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Abstract: Sex steroid hormones influence the perceptual processing of sensory signals in vertebrates. In particular, decades of research
have shown that circulating levels of estrogen correlate with hearing function. The mechanisms and sites of action supporting this
sensory-neuroendocrine modulation, however, remain unknown. Here we combined a molecular cloning strategy, fluorescence in-situ
hybridization and unbiased quantification methods to show that estrogen-producing and -sensitive neurons heavily populate the adult
mouse primary auditory cortex (AI). We also show that auditory experience in freely-behaving animals engages estrogen-producing
and -sensitive neurons in Al. These estrogen-associated networks are greatly stable, and do not quantitatively change as a result of
acute episodes of sensory experience. We further demonstrate the neurochemical identity of estrogen-producing and estrogen-sensitive
neurons in Al and show that these cell populations are phenotypically distinct. Our findings provide the first direct demonstration that
estrogen-associated circuits are highly prevalent and engaged by sensory experience in the mouse auditory cortex, and suggest that
previous correlations between estrogen levels and hearing function may be related to brain-generated hormone production. Finally, our
findings suggest that estrogenic modulation may be a central component of the operational framework of central auditory networks.
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Introduction

Historically, sex steroid hormones have been studied
in the context of reproductive biology. It is now clear,
however, that sex hormones influence nervous system
function to shape an array of behaviors, from mood
and pain sensitivity, to cognitive processes such as
learning and memory.'? The classic hormone 17(3-
estradiol (E2) has also been shown to influence the
perceptual processing of sensory signals, with most
studies centered in the auditory system. For instance,
E2 levels during the menstrual cycle correlate with
hearing thresholds and the fidelity of event-related
potentials in humans.*> Various hearing pathologies
also occur in women suffering from Ullrich-Turner
syndrome, who are deficient in E2.58

The link between auditory processing and E2 has
also been documented in animal models. In mice, audi-
tory recognition and phonotaxis are robustly shaped by
E2 treatmentand in mothers, butnot virgins, suggesting
that E2 oscillations around parturition shape the per-
ceptual processing of acoustic signals.”!! Ovariecto-
mization of monkeys and rodents significantly alters
auditory brainstem responses (ABRs); interestingly,
estrogen-replacement therapy recovers normal ABR
profiles.'*"* Finally, mice that are deficient in estro-
gen receptor-f3 display severe progressive hearing
loss that leads to early deafness.!*

Although the observations above suggest that cir-
culating E2 may affect hearing function, recent find-
ings obtained in songbirds have markedly changed
our understanding of how steroid hormones shape
auditory processing. Specifically, E2 was shown to be
rapidly produced by auditory forebrain neurons, in an
experience-dependent manner."”> Our group recently
demonstrated that this brain-generated E2 increases
the gain of auditory-driven responses, in real-time, by
suppressing inhibitory neurotransmission via a non-
genomic, pre-synaptic mechanism.'® Finally, we also
showed that one of the functional consequences of E2
produced by central auditory neurons is to increase
the information carried about stimulus structure to
enhance the neural and behavioral discrimination of
sounds.!” These findings provided direct evidence,
and a mechanistic basis, for E2’s modulation of audi-
tory processing and highlighted a sex hormone as a
major component of the neural substrates supporting
auditory-based behaviors.

Here we show that the mouse Al is heavily endowed
with estrogen-related networks; thus, the presence of
robust estrogen-associated circuits may be a general
property of the vertebrate auditory forebrain. Spe-
cifically, we first cloned the mouse genes encoding
the estrogen-synthetic enzyme aromatase (ARO),
and each of the classic estrogen receptors (ERo and
ERp). We next carried out a detailed expression analy-
sis by in-situ hybridization and found that estrogen-
producing and estrogen-responsive neurons are
highly abundant in AI. We further show that estrogen-
producing and -responsive neurons are directly
engaged by auditory experience, and that estrogen-
associated circuits are highly stable in response to
acute sensory input. Finally, we demonstrate the neu-
rochemical identity of estrogen-associated networks
in AL, and show that such circuits are functionally
heterogeneous. Our findings provide the first dem-
onstration that the mammalian Al is a site of a major
sensory-neuroendocrine overlap, and emphasize that
central auditory processing may be heavily modulated
by brain-generated E2.

Material and Methods

Animals

We used a total of 24 CBA/CalJ mice (n = 12 males
and 12 females). All animals used were young adults
(1622 weeks old) at the time of experimentation.
The OUHSC’s Institutional Animal Care and Use
Committee approved all animal use protocols, which
were also in accordance with NIH’s guidelines. No
sex or hemispheric differences were detected in any
of the parameters analyzed in this work; therefore,
data was combined for males and females, as well
as across hemispheres. Analyses were conducted in
the primary auditory cortex, and more specifically
the primary auditory field (Al), as anatomically and
functionally defined by Stiebler and colleagues.'
Anatomical and cortical layer boundaries were estab-
lished using standard cytoarchitectonic criteria based
on Nissl histochemistry.!*?°

Auditory stimulation and tissue

preparation

Mice were individually placed overnight in sound
proof boxes (=76 x 31 x 28 cm), under a 14 h light:
10 h dark regimen, with lights on at 6:00 am. The next
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day, animals were either kept in silence (unstimulated
controls; n = 6), or were stimulated for 30 min (n=16),
1 h (n=6)or2h (n=06) with a pseudo-randomized
series of pure-tones that ranged from 1 kHz to 50 kHz,
in 250 Hz intervals (stimulus duration: 50 ms; inter-
stimulus interval: 450 ms; 70 dB mean SPL). Each
tone encompassed 5 ms-long raised cosine on and
off ramps that were applied to the beginning and end
of each tone, respectively. Importantly, the stimulus
range used in our studies spans the full frequency
representation of the mouse primary auditory field.'
For simplicity, experimental groups will be referred
to as controls, 30 min, 1 h and 2 h groups, respec-
tively, in the remainder of the text. This stimulation
protocol has been repeatedly shown to consistently
and robustly induce the mRNA expression of the
early growth response-1 gene (egr-1; ak.a., zif268,
NGFI-A and krox-24), an activity-dependent imme-
diate early gene whose expression reliably reveals
hearing-driven neurons in Al (for review, see ?').

Animals in each group were rapidly decapitated.
All brains were extracted, embedded in Tissue-Tek
(Sakura Finetek, Torrance, CA) and rapidly frozen
in a dry-ice/ethanol bath. For unbiased stereologi-
cal analysis of single- and double-labeled neurons,
we carried out systematic-uniform-random (SUR)
sampling of brain sections collected through the Al
(detailed below). To this end, brains were cut coro-
nally on a cryostat, were mounted on Superfrost Plus
slides (Fisher Scientific, Pittsburgh, PA) and kept in a
—80 °C freezer until used.

Aromatase, ERo and ERp cloning
Antibodies raised against estrogen receptors (ERs)
are notoriously problematic as they relate to speci-
ficity issues.?? To avoid these limitations, we opted
to clone the mouse ARO, ERa and ER[} genes, and
use these cDNAs to generate riboprobes for in-situ
hybridization, an approach that is highly reliable, sen-
sitive and widely used to probe the molecular organi-
zation of brain regions. Furthermore, recent protocols
for fluorescence in-situ hybridization, both devel-
oped and used by our group, provide highly stringent
mRNA detection at single-cell resolution. 6324

In order to clone ARO, ERa and ERp, we first
obtained sequences for each of these genes from
GenBank, from multiple species, including the mouse

sequences (GenBank accession numbers: D00659.1,
NMO007956.4 and NMO010157.3, respectively). These
sequences were aligned and primer pairs were
designed to amplify, via polymerase chain reac-
tion (PCR), fragments associated with each gene
from a mouse brain cDNA library (Biomatik Corp.,
Wilmington, DE). The primer pairs used were (ARO—
forward: 5-ACTTAAAGCTTGATCCACACTGT
TGTGGGTGACAGA-3"; reverse: 5- ACTTAG-
GATCCTTCCATGTAATTACGGATAAGTAAT-
GCC-3; ERo—forward: 5’-ACTTAAAGCTTTG
GCCTTGCTGCACCAGATCCAAGG-3’; reverse:
5’- ACTTAGGATCCGCCAGAGGCATAGTCATT-
GCACACGGCAC-3’; ERB—forward: 5-ACTTAA
AGCTTGTGACAGATGCCCTGGTCTGGGTGA-
3’; reverse: 5'- ACTTAGGATCCTCCAGAACTCT-
TAAGATGTTTTCCAAGTG-3".

Amplification consisted of 30 PCR cycles, each
encompassing 95°C for 45s, 44°C for 1min and
62°C for 45s and including Taq polymerase and
standard PCR buffer. Each of the fragments ampli-
fied was 560 bp long and spanned from exon 6 to the
3’-untranslated region (UTR), from exons 2 to 6, and
from exon 5 to the 3’-UTR of the ARO, ERa and ER3
genes of the mouse, respectively (Fig. 1). The ampli-
fied fragment of each gene was cloned in pBlue-
script SK* and their identity was confirmed through
sequencing.

Northern blot analysis

We extracted total RNA from the forebrain of an
adult male mouse following the protocol detailed
by Chomczynski and Sacchi.> A sample of 10 pg of
RNA was run on a standard MOPS-formaldehyde gel
and blotted onto a nylon filter, using standard meth-
ods and protocols.?® **P-labeled antisense riboprobes
for ARO, ERa and ER[3 were separately hybridized
to the nylon filters using protocols that we described
previously.?”-?

Fluorescence in-situ hybridization

(FISH)

Synthesis of Riboprobes: We used the QIAprep
Spin miniprep kit (QIAGEN Inc., Valencia, CA)
to purify plasmids containing: 1) ARO, a marker
for estrogen-producing neurons®3! 2) ERo?!'??
and 3) ERP,**** both of which are markers for
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Figure 1. Cloning of ARO, ERa and ERp. (A) Schematic representa-
tion of the mouse ARO gene. Whereas the boxes on the top schematic
illustrate exons, the bottom schematic represents the cDNA structure.
The solid line beneath the cDNA illustrates the location of the cloned
fragment, along with the nucleotides spanned in the cDNA sequence
(numbers). (B) Northern-blot of total forebrain RNA from an adult mouse
probed with a 3*P-labeled ARO riboprobe. A single band is detected by
the probe, of approximately 2.4 Kb in size. (C) Alignment of the predicted
aminoacid sequences of the cloned ARO fragment against those of
the rat and human homologues. Black boxes indicate residue identity.
(D) Representation of the mouse ERo. gene. While boxes on the top
schematic highlight exons to scale, the bottom schematic represents the
cDNA structure. The solid line underneath the cDNA depicts the loca-
tion of the cloned fragment, along with the nucleotides spanned in the
cDNA sequence (numbers). (E) Northern-blot probed with a 3*P-labeled
ERo riboprobe. The riboprobe detected a single band of approximately
4.6 Kb in size. (F) Predicted aminoacid sequence alignment of the cloned
ERo fragment against the homologue sequences in the rat and human.
(G) Schematic representation of the mouse ERp gene. Boxes on the top
schematic depict exons and the bottom schematic represents the cDNA
structure. The location of the cloned fragment is indicated by the solid
line underneath the cDNA, along with the nucleotides spanned in the
cDNA sequence (numbers). (H) Northern-blot probed with a 3*P-labeled
ERB riboprobe revealing a single band of approximately 3.4 Kb in size.
(I) Alignment of the predicted aminoacid sequences of the cloned ERf
fragment and the rat and human homologues.

estrogen-sensitivecells; 4) egr-1,amarker forhearing-
driven neurons;** 5) GAD65, a classic marker for
GABAergic neurons**?’ and 6) vGlut2, a standard
marker for excitatory neurons.”**

Plasmids were excised by exposure to the appro-
priate restriction enzymes and inserts were purified
with QIAquick PCR Purification Kit (QIAGEN Inc.,
Valencia, CA). These inserts were used to generate
both sense and antisense riboprobes via in-vitro tran-
scription using protocols that we have described in
detail previously.'®?*2* Briefly, riboprobes were syn-
thesized using a nucleotide labeling mix that con-
tained digoxigenin (DIG)-tagged uridine triphosphate
(UTP; Roche Diagnostics Corp.). Probes were puri-
fied in Sephadex G-50 columns. The protocols used
to assemble our Sephadex columns have also been
described previously.” A total of 1 ng/ul of puri-
fied riboprobe was used for each brain section. This
volume was added to 16 ul of hybridization buffer
(50% formamide, 2 x SSPE, 1 ug/ul BSA, 1 ug/ul
poly A, 2 ng/ul tRNA in DEPC-treated water).

Hybridization Protocol: We have previously devel-
oped and described in detail our FISH protocols,'¢>
and therefore provide below only a condensed ver-
sion of our method.

Sections were fixed in 3% paraformaldehyde in
0.1M PBS for 5 min, washed in 0.1M PBS and dehy-
drated in 70%, 95% and 100% ethanol. Tissue was
then incubated in an acetylation solution (1.35% tri-
ethanolamine and 0.25% acetic anhydride in DEPC-
treated water), rinsed in 2 X SSPE, dehydrated in the
alcohol series described above, allowed to air-dry and
then was incubated in the hybridization solution con-
taining our probe(s) of interest, as described above.
Sections were then coversliped, sealed by immer-
sion in a mineral oil bath and incubated overnight at
65 °C. Following this hybridization step, excess oil
was cleared by rinsing slides in chloroform. Slides
were then decoversliped in 2 X SSPE, washed in
2 x SSPE (1 h at room temperature [RT]), 1.5 h in
2 x SSPE + 50% formamide and twice in 0.1 X SSPE
(65 °C, 30 min each). Sections were subsequently
incubated in 0.3% hydrogen peroxide in TNT buffer
(0.1M Tris-HCL, pH = 7.4, 0.05% Triton-X 100 and
5M NaCl in DEPC-treated water; 3 X 10 min), in TNB
buffer (TNT buffer + 2 mg/ml BSA for 30 min), and
in a solution containing an HRP-coupled anti-DIG
antibody (2 h at RT; 1:200 in TNB, Roche Diagnostics
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Corp., Indianapolis, IN, USA). Subsequently, tissue
was sequentially washed in TNB buffer (3 x 10 min),
incubated for 30 min a solution containing tyramide-
coupled Alexa 488 (1:200 in amplification buffer,
provided by manufacturer; Invitrogen, Carlsbad, CA,
USA), washed in TNT buffer (3 X 10 min), incubated
in a solution containing the nuclear marker Hoechst
(1:1000), washed in TNT buffer (3 x 10 min), and cov-
ersliped with Aquamount (Lerner Labs, Pittsburgh,
PA, USA). Controls included hybridization of the
sense strand, and incubations where the anti-DIG anti-
body was omitted; neither of which yielded detectable
signal for any of the mRNAs analyzed.

Double fish (dFISH)

To label two mRNA species at single cell resolution,
we used a dFISH protocol that we developed and
previously described in detail.>*#* In brief, antisense
riboprobes of interest were co-hybridized in individ-
ual brain sections (e.g., egr-1 and ARO, or GAD65
and ER). For each double-labeling combination, one
riboprobe was labeled with DIG, as detailed above
for single FISH, and the other riboprobe was labeled
with biotin, using a nucleotide labeling mix contain-
ing biotin-tagged UTP (Roche Diagnostics Corp.).
Sections were hybridized and washed, as described
above for FISH, and then sequentially incubated in
an HRP-conjugated anti-biotin antibody solution for
2 hat RT (1:300 in TNT buffer; Vector Laboratories,
Burlingame, CA), and in a solution containing tyr-
amide coupled with Alexa-594 for 45 min at RT
(1:500 in TNT buffer). Peroxidase inactivation asso-
ciated with the biotin-tagged riboprobe was carried
out by incubating sections in 0.3% hydrogen per-
oxide for 10 min at RT. Next, the second riboprobe
was detected via a sequential incubation of sections
in solutions containing an HRP-conjugated anti-
DIG antibody (2 h at RT; 1:100 in TNB buffer), tyr-
amide coupled to Alexa-488 (45 min at RT; 1:200 in
amplification buffer, provided by manufacturer),
TNT buffer (3 x 5 min at RT), Hoechst (5 min at RT;
1:1000 in TNT buffer) and TNT buffer (3 X 10 min).
Sections were then coversliped with Aquamount
(Lerner Labs, Pittsburgh, PA, USA). Importantly, for
all dFISH studies, we also used the reverse combi-
nation of tyramide reagents, which did not result in
either qualitative or quantitative differences in our
results. Furthermore, we controlled the effectiveness

of the peroxidase inactivation between riboprobe
detections by conducting additional dFISH reactions
where we omitted the anti-DIG antibody, in which
case signal was only observed in the adequate fil-
ter. A final control included the omission of the anti-
biotin antibody to verify the specificity of the biotin
labeling.

Unbiased stereological quantification

and statistics

The number of cells positive for each riboprobe were
quantified using the optical fractionator method in
a single reference space (Al). To this end, counting
was carried out on an Olympus AX-70 equipped with
a motorized stage, appropriate filters and integrated
with Neurolucida software (Micro Bright Field). For
each brain section we outlined the boundaries of Al
in each section using a low power objective (4X).
Cells that were positive for our riboprobes were then
counted using a high power objective (63X) with
a guard volume of 2 um. This guard volume was
included to avoid artifacts on the sliced surface of
the brain sections. The total number of labeled cells
per unit area were quantified by using the following
sampling fractions: area sampling fraction (area of
sampling frame divided by area of the x-y sampling
step), thickness sampling fraction (height of disector
divided by thickness of the section), and section sam-
pling fraction (number of sections sampled divided
by total number of sections). Cells were only counted
if at least two-thirds of a cytoplasmic continuum was
clearly detectable around the nucleus. In addition,
to reach counting criteria, neurons needed to exhibit
an unlabeled nucleus and clearly defined nucleolus,
the latter of which was visualized with the Hoechst
counterstaining.

The percentages of cells labeled for each riboprobe
of interest were calculated relative to the total num-
ber of neurons per area, which was quantified based
on Hoechst staining. When Hoechst-stained sec-
tions are visualized under the proper filter, neurons
exhibit lightly, non-homogeneously stained nuclei
and conspicuous nucleoli, whereas glial cells usually
display strongly, homogeneously stained nuclei.”’
Even within clusters, neurons can be readily identi-
fied with this counterstaining. Importantly, our neu-
ronal numerical densities obtained with Hoechst were
not significantly different from those obtained with
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Nissl-stained sections. To obtain group means, values
obtained for each animal were averaged, and com-
pared using a standard analysis of variance (ANOVA)
and Tukey post-hoc tests, with significance criterion
set at P < 0.05.

Imaging and photomicrography

Images were taken with either a Nikon TE2000-E or
an Olympus AX-70 epifluorescence microscope cou-
pled to a Nikon Photometrics Cool Snap ES digital
camera, or a Leica SP2 MP confocal microscope. All
microscopes were connected to desktop computers
equipped with Metamorph software, which was used
for image acquisition. Final image plates were gener-
ated with Adobe Photoshop software.

Results

Cloning of aromatase, ERo and ERP

We cloned the genes encoding the mouse homologues
of the estrogen-synthetic enzyme aromatase (ARO),
and each of the estrogen receptors (ERo and ERP).
To this end, we aligned the sequences for each gene
from mouse, rat and human, and identified conserved
domains that are shared across species. PCR prim-
ers were designed and used to selectively amplify
fragments of each gene from a mouse cDNA library.
We isolated fragments of 560 bp that spanned from
exon 6 to the 3’-untranslated region (UTR), from
exons 2 to 6, and from exon 5 to the 3’-UTR of the
mouse ARO, ERa and ERp, respectively (Fig. 1).
Analyses of the predicted amino acid sequence of
our fragments revealed that they exhibit significant
homology with the sequences of ARO, ERo and
ERP in other species. Specifically, our ARO frag-
ment exhibited a homology of 99% (rat) and 99%
(human) at the nucleotide level, and 100% (rat) and
100% (human) at the aminoacid level (Fig. 1A—C).
The ERa fragment displayed a homology of 100%
(rat) and 98% (human) at the nucleotide level, and
100% (rat) and 100% (human) at the aminoacid level
(Fig. 1D-F). Finally, our ERP fragment showed a
homology of 100% (rat) and 53% (human) at the
nucleotide level, and 100% (rat) and 100% (human)
at the aminoacid level (Fig. 1G—I). These cloned frag-
ments spanned aminoacid residues 335-501, 13-199
and 433-530 (nucleotides 1051-1610, 216—775 and
1701-2260) of the full-length human ARO, ERa and
ERp, respectively (Fig. 1A, D, G).

We next carried out northern blot analyses of total
brain RNA that was hybridized with radioactively
(¥*P)-labeled antisense riboprobes generated with our
ARO, ERa and ERP fragments. For each riboprobe
we identified single bands of 2.4, 4.6 and 3.4 Kb
(Fig. 1B, E, H). The sizes of these bands are pre-
cisely within the expected molecular weights of the
full-length mRNAs for ARO, ERo and ER based on
the human, rat and mouse sequences. No bands were
detected when membranes were hybridized with
sense riboprobes (not shown). Together, these find-
ings indicate that we successfully cloned cDNA frag-
ments associated with ARO, ERa and ER[} and that
our riboprobes reliably identify the mRNAs encoded
by each of these genes.

Aromatase and estrogen receptors

are expressed in Al neurons

We next determined the distribution of estrogen-
producing and estrogen-responsive cells in the Al
of adult mice, via fluorescence in-situ hybridization,
using a protocol that we developed and described in
detail previously'®*? (Fig. 2). This approach allowed
us to selectively identify cell populations that express
ARO, ERo and ER in Al, with single cell resolution,
thereby allowing a stringent quantitative assessment
of these neuronal populations using unbiased stereo-
logical methods (Fig. 3).

The general expression of ARO- and ER-positive
neurons obtained with our antisense riboprobes were
in close accordance with known distributions of
these markers in the mammalian brain, including the
hypothalamus and hippocampus. A detailed docu-
mentation of the anatomical distribution of ARO- and
ER-positive cells will be presented elsewhere. The
present study focuses on the Al.

Remarkably, we found that estrogen-producing
(ARO-positive) neurons are highly prevalent in Al
In particular, ARO-positive neurons were expressed
across all cortical layers, with the exception of layer I
(Fig. 2A—C). The distribution of cells positive for
ARO was largely homogeneous across layers. High-
est numbers of ARO-positive neurons were detectable
in supragranular layers (II/I1), followed by the infra-
granular (V/VI) and granular (IV) cell layers. More
specifically, we found that each cubic millimeter (mm?)
of Al contained 31.2 £ 2.2 (mean £+ S.E.), 30.3 £ 2.3
and 29.5 + 2.2 x 10° neurons that were positive for
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Figure 2. Estrogen-producing and estrogen-responsive neurons are highly prevalent and homogeneously distributed in the primary auditory cortex (Al).
Fluorescence in-situ hybridization for ARO (A-C), ERo. (D—F) and ERp (G-I) in Al. For each gene, the long panels (A, D and G) depict low power photo-
micrographs of coronal sections obtained in Al highlighting the distribution of cells positive for each of the probed mRNAs. Note that ARO (A), ERa (D)
and ERp (G) are expressed at significant levels in Al, across all cortical layers, with the exception of layer |. The set of two smaller photomicrographs
for each gene (B-C; ARO), (E-F; ERca) and (H-I; ERB) depict representative high-power images obtained in supragranular (top) and infragranular
(bottom) layers of Al showing detailed views of ARO-, ERo- and ERB-positive cells in Al. Sense strand hybridization did not yield measurable signals for
each of the genes studied (not shown). Low-power and high-power images were obtained with epifluorescence and confocal microscopy, respectively.

Scale bars (in um): 100 (A, D, G), 25 (B-C, E-F, H-I).

ARO in each of these layers, respectively (Fig. 3).
Overall, when considering all cortical layers com-
bined, ARO-positive neurons accounted for approxi-
mately 67% £ 3.9 of the overall neuronal population
in AL

The Al is also a site that is putatively sensitive to
estrogens, as revealed by significant estrogen recep-
tor expression (Fig. 2D-I). Although both estrogen
receptors were expressed in Al neurons, ERo was
found in a conspicuously smaller cell population than
ERP across cortical strata. Notably, with the excep-
tion of layer I, ERa-positive cells were homoge-
neously distributed within and across cortical layers

35 1 HWARO

III + EEE‘;

Cortical layers

Labeled cells x 103/mm?3

Figure 3. Estrogen-producing and estrogen-sensitive neurons constitute
a significant fraction of the neuronal population of Al. Bar graphs depict-
ing the mean (+S.E.) numerical densities of ARO-, ERo and ERp-positive
neurons, for supragranular (ll/Ill), granular (1V) and infragranular layers
(V/VI) of Al in adult mice. Measurements were obtained using unbiased
stereology (see Methods).

of Al (Fig. 2D-F). Quantitative analyses revealed that
Alcontained 19.4+1.3,19.5+1.4and204+1.3x10°
ERa-positive cells per mm?, for supragranular, gran-
ular and infragranular layers, respectively (Fig. 3).

Neurons that were positive for ERB were also
expressed in cortical layers II/III, IV and V/VI, and
their distribution was largely homogeneous within cor-
tical layers (Fig. 2G-1I). The density of ERB-positive
cells was more pronounced in the infragranular layers,
followed by the supragranular and granular layers.
Specifically, quantitative analyses revealed that Al
contained 25.7 £ 1.8,23.0 £ 1.7 and 28.1 + 1.6 x 10?
neurons that were positive for ERP3 per mm?, for supra-
granular, granular and infragranular layers, respec-
tively (Fig. 3). When all cortical layers are considered
together, we found that approximately 44% =+ 2.2 and
57% =+ 2.9 of the neuronal population of Al express
ERo and ERP3 mRNAs, respectively.

Finally, we investigated the degree of overlap
between ARO and each of the ERs, to gain insight
on whether locally-produced estrogen may be act-
ing through paracrine and/or autocrine mechanisms.
To this end, we used a double-FISH protocol that
we developed and described in detail previously, to
detect two mRNA species at single cell resolution
(in this study ARO/ERo or ARO/ER).*?* Quanti-
tative analyses revealed that whereas 21% + 2.4 of
ARO-positive cells co-expressed ERoe mRNA, a total
of 74% = 2.6 of ARO-positive neurons were posi-
tive for the mRNA of ER. These results suggest that
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locally-produced estrogen is well positioned to exert
primarily paracrine effects on ERa-positive neu-
rons, and autocrine and paracrine effects on cells that
express ER.

Overall, the findings above indicate that the adult
mouse Al is a site that contains a relatively high den-
sity of estrogen-producing and -responsive neurons.
These results further suggest that estrogens, of periph-
eral and local (central) sources, may play a central
role in the physiology of central auditory circuits.

Estrogen-associated networks

are engaged by auditory stimulation

To directly test if estrogen-producing and -sensitive
neurons are activated by auditory experience, we stim-
ulated freely-behaving animals with a medley of pure-
tones and used the expression of the activity-dependent
immediate early gene egr-1 (a.k.a., NGFI-A, zif-268,
krox-24 and zenk) to identify hearing-driven neu-
rons (Fig. 4). This approach has been repeatedly and
successfully used by multiple independent research
groups to reliably identify neurons engaged by sen-
sory experience in Al (reviewed in ?!). More specifi-
cally, we used our dFISH protocol to detect neurons
that co-expressed egr-1 and ARO, ERo or ER[3).22*

We found that a significant population of ARO-
positive neurons was engaged by auditory stimulation
in Al, as revealed by egr-I mRNA co-localization
(Fig. 4A—C). In particular, quantitative analyses
revealed that 28.5+1.8,26.2+1.9and 28.1+1.8 x 10°
cells/mm?® were positive for both molecular markers
in the supragranular, granular and infragranular layers
of Al respectively. When different cortical strata are
considered together, our quantitative results indicated
that approximately 83% = 1.9 of AI’s overall neu-
ronal population engaged by auditory experience (as
revealed by egr-1 expression) are putatively estrogen-
producing cells (as revealed by ARO expression).
Importantly, these data also revealed that approxi-
mately 91% = 2.0 of the ARO-positive neuronal pop-
ulation of Al is engaged by sensory input.

In stark contrast to the high numbers of ARO-
positive cells activated by auditory stimulation, a
significantly smaller fraction of estrogen-sensitive
neurons (ER-positive) were engaged by sensory
imput relative to ARO population (Fig. 4D-I).
More specifically, we found that 7.5 £ 0.7, 7.1 £ 0.6
and 8.5 = 0.6 x 10° cells/mm® in the supragranular,

Figure 4. Estrogen-associated circuits are engaged by sensory
experience. (A—C) Photomicrographs depicting double-fluorescence
in-situ hybridization (dFISH) signal in the Al of mice stimulated with
pure-tones, highlighting neurons that co-express the activity-dependent
immediate early gene egr-1 (A) and ARO (B) mRNAs. Representative
neurons that are positive only for egr-1 (arrowheads) or ARO (arrows),
or double-labeled neurons (asterisks), can easily be distinguished in the
merged image (C). (D-F) Representative dFISH signal depicting neu-
rons that co-express egr-1 (D) and ERa (E) mRNAs in Al. Cells that are
positive only for egr-1 (arrowheads) or ERo. mRNAs (arrows) can be
identified in the merged image (F), along with neurons that co-localize
both mRNAs (asterisks). (G—I) Example of dFISH signal in Al depicting
neurons that co-express egr-1 (G) and ERB (H) mRNAs in Al. Cells that
are positive only for egr-1 (arrowheads) or ER mRNAs (arrows) can be
identified in the merged image (1) along with neurons that co-localize both
mRNAs (asterisks). All images were obtained with confocal microscopy.
Scale bar =25 um.

granular and infragranular layers of Al co-expressed
the mRNAs for egr-/ and ERo. Similarly, our ste-
reological quantification revealed that 14.2 £ 1.2,
11.8 £ 1.1 and 14.8 £ 1.1 X 10° neurons co-expressed
egr-1 and ERP in supragranular, granular and infra-
granular layers, respectively. Together these findings
show that approximately 23% + 0.4 and 41% % 0.7 of
the overall population of hearing-driven neurons in
Al, as revealed by egr-1 expression, expresses ERa
and ERP, respectively. These data also revealed that
nearly 39% =+ 2.1 and 53% = 2.0 of the population of
ERa and ERB-positive neurons are directly engaged
by sensory experience. Notably, relative to the popu-
lation of estrogen-producing neurons (ARO-positive),
these findings suggest that a relatively small popu-
lation of estrogen-sensitive neurons is activated by
sensory experience.

Finally, in our preparations we reliably detected
neurons that were labeled for a single riboprobe—i.e.,
hearing-activated (egr-1-positive) neurons that were
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negative for ARO or each of the estrogen receptors
(Fig. 4, arrowheads). This population putatively accounts
for neurons activated by auditory experience that do
not participate in estrogen-associated circuits. In addi-
tion, we routinely encountered cells that were part of
estrogen-associated networks (ARO-, ERo or ER(3-
positive), but that lacked hearing-driven egr-/ mRNA
expression (Fig. 4, arrows). This phenotype likely
reflects neurons that were either not engaged by the
acoustic features of our stimulus set, or that are not
responsive to auditory stimuli. Consistent with previ-
ous reports, the number of egr-/-positive neurons in
unstimulated controls was negligible.?'* Consequently,
no quantification was carried out in this group.

In summary, the findings detailed above indicate
that auditory experience in freely-behaving mice pre-
dominantly activates estrogen-producing neurons in
Al and to a lesser extent, estrogen-sensitive cells.

Estrogen-associated networks in Al are
stable in response to acute sensory

experience
We next probed the extent to which acute sensory
experience affects the density of estrogen-producing

and -sensitive neurons in Al. More specifically, we
exposed different groups of animals to 30 min, 1 h or
2 h of auditory stimulation and quantified the density
of ARO, ERa and ERB-positive cells in Al, relative
to unstimulated controls, which were kept in silence
(see Methods) (Fig. 5). Quantification of our materi-
als with unbiased stereological methods revealed that
the density of ARO, ERo and ERB-positive neurons
for supragranular, granular and infragranular lay-
ers of Al were unaffected by auditory stimulation
in all experimental groups, relative to control ani-
mals. In particular, we detected the following ARO-
positive neuronal density per mm® of Al for control,
30 min, 1 h and 2 h groups, respectively. Supra-
granular layers: 30.1 £ 2.2, 29.5 £ 2.1, 31.8 £ 2.1
and 29.2 2.3 x 10° (F ;,, = 0.29; P = 0.83). Gran-
ular layer: 283 £ 2.3, 29.7 £ 2.2, 30.1 £ 2.3 and
313 £ 2.2 x 10° (F,,, = 0.30; P = 0.82). Infra-
granular layers: 31.1 £2.1,292 +£2.1,298 £ 23
and 30.5 + 2.3 x 10° neurons/mm’ (F ,,, = 0.13;
P=0.93).

Similarly, acute auditory experience failed to
significantly affect the number of ERa- and ERp-
positive neurons across cortical layers of Al (Fig. 5).

Supragranular Granular Infragranular
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Figure 5. Acute sensory experience does not affect the density of ARO, ERa or ERB-positive cells in Al. Shown are the mean (+S.E.) numerical densities
of ARO-, ERa. and ERp-positive cells, for supragranular (lI/111), granular (IV) and infragranular (V/VI) layers of the Al of adult mice that were maintained in
acoustic isolation overnight (unstimulated controls), and that were exposed to 30 min, 1 h or 2 h of sensory stimulation (see Methods). Note that auditory
experience failed to affect the density of ARO, ERa. or ERB-positive cells across cortical layers of Al.
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More specifically, our quantitative analysis revealed
the following number of ERa-positive neurons
per mm® in the AI of control, 30 min, 1 h and 2
h groups, respectively. Supragranular layers:
20.6 £2.3,19.1 £2.2,19.8 £ 2.1, 18.7 £ 2.2 x 10°
(F (320 = 0-14; P = 0. 93). Granular layer: 19.6 + 2.2,
205+21 19.2£23,19.5+22 % 10° (F,,, = 0.06;
P = 0.98). Infragranular layers: 19 9 + 2.2,
21.3+£23,20.7+2.1and 194 £2.2 X 103neur0ns/
mm’ (F,,, = 0.14; P = 0.93). Likewise, no changes
in the density of ERB -positive neurons were detected
as a result of acute sensory experience. For con-
trol, 30 min, 1 h and 2 h animals, respectively, we
detected the following neuronal density per mm?® of
Al. Supragranular layers: 25.1 £ 2.2, 26.2 + 2.1,
255+23,24.6 £2.1 X 103(F( o = 0.09; P =0.96).
Granular layer: 22.3 + 2.3, 25. 5+22 22.1+2.2 and
23.1+2.1x10° (F 20 = 0.49; P=0. 68). Infragran-
ular layers: 26.6 + 24 285+ 23,292 + 2.2 and
27.9+22x10° (F 550, =0.23; P =0.87).

Overall, these findings suggest that both estrogen-
producing and estrogen-responsive circuits in Al are
stable in response to acute sensory experience. The
possibility exists, however, that transcriptional activ-
ity of ARO, ERot and ER3 may be modulated by acute
sensory experience. This question will be pursued in
future studies.

Neurochemical identity of estrogen-

associated networks in Al

To shed light into the neurochemical identity of
estrogen-producing and -sensitive neurons in Al,
we next conducted double-FISH studies combining
riboprobes directed at ARO, ERc. or ERJ, and classic
markers for excitatory and inhibitory neurons, namely
the vesicular glutamate transporter 2 (vGlut2) and
the 65 kDa glutamic acid decarboxylase (GAD®65),
respectively (Fig. 6). Our stereological analyses
revealedthat21.3+1.8,20.5+1.7and 19.8+1.7x10°
neurons/mm?® co-expressed ARO and vGlut2, and
8.0+0.6,9.4+0.7 and 8.5 = 0.6 x 10° neurons/mm?
were positive for both ARO and GAD65 in supra-
granular, granular and infragranular layers of Al,
respectively (Fig. 6A-F). When considering all
cortical layers combined, these results indicate that
67.6% £ 1.5 and 28.6% £ 0.6 of the population of
ARO-positive cells in Al is composed of excitatory
and inhibitory neurons, respectively (Fig. 7A).

Figure 6. Estrogen-producing and -sensitive neurons in Al are
neurochemically heterogenous. (A—F) Photomicrographs depicting
dFISH signal for vGlut2, a marker for excitatory neurons (A) or GAD65,
a marker for inhibitory neurons (D), and ARO (B, E) mRNAs in Al. Rep-
resentative double-labeled neurons can be seen in the merged images
(C, F) with asterisks, along with neurons that are positive only for ARO
(arrowheads), or the neurochemical markers (arrows). (G-L) dFISH for
vGlut2 (G) or GADG5 (J), and ERo. mRNAs (H, K), reveals cells that are
putatively sensitive to estrogen, and that exhibit either an excitatory or
inhibitory phenotype. Examples of double-labeled neurons can be seen
in the merged images (I, L), along with cells that are only positive for
ERo (arrowheads), or labeled only for either vGlut2 or GAD65 mRNAs
(arrows). (M-R) dFISH for vGlut2 (M) or GAD65 (P), and ERB mRNAs
(N, Q), reveals representative cells that are putatively sensitive to estro-
gen, and that exhibit either an excitatory or inhibitory phenotype. Exam-
ples of double-labeled neurons can be identified in the merged images
(O, R), along with cells that are only positive for ERpB (arrowheads), or
labeled only for either vGlut2 or GAD65 mRNAs (arrows). Images were
obtained with confocal microscopy. Scale bar = 25 um.

Interestingly, the populations of estrogen-sensitive
neurons (ERo and ERP) were neurochemically
heterogeneous from each other. More specifically,
we found that 2.3 +0.2,2.7+ 0.2 and 3.0 £ 0.2 x 10°
neurons/mm? were positive for both ERo and
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Figure 7. Neurochemical identity of estrogen-producing and -sensitive neurons in Al. Pie charts illustrate the percentage (+S.E.) of estrogen-producing
(ARO-positive) and estrogen-sensitive (ERo. and ERB-positive) neurons that are putatively excitatory, as revealed by co-expression of vGlut2 mRNA, or

inhibitory, as revealed by co-expression of GAD65 mRNA.

vGlut2,and 16.6 +1.7,17.5+1.4and 17.1 £1.5%x 10°
neurons/mm?® were positive for ERo. and GAD65 in
supragranular, granular and infragranular layers of
Al, respectively (Fig. 6 G-L). In contrast, quantifica-
tion of neurons that were double-labeled for ER]3 and
vGlut2 mRNA revealed that the supragranular, gran-
ular and infragranular layers contained 20.6 £ 1.5,
18.8 £ 1.5 and 21.7 £ 1.6 x 10° neurons/mm?, respec-
tively. These cortical strata contained 5.4 *+ 0.3,
39 £ 03 and 6.2 £ 0.4 X 10° neurons/mm?’ that
co-expressed ERP and GAD65 (Fig. 6M-R). These
quantitative findings indicate that 13.5% =+ 0.5 and
85.8% = 1.9 of the population of ERa-expressing
cells is composed of excitatory and inhibitory, respec-
tively (Fig. 7B). In stark contrast, ERB-positive neu-
rons are primarily glutamatergic; specifically, we
found that 79.3% + 1.5 and 20.2% % 0.3 of ER-
positive cells are excitatory and inhibitory, respec-
tively (Fig. 7C).

Overall, these data indicate that estrogen-associated
circuits in Al are not uniform neurochemically, but
rather encompass neuronal populations that are neuro-
chemically biased towards predominantly excitatory
(ARO and ERP), or inhibitory (ER) phenotypes.

Discussion

The results described above provided clear evidence
that estrogen-associated circuits are highly prevalent
in the mouse Al. In particular, using sensitive in-situ
hybridization methods and unbiased quantitative
approaches, we demonstrated that neurons express-
ing the estrogen synthetic enzyme ARO, and each
of the estrogen receptors (ERo and ERP) are heav-
ily distributed throughout AI. We further demon-
strated that estrogen-producing, and to a lesser extent

estrogen-responsive, neurons are engaged by sensory
experience. These cell populations are highly stable
in response to acute auditory stimulation and remain
quantitatively unchanged as a result of up to 2 h of
sensory experience. Finally, we demonstrated that
estrogen-producing and -sensitive neurons are neuro-
chemically diverse. To our knowledge, this work pro-
vides the first demonstration of the robust presence
of estrogen-associated circuits, their engagement by
sensory experience, and their neurochemical iden-
tity, in the mammalian auditory cortex. Importantly,
our findings are based on the detection of transcript
levels. Future studies will be required to understand
if and how such expression patterns may differ from
protein levels.

Estrogen networks in the auditory

cortex

Indirect links between E2 and auditory processing
have been suggested in the literature for decades. For
instance, fluctuations in auditory-event related poten-
tials and hearing thresholds correlate positively with
plasma E2 levels in humans throughout the menstrual
cycle.** Women who suffer from Ullrich-Turner syn-
drome, and are deficient in E2, exhibit severe hear-
ing pathologies, some of which can be recovered by
estrogen-replacement therapy.®® In fact, estrogen
deficits caused by ovariectomies in rodents and mon-
keys drives marked distortions in ABRs, which can
also be recovered by estrogen supplementation, sug-
gesting a causal link between estrogenic regulation
and hearing function.'>!* These findings are congru-
ent with recent observations that ER[-deficient mice
exhibit severe progressive hearing loss that leads to
early deafness.'* Together, these observations have
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been overwhelmingly interpreted to suggest that
gonadal E2 levels influence the functionality of the
peripheral organ (cochlea). This interpretation is
consistent with previous observations that estrogenic
status in pregnant mice or mothers, differentially
influence the auditory and perceptual processing
of pup vocalizations relative to age-matched virgin
mice.”!%44 Similar findings have been observed in
other vertebrate species, suggesting that hormonal
levels may directly shape the auditory processing
of behaviorally-relevant sounds.!'**¢ Importantly,
recent findings obtained in songbirds have revealed
the presence of both ARO and ERa in the inner ear.*’
Our results suggest that, in addition to the prevalent
view that circulating E2 may affect hearing function,
brain-generated E2, and more specifically E2 pro-
duced in Al, may locally and directly shape central
auditory processing.

Our findings provide the first direct demonstra-
tion that a vast population of Al neurons is associated
with local estrogen production and sensitivity—in
the order of 70% and 50% of the overall neuronal
population, respectively. These observations suggest
that estrogenic modulation may play a central role
in the physiology of auditory circuits in the mam-
malian brain. Although the present work focused on
the expression of the classic intracellular estrogen
receptors, the possibility exists that GPR30 may be
expressed in the Al and, if so, could also modulate
auditory processing. This prospect will be investi-
gated in future studies.

Using activity-dependent gene expression in free-
ly-behaving animals, we also showed that auditory
experience primarily engages estrogen-producing,
and to a lesser extent, estrogen-responsive neurons
in Al. These findings support a model by which E2
levels in Al may be regulated by auditory experi-
ence, as opposed to a scenario where the sensitivity
of Al neurons to sustained E2 levels may be mod-
ulated by sensory input. Consistent with this view,
recent in-vivo microdialysis studies carried out in
freely-behaving songbirds have shown that E2 lev-
els are locally regulated by sensory experience in the
auditory forebrain, in a timescale of minutes."”” The
present findings that estrogen-producing neurons
are chiefly engaged by auditory experience suggest
that a similar mechanism may be implemented in
the mammalian AI; that is, local E2 levels may be

rapidly controlled in an activity-dependent fashion
in the auditory cortex. While future in-vivo microdi-
alysis studies will be required to directly address this
possibility, our current findings directly demonstrate
that Al neurons are well positioned to be influenced
by locally-produced E2, and suggest that this neuro-
hormone may be a key modulator of central auditory
processing.

Central auditory processing modulation
by estradiol

We also found that both classic estrogen receptors
are abundantly expressed in Al Although ERa is
expressed in a significant fraction of Al neurons, our
quantitative analysis revealed that ER3 is the dominant
receptor subtype in this cortical area. Importantly, we
also showed that ERo and ERB-expressing neurons
are neurochemically distinct. Whereas the former is
primarily expressed in GABAergic neurons, the latter
is dominantly expressed in excitatory cells. Consid-
ering the disparate roles played by excitation versus
inhibition in shaping Al receptive field tuning proper-
ties, our findings suggest that ERa- and ERB-positive
neurons may separately influence the processing of
acoustic cues. For instance, whereas ERB-positive
cells may carry the brunt of incoming thalamo-corti-
cal and intracortical excitatory drive, ER-containing
neurons may play a central role in functionally
sharpening receptive fields towards narrower fre-
quency tuning.***! Importantly, in-vivo voltage-
clamp recordings in the rodent Al have shown that
excitatory and inhibitory inputs are temporally mis-
matched and that the length of inhibitory synaptic
input is shorter than previously thought, supporting a
more prominent role for inhibition in the construction
of extra-classic receptive fields.’*** As such, the fact
that ERau is almost exclusively expressed in GABAer-
gic neurons suggest that E2’s action on this receptor
subtype may determine, or influence, several aspects
of inhibitory receptive field properties, including lat-
eral inhibition—a possibility that will be of key inter-
est in future studies.

Despite decades of indirect suggestions that
E2 may shape auditory processing, the notion that
brain-generated E2 rapidly modulates central audi-
tory processing in the awake brain was conclusively
demonstrated in the songbird model in recent studies.
More specifically, and consistent with the findings
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presented here, it was recently shown that the songbird
analogue of the mammalian auditory cortex produces
E2 in an experience-dependent manner.'® In addition,
our research group showed that local blockade of
estrogen receptors, or blockade of the local produc-
tion of E2 in the songbird auditory cortex, robustly
decreases hearing-evoked responses in awake ani-
mals, indicating that brain-generated E2 enhances the
gain of central auditory neurons.'® Notably, we also
showed thatthis E2- dependent facilitation of auditory-
evoked responses occurs in real-time (in a scale of
seconds) through a mechanism that involves a pre-
synaptic suppression of local GABAergic transmis-
sion.'® Thus, in the songbird auditory forebrain, E2
enhances the gain of auditory responses by selectively
decreasing inhibitory tone through the modulation of
GABA release probability. Although future studies
will be necessary to uncover if a similar mechanism is
implemented in the rodent A, our results suggest that
ERo-positive cells, which are dominantly associated
with inhibitory neurons, may regulate neuronal gain
by shaping the strength of local GABAergic trans-
mission. Although fast excitatory neurotransmission
(non-NMDA) does not appear to modulate the physi-
ology of auditory neurons in the songbird,'® previous
studies in the rodent hippocampus have demonstrated
rapid non-genomic effects for E2 in regulating neu-
ronal responses in this structure.’**>** For instance,
E2 increases the magnitude of AMPA, Kainate and
NMDA receptor EPSCs and enhances long-term
potentiation in the hippocampus.**>3"*% These ear-
lier studies indicate that, at least in the hippocampus,
E2 robustly modulates glutamatergic transmission
through non-genomic mechanisms. Importantly, our
findings show that the vast majority of glutamatergic
neurons in Al are associated with ER; thus, E2 may
rapidly modulate excitatory transmission in auditory
neurons through this receptor subtype. Such a pos-
sibility will be highly congruent with recent studies
showing that excitatory neurotransmission is selec-
tively and pre-synaptically regulated by ER in hip-
pocampal neurons.”’ In summary, local production
of E2, and the presence of neurochemically distinct
neuronal populations expressing ERo and ER in Al,
places this brain-generated hormone in a unique posi-
tion to shape fundamental features of both excitatory
and inhibitory receptive field tuning properties. Con-
sequently, E2 produced by auditory cortical neurons

may directly influence multiple aspects of central
auditory processing.

Influence of estradiol on auditory-based

behaviors

Using a combination of neurophysiological record-
ings coupled to local pharmacological manipula-
tions in awake songbirds, and information theoretical
methods, our group recently uncovered that one of
the main functional consequences of E2’s modula-
tion of central auditory processing is to increase the
information that central auditory neurons carry
about stimulus structure, to enhance both the neural
and behavioral discrimination of auditory signals.!
In other words, we showed that auditory coding effi-
ciency is enhanced by E2 produced by auditory neu-
rons and, as a consequence, auditory discrimination
in freely-behaving animals is optimized.!” These find-
ings are consistent with pharmacological studies indi-
cating that behavioral preferences for auditory cues
are markedly influenced by E2 produced by auditory
neurons in songbirds.®® Such observations are also
congruent with multiple studies suggesting that estro-
gen status in mice directly influence the perceptual
processing of behaviorally-relevant auditory cues
(vocalizations) in mice.”'*? Given the strong similar-
ities between the organization of estrogen-associated
circuits in the songbird auditory forebrain, and that
of the mouse Al presented here, it is highly plausible
that the recently uncovered functional roles for brain-
generated E2 in auditory processing and discrimina-
tion are not special features of the avian brain, but
rather reflect a general property of central auditory
circuits in the vertebrate brain that went undetected
and, consequently, unstudied. We suggest that an
intimate sensory-neuroendocrine interaction at the
level of the auditory cortex likely provides a neural
substrate for the numerous correlative studies sug-
gesting that E2 may influence hearing function. Our
findings, however, emphasize the need to seriously
consider that E2’s modulation of auditory processing
may occur in cortical areas, and via locally-generated
hormone, as opposed to the prevalent view that func-
tionality of the peripheral organ (cochlea) may be
influenced by gonadal/circulating estrogen sources.
While future studies will determine the extent to
which peripheral- versus centrally-derived E2 may,
independently or synergistically, modulate auditory
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cortical function, the findings presented here raise
three broad considerations. First, brain-generated
E2 may be a key neuromodulator in central auditory
circuits. As such, the study of rapid neurohormonal
modulation may provide new insights on the opera-
tional rules of auditory circuits in the vertebrate brain.
Second, the interaction between sensory circuits and
estrogen-associated networks may provide a unique
tool to probe how steroid hormones may influence
neuronal physiology more globally—an issue that
has been studied for decades in other contexts, such
as hypothalamic control of reproductive behavior, or
estrogenic modulation of hippocampal physiology.
Third, and finally, as the link between E2 and audi-
tory processing becomes progressively more studied
in mammals, it will be important to establish if, and
the extent to which, some aspects of hearing dys-
function co-occurs with hormonal deficits, as in the
case of the well documented hearing loss that occurs
in menopausal women, and in human and animal
models of estrogen deficiency.® ' Up until now
the co-occurrence of hormonal deficits and hearing
dysfunction were not thought to be causally related
and, consequently, were not thoroughly considered.
However, the present findings raise the intriguing
possibility that certain aspects of hearing loss may
be (at least partially) caused by abnormal estrogen
regulation or estrogen-insufficiency. Future studies
should directly probe and shed significant light in
these important issues.
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