape sensory processing of social stimuli in the AOB.

Aromatase acts during development as well as on a moment-to-moment basis in adults to
produce estradiol which can modify the function of neural circuits. Aromatase is implicated
in establishing anatomical and functional sex-differences in the brain (Bakker et al., 2002;
Morris et al., 2004; McCarthy, 2008; Bergan et al., 2014, Yao et al., 2017), and both
anatomical and functional sex-differences have previously been established in the AOB
(Valencia et al., 1986; Halem et al., 2001). One possibility is that aromatase is involved in
organizing sex difference locally in the AOB or through the arom+ feedback projection to
the AOB during development. Consistent with previous reports on sex differences in the
MEAV (Collado et al., 1990) and more broadly of populations of arom+ neurons in the brain,
MEAv arom+ neurons display a clear sex-difference in cell quantities.

Aromatase and estradiol are also involved in short-term regulation of behavior in adulthood
(Balthazart and Ball, 2006; Remage-Healey and Bass, 2006) and in modulating the

activity of vomeronasal sensory neurons directly (Cherian et al., 2014). The ventral MEA
arom+—AOB population described here expresses ERa and therefore may have the
capacity to respond to changes in circulating levels of estradiol such as the estrus cycle,
pregnancy, or postpartum period by altering either their electrical activity or gene expression
profile. Another intriguing possibility is that this population may secrete estradiol either
locally in a paracrine fashion or at their axonal terminals in a synaptocrine fashion in the
AOB (see Saldanha et al., 2011). While we focused on estrogen receptors, our data cannot
rule out the possibility that aromatase could also act as an androgen sink in this population.
In agreement with previous reports in the hypothalamus (Moffitt et al., 2018), we found that
aromatase and ERa colocalized in individual neurons; however, we also identified neurons
that expressed only aromatase or ERa in the MEAv, potentially indicating both autocrine
and paracrine roles for estradiol within the MEAv.
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Given that the AOB is a mandatory node in the vomeronasal processing of pheromones,
modulation of AOB function is likely to propagate to virtually all other nodes of the

SBN (Figure 5; Kevetter and Winans, 1981). Given the need to adapt social behavior to
an animal’s sex, age, endocrine state, and past experiences, understanding how the brain
modulates early pheromonal processing in the AOB is an important goal. This anatomical
observation provides a clear target for future investigations into the role of arom+—AOB
neurons in the ventral MEA for modifying chemosensory processing of social cues in the
AOB and, ultimately, the production of social behavior.
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Figurel.
Aromatase expression in the accessory olfactory bulb. A, Whole brain distribution of arom+

neurons (red) was visualized by crossing a transgenic mouse line expressing Cre in arom+
neurons with a tdTomato reporter line (grey: autofluorescence for contrast). B, Arom+ fibers
and cell bodies were visualized in the AOB and not in the MOB. C, Arom+ neurons were
sparsely located in the dorsolateral olfactory tract (AOBILOT), granule cell layer (AOBCCL),
and mitral cell layer (AOBMCL), Arrows indicate the arom+ fiber, with intercalated arom+
cells, in the AOB.
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Figure2.
Most arom+ neuron populations in the brain do not project back to the AOB. A, Fluorogold

(cyan) was microinjected in the AOB of arom+ reporter mice to retrogradely label AOB
projecting neurons in the brain. B, Slices from major populations of arom+ neurons
spanning the anterior to posterior axis of the brain were analyzed. C, Injections of
fluorogold in the AOB retrogradely labeled AOB projecting neurons (Cyan) near, but not
including, arom+ populations (red) in the brain. D, Thirteen brain regions were identified
that had either large populations of arom+ neurons (red) or large populations of AOB
projecting neurons (cyan); however, most regions lacked statistically significant co-labeling
of fluorogold with arom+ (pink; P > 0.5; one-sample t-test with Bonferroni correction).
Abbreviations: hippocampus (Hipp), hypothalamus (Hyp), lateral septum (LS), Striatum
(ST), ventral pallidum (VP), bed nucleus of the stria terminalis (BNST), posterodorsal
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medial amygdala (MEApd), or posteromedial amygdala (PMCO). thalamus (Th), medial
preoptic area (MPOA), piriform cortex (Pir), Horizontal Diagonal Band (HDB), lateral
olfactory tract (LOT).
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Figure 3.

Arom+ neurons in the ventral MEA project to the AOB. A, Aromatase (red) and fluorogold
from an AOB injection (cyan) strongly colocalize in the MEAv (arrowhead: co-labeled
neuron). B, Most arom+ MEAv neurons project to the AOB and are co-labeled by fluorogold
(p<0.00001, single sample t-test). C, The small population of arom+ neurons in the MEAv
constitutes approximately 98% of all arom+—AOB neurons in the brain excluding the
arom+ AOB population. D, A 3D rendering of arom+ neurons in the MeA is shown
registered to the Allen Institute reference mouse brain (Allen Institute for Brain Science,
2004, Wang et al., 2020). Neurons that were labeled by fluorogold (orange; arrowhead)
project to the AOB and are more anterior and ventral than the population of arom+ neurons
in the MEApd (red; arrow) that do not project back to the AOB.
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Figure 4.
Arom+—AOB neurons express ERa and are sexually dimorphic. A, ERa (cyan) was

labeled through fluorescent immunohistochemistry and colocalized with a subset of arom+
neurons (red) in the MEAv with TOPRO to identify all nuclei (purple). B, 59.0 + 2.8 %

of neurons that were labeled by either ERa antibodies or tdTomato were co-labeled for
both—close to the expected joint probability of approximately 63% based on independent
distributions. C, More arom+ neurons are found in the male MEAv than in the female MEAv
(p = 0.039; two-sample t-test). D, The average cell body was larger in the female MEAv than
in the male MEAv (p = 0.0042, two-way nested ANOVA).
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Figure5.
Circuit anatomy of the AOB including efferent and afferent arom+ targets. The AOB

projects to numerous areas with arom+ populations of neurons (black arrows) but only
one population of arom+ neurons in the MEAV (red) projects back to the AOB.
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