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The basolateral amygdala (BLA) integrates sensory input from cortical and subcortical regions, a function that requires marked synaptic
plasticity. Here we provide evidence that cytochrome P450 aromatase (AROM), the enzyme converting testosterone to 17�-estradiol (E2),
contributes to the regulation of this plasticity in a sex-specific manner. We show that AROM is expressed in the BLA, particularly in the
basolateral nucleus (BL), in male and female rodents. Systemic administration of the AROM inhibitor letrozole reduced spine synapse
density in the BL of adult female mice but not in the BL of male mice. Similarly, in organotypic corticoamygdalar slice cultures from
immature rats, treatment with letrozole significantly reduced spine synapses in the BL only in cultures derived from females. In addition,
letrozole sex-specifically altered synaptic properties in the BL: in acute slices from juvenile (prepubertal) female rats, wash-in of letrozole
virtually abolished long-term potentiation (LTP), whereas it did not prevent the generation of LTP in the slices from males. Together,
these data indicate that neuron-derived E2 modulates synaptic plasticity in rodent BLA sex-dependently. As protein expression levels of
AROM, estrogen and androgen receptors did not differ between males and females and were not sex-specifically altered by letrozole, the
findings suggest sex-specific mechanisms of E2 signaling.
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Introduction
It is well known that the roles of estrogens are not limited to the
control of reproductive behavior but also include the regulation of a

variety of cognitive functions (Arevalo et al., 2015; Korol and Pisani,
2015). Importantly, estrogens mediating these processes do not nec-
essarily derive from peripheral sources (e.g., ovaries, fat tissue), but
can be produced de novo within neurons (Prange-Kiel et al., 2003;
Hojo et al., 2004), as cytochrome P450 aromatase (AROM), the final
enzyme in 17�-estradiol (E2) synthesis (converting testosterone to
E2) is expressed in the brain, predominantly in the diencephalic and
limbic regions (Naftolin and MacLusky, 1982; Roselli and Resko,
1987). Among the regions with high AROM content, the hippocam-
pus is the region that has been most intensely studied (for review, see
Hojo et al., 2008; Fester et al., 2011). This high interest has been
prompted by clinical observations indicating that women treated
with AROM inhibitors for breast cancer experience memory deficits,
presumably due to interference with AROM function in the hip-
pocampus (Shilling et al., 2003; Dowsett et al., 2005; Phillips et al.,
2011; Bayer et al., 2015). In support of this hypothesis, the impair-
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Significance Statement

The basolateral amygdala (BLA) is a key structure of the fear circuit. This research reveals a sexually dimorphic regulation of
synaptic plasticity in the BLA involving neuronal aromatase, which produces the neurosteroid 17�-estradiol (E2). As male and
female neurons in rodent BLA responded differently to aromatase inhibition both in vivo and in vitro, our findings suggest that E2
signaling in BLA neurons is regulated sex-dependently, presumably via mechanisms that have been established during sexual
determination. These findings could be relevant for the understanding of sex differences in mood disorders and of the side effects
of cytochrome P450 aromatase inhibitors, which are frequently used for breast cancer therapy.
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ment of spine synapse formation and long-term potentiation (LTP),
both of which are considered to be key mechanisms of memory
formation in hippocampus (Yuste and Bonhoeffer, 2001), were
found in rodents after the application of letrozole (Kretz et al., 2004;
Grassi et al., 2011; Vierk et al., 2012, 2015), an AROM inhibitor,
which promotes AROM phosphorylation and substantially reduces
E2 synthesis in hippocampal neurons (Fester et al., 2016). In contrast
to other enzymes, the activity of AROM becomes reduced upon
phosphorylation by Ca2�-dependent kinases (Balthazart and Ball,
2006; Charlier et al., 2015).

In addition to the hippocampus, the amygdala is a brain region
rich in AROM (Balthazart et al., 1991; Sanghera et al., 1991; Shinoda
et al., 1994; Wagner and Morrell, 1996; Horvath et al., 1997; Roselli et
al., 1998; Zhao et al., 2007). Anatomically, the amygdala comprises
approximately a dozen nuclei that are developmentally derived from
both pallial and subpallial sources (Swanson and Petrovich, 1998;
Puelles et al., 2000; LeDoux, 2007). Functionally, the amygdala is
considered a core component of neural circuits that process “emo-
tional” memory, involving the establishment of adequate responses
to emotional stimuli such as fear and anxiety (for review, see Pape
and Pare, 2010; Tovote et al., 2015). Not surprisingly, alterations in
amygdala function are suspected to be causative in neuropsychiatric
disorders, such as depression and posttraumatic stress disorder
(Pape and Pare, 2010). Interestingly, depression-like symptoms have
also been reported by women after treatment with AROM inhibitors
(Gallicchio et al., 2012), suggesting that impaired aromatase func-
tion in the amygdala may affect synaptic function and underlie these
side effects.

Here we examined the consequences of AROM inhibition on
synaptic plasticity in the amygdala using in vivo and in vitro ap-
proaches. We specifically focused on the basolateral amygdala
(BLA), the major sensory input region of the amygdala (Olucha-
Bordonau et al., 2014), which is considered to be a derivative of
the cortex (Swanson and Petrovich, 1998). Indeed, the cytoarchi-
tecture and synaptic organization of the BLA resemble those of
the neocortex and hippocampus, because projection neurons,
comprising �80% of the neurons in BLA, are glutamatergic with
densely spiny dendrites, whereas local interneurons use GABA as
a neurotransmitter (McDonald, 1992; Smith et al., 1998; Kemp-
painen and Pitkänen, 2000). In addition, neuron types in the BLA
exhibit physiological properties that are comparable to those in
the hippocampus and neocortex (Pape and Pare, 2010). We re-
cently showed that synaptic plasticity in the hippocampus is reg-
ulated by hippocampus-derived E2 in a sex-specific manner, as
the inhibition of hippocampal AROM resulted in a robust de-
crease in spine synapse density and LTP in rodent females but not
in rodent males (Vierk et al., 2012). The data presented here
suggest that similar mechanisms exist in the BLA, indicating that
E2 generated by AROM contributes to a sexually dimorphic reg-
ulation of synaptic plasticity in BLA.

Materials and Methods
Animals
A total of 54 young adult mice [C57BL/6; postnatal day 56 (P56, breeding
stock from Jackson Laboratories, Bar Harbor, ME, USA, RRID:IMSR_JAX:
000664)] were used for these studies. Of these mice, 48 received intraperito-
neal injections of either letrozole (0.4 �g/g body weight) or vehicle (4%
DMSO in 0.9% NaCl) to determine the effects of in vivo AROM inhibition
on synaptic density in BLA and E2 plasma levels. The remaining six mice
were used for immunohistochemistry. Further, 48 prepubertal, juvenile rats
(Wistar; age, P17–P27, breeding stock from Charles River, Sulzfeld, Ger-
many, RRID:RGD_737929) were used for electrophysiology, immunohisto-
chemistry, electron microscopy, and Western blot analyses, and 156
neonatal rats (Wistar; age, P3) were used for organotypic culture studies.

Animals were housed in the animal facilities of Hamburg and Mainz univer-
sities under controlled conditions and had access to food and water ad libi-
tum. All experiments were performed according to legal guidelines and were
approved by the institutional committees for the care and use of laboratory
animals (University Hamburg, G15–054; University Mainz, G15-1-059).

Organotypic culture
For preparation of organotypic corticoamygdalar slice cultures, neonatal
(P3) rats were decapitated, the brains were removed from the skull and
separated at midline, and the hemispheres were sliced coronally (400
�m) using a tissue chopper (McIlwain). Slices containing amygdala were
then preselected, and the dorsal half and the medial third of these slices
were removed, leaving mainly amygdalar and ventral cortical structures
(with parts of the striatum and hypothalamus) intact. Slices were then
placed on moistened translucent membrane inserts (0.4 �m, 30 mm in
diameter; Millicell-CM Culture Plate Insert, EMD Millipore), which
were placed in six-well plates (35 mm in diameter) and cultivated for up
to 14 d in vitro (DIV) at 37°C in a humidified, CO2-enriched atmosphere.
From each rat, slices from one hemisphere (usually 3– 4) were subjected
to experimental manipulation (experimental group), while the corre-
sponding slices from the other hemisphere received vehicle (control
group). Culture medium consisted of Neurobasal medium (without phe-
nol red), supplemented with 1% B27 serum components, 100 U/ml pen-
icillin/streptomycin (all from ThermoFisher Scientific), and 0.5 mM

L-glutamine (Sigma-Aldrich). The culture medium (1 ml/insert) was re-
placed with fresh medium every second day. After DIV7, the AROM
inhibitor letrozole (10 �7

M; 1 �l/ml from a 10 �4
M stock solution, solved

in DMSO; Tocris Bioscience) was added to the medium in the experi-
mental group, whereas the controls received only DMSO (1 �l/ml me-
dium). At DIV14, the cultures were fixed for immunohistochemistry or
electron microscopy, or were harvested for Western blot analyses. A
separate set of cultures was used to demonstrate AROM inhibition
in vitro (see details below).

Immunohistochemistry
For immunohistochemistry, young adult mice (P56; three males, three
females) and juvenile rats (P20 –P24; four males, four females) were
deeply anesthetized using a ketamine–xylazine mixture (ketamine 12
mg/ml, xylazine 0.16% in saline, i.p.) then transcardially perfused with
4% paraformaldehyde (PFA) in PBS. Subsequently, the brains were re-
moved from the skull, postfixed for 4 h in 4% PFA, cryoprotected with
25% sucrose (in PBS) for �48 h, and deep frozen in �50°C isopentane.
Frozen brains were cut coronally on a cryotome (HM560, Microm) and
sections (30 �m) containing amygdala collected in PBS. Selected sections
were preincubated “free-floating” with 3% normal goat serum in PBS
plus 0.3% Triton X-100 for 1 h at room temperature (RT) followed by
primary antibody incubation for 48 h at 4°C in preincubation solution.
Two different primary antibodies were applied for AROM detection: a
rabbit polyclonal anti-AROM (1:1200; directed against amino acids 488 –
502 of mouse aromatase; a gift from Dr. I. Azcoitia, Cajal Institute, Ma-
drid, Spain; Yague et al., 2006 [RRID:AB_2631184]) and a mouse
monoclonal anti-AROM (1:50; directed against amino acids 376 –390 of
human aromatase; Acris Antibodies GmbH, Cat# SM2222P, RRID:
AB_973001). Both antibodies revealed similar patterns of immunoreac-
tivity (Bender et al., 2010). However, immunostaining with the rabbit
polyclonal anti-AROM was more distinct and was therefore used for
most parts of the study. In addition, ER�s and androgen receptors (ARs)
were detected using rabbit polyclonal anti-ER� (1:150; HC-20, Santa
Cruz Biotechnology) or rabbit polyclonal anti-AR antisera (1:400; N-20,
Santa Cruz Biotechnology, Cat# sc-816, RRID:AB_1563391). Rabbit
anti-AROM antibodies were coapplied with mouse monoclonal antibod-
ies directed against parvalbumin (Parv; 1:7000; Swant, Marly, Switzer-
land, Cat# 235, RRID:AB_10000343), Ca 2�/calmodulin-dependent
protein kinase II (CaMKII; 1:1000; Abcam, Cambridge, UK, Cat#
ab52476, RRID:AB_868641) or glial fibrillary acidic protein (GFAP,
1:700; Sigma-Aldrich, Cat# G3893, RRID:AB_477010) for double-
labeling studies. After incubation with primary antibodies, the sec-
tions were washed twice for 15 min in PBS before secondary
antibodies were applied for 3 h at RT (for light microscopy: goat
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anti-rabbit IgGs, coupled with biotin, 1:250; Vector Laboratories,
Burlingame, CA, USA, Cat# BA-1000, RRID:AB_2313606; for immu-
nofluorescence: goat anti-rabbit- [Molecular Probes, Cat# A-11011,
RRID:AB_143157] and goat anti-mouse-IgGs [Molecular Probes,
Cat# A-11029, RRID:AB_138404], coupled with Alexa Fluor 568 or
Alexa Fluor 488, respectively, 1:500). For light microscopy, sections
were then subjected to biotin–avidin–peroxidase complex solution
(ABC-Kit, Vector Laboratories, Cat# PK-7100, RRID:AB_2336827),
and antibody binding was visualized by incubating sections in a solu-
tion containing 0.04% diaminobenzidine, 0.01% H2O2, and 0.01%
NiCl2. Finally, the sections were mounted on glass slides, dehydrated
in a graded ethanol series, and coverslipped with Entellan (Merck).
For immunofluorescence, sections were treated for 1 min with 4�,6�-
diamidino-2-phenylindole dihydrochloride (DAPI; Sigma, Cat#
D9542), mounted on glass slides, embedded with fluorescent mounting
medium (Dako), and coverslipped. Control experiments included treat-
ment of sections as described above but with primary antibodies omitted. No
immunoreactivity was observed under these conditions. The results were
viewed and photographed using a Leica Axiophot fluorescence microscope.

Corticoamygdalar slice cultures were fixed with 4% PFA (for 1 h) then
cryoprotected with 25% sucrose (in PBS, for 2 h), before they were deep
frozen on dry ice. For immunohistochemistry, slices were cut on the
cryotome (20 �m), then sections were mounted on glass slides, dried,
and stored at �20°C until further use. The immunodetection procedures
were performed as described above (solutions were placed on the slides).
Rabbit polyclonal anti-calbindin D28K antibodies (Calb; 1:2000; Merck
Millipore, Billerica, MA, USA, Cat# AB1778, RRID:AB_2068336) were
applied for characterization of the cultures.

Electron microscopy
For electron microscopy, adult mice (P56) were injected intraperitone-
ally for 7 d every morning with either letrozole (0.4 �g/g body weight;
letrozole stock: 160 �g/ml 4% DMSO in 0.9% NaCl) or with correspond-
ing volumes of 4% DMSO in 0.9% NaCl only (n � 6, each group and
sex). On the final day of treatment, the mice were anesthetized with CO2

and decapitated, the brains were removed from the skull, and the halves
were separated and sliced coronally (400 �m). Slices containing anterior
amygdala were immersed with 2.5% glutaraldehyde solution (in 0.1 M

phosphate buffer) overnight; then the tissue was postfixed with 1%
OsO4, dehydrated in graded ethanol plus propylene oxide and embedded
in glycidyl ether (Serva). Blocks were subsequently trimmed to contain
predominantly BLA, using the intermediate and external capsules for
orientation (Olucha-Bordonau et al., 2014). Semithin sections were cut
and stained with toluidine blue to confirm the position of the BLA. Pairs
of consecutive serial ultrathin sections were then cut with an ultrami-
crotome (OmU3, Reichert-Jung) and collected on grids. Sections were
stained with uranyl acetate, followed by lead citrate. Electron micro-
graphs were taken at 6600� magnification (CM100, Philips). Areas oc-
cupied by interfering structures, such as large dendrites or blood vessels,
were avoided. Organotypic cultures (n � 15, females; n � 11, males) were
processed identically. Tissue of age-equivalent rats (P17; n � 4, each sex)
was used for comparison.

E2 detection
For testing efficacy of AROM inhibition in vivo, young adult mice (P56;
n � 6, each sex and treatment) that had received letrozole or vehicle
injections (see above) daily for 6 –7 d were decapitated after CO2 anes-
thesia, and blood was collected from the carotid arteries into Falcon tubes
containing 30 �l of heparin. To gain blood plasma, tubes were centri-
fuged at 3500 rpm for 8 min at 4°C, and plasma supernatant was then
carefully removed. E2 detection was performed by a specialized labora-
tory (LABOKLIN), using an estradiol-sensitive solid-phase ELISA (EIA
4399, DRG Instruments), preceded by diethylether extraction of E2 from
the plasma.

For testing the efficacy of AROM inhibition by letrozole in vitro, a
commercially available radioimmunoassay (RIA; E2-RIA-CT KIP0629,
DIA Source) was applied. Because the E2 concentration was below the
detection limit of the RIA in untreated cultures, we supplemented the
culture medium for all cultures with testosterone (10 �7

M) to stimulate

AROM activity. Additionally, the experimental group received letrozole
(10 �7

M), and the control group received DMSO (1 �l/ml). The medium
was collected every second day for 6 d (DIV7–13) and subsequently
pooled (four inserts, three collections � 12 ml of medium per experi-
mental group and sex in each experiment; n � 1). Media were subsequently
loaded under vacuum pressure onto C18 columns (Chromabond C18ec,
Macherey-Nagel), which had been conditioned with 2 � 5 ml methanol and
equilibrated with 2 � 5 ml of double-distilled H2O (ddH2O). After a wash
with 2 � 6 ml of ddH2O to remove hydrophilic compounds, the retained
analyte (hydrophobic compound) was eluted 2� with 500 �l of methanol.
After evaporation of methanol, samples were redissolved in 60 �l of RIA
buffer as recommended by the manufacturer. For RIA, 50 �l were applied
and the original E2 concentrations were recalculated from the results of these
measurements. Four independent experiments (n � 4 for each sex and treat-
ment) were performed to gain statistically relevant data.

Western blots
A group of juvenile rats (P20 –P24; eight males, eight females) were anes-
thetized with CO2 and decapitated; the brains were sliced; and the slices
were dissected to isolate the BLA, the central nucleus amygdala (CeA),
and the medial amygdala (MeA) using the intermediate and external
capsules for orientation. In addition, tissue samples from the somatosen-
sory cortex, the hippocampus, the cerebellum, and, from females, the
ovaries were collected. Tissue samples were transferred to plastic tubes
and immediately deep frozen in nitrogen. Similarly, from cortico-
amygdalar slice cultures BLA, MeA, and adjacent cortex were separated
and immediately deep frozen in nitrogen. Because protein content was
very low in the tissue harvested from a single culture, tissue from 10 –12
cultures (deriving from two rats for standard expression analysis or from
four rats, if experimental and control groups were compared) was pooled
for a Western blot. The extracts were run on 10% SDS-PAGE under
denaturing conditions for analyses. The samples were boiled for 5 min,
briefly cooled on ice, and then separated at a voltage that prevented
excessive heat. Proteins were blotted on nitrocellulose membranes, the
blots were treated with 5% milk powder in PBS plus 0.3% Tween 20 and
were incubated with primary antibodies overnight at 4°C. Antibody
binding was detected using Immobilon Western Chemiluminescent
HRP Substrate (Merck Millipore, Cat# WBKLS0500). The following pri-
mary antibodies were used: mouse monoclonal anti-AROM (1:100; Acris,
Cat# SM2222P, RRID:AB_973001), rabbit polyclonal anti-ER� (1:500;
H-20, Santa Cruz Biotechnology, Cat# sc-543, RRID:AB_631471), rabbit
polyclonal anti-AR (1:200; N-20, Santa Cruz Biotechnology, Cat# sc-816,
RRID:AB_1563391), mouse monoclonal anti-GAPDH (1:2000; Ambion,
Kassel, Germany, Cat# AM4300, RRID:AB_437392). With every blot, ovary
tissue was run for specificity control.

Electrophysiology
Amygdala slice preparation. Prepubertal rats (P20 –P27) were anesthe-
tized and decapitated, and the brain was removed and immediately trans-
ferred into ice-cold artificial CSF (ACSF), which was continuously
bubbled with carbogen. Brains were glued and sliced into 400 �m serial
coronal slices using a microvibratome (VT1000, Leica). Slices containing
BLA were transferred to warm (37°C), continuously oxygenized ACSF
[containing the following (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, 2 CaCl, 1.5 MgCl2, and 22.7 D-glucose] and allowed to recover
at RT for 60 min. Slices were then transferred to a brain slice chamber
continuously perfused with oxygenized ACSF (2–3 ml/min) and main-
tained for at least 30 min before recordings at 30 	 2°C.

Extracellular field recording. In all experiments, evoked field EPSPs
(fEPSPs) were recorded extracellularly from the basolateral nucleus (BL)
while stimulating the lateral nucleus (La) of the amygdala. Borosilicate
glass electrodes were filled with ACSF and had resistances between 1.5
and 2.5 M
. Stimulation, data acquisition, and analysis were performed
using Pulse software in combination with an EPC-9 patch-clamp ampli-
fier (HEKA Elektronik). The stimulation electrode was positioned in the
La �200 �m from the recording electrode to induce synaptic responses
in BL (resistances between 0.5 and 1 M
). Synaptic responses were pre-
amplified (gain of 10) by a Philips PM 5170 amplifier. Input– output
(I/O) relationships were determined by stimulating afferents with in-
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creasing levels of intensity (200 �s monophasic pulses, ranging from 10
to 100 �A) while recording fEPSPs in the BL. In all recordings, single
pulses (0.2 ms, every 2.5 s) were used to adjust the stimulus intensity to
evoke synaptic responses that are �50% of maximum amplitude and
then were applied continuously at 0.05 Hz throughout every experiment.
Data were collected, and three time points were averaged for every min-
ute of recording. In the control experiments, slices were subjected to
high-frequency stimulation (HFS) after a 20 min baseline recording by
applying pulses of 0.2 ms duration at 100 Hz for 1 s, which were repeated
five times with 30 s intervals. HFS-induced synaptic potentiation in BL
was monitored continuously for 70 min after stimulation. The I/O rela-
tionship was obtained before and after HFS. To examine the effects of
AROM inhibition, slices were continuously perfused with ACSF contain-
ing letrozole (10 �6

M) for 60 min before HFS. Letrozole treatment was
continued until the end of the experiment. The I/O relationships were
obtained before letrozole wash-in, 60 min after wash-in onset (i.e., im-
mediately before HFS) and 70 min after HFS. All mean percentage
changes of fEPSP slopes (calculated at 60 –70 min post-HFS) were used as
the measure for synaptic potentiation.

Quantitative analyses
Electrophysiology. Electrophysiology data (non-normalized fEPSP slopes)
were computed using PulseFit 8.11 (HEKA Elektronik), SigmaPlot (SPSS),
Excel (Microsoft), and SPSS version 18.0 (IBM). All data reported are ex-
pressed as the mean 	 SEM. N indicates the number of animals used, and n
indicates the number of recorded slices. LTP data were statistically analyzed
with a repeated-measures mixed-factor ANOVA using sex as the between-
subject factor and the fEPSP slope as the within-subject factor, testing for
differences in the slopes of (1) before and after HFS under control condi-
tions; and (2) before letrozole wash-in, 60 min after letrozole wash-in onset,
and 60 min after HFS under letrozole. Because the dataset of (1) did not show
homogeneity of variances, a Brown-Forsythe test was applied to corroborate
data. We further applied a one-way ANOVA to specifically compare the
effect of letrozole after HFS between the sexes (2) because this difference is
not properly reflected with mixed-factor ANOVA.

Cell counts. To estimate the proportions of AROM-expressing neurons,
areas in BL or La were randomly selected in two representative, AROM-
immunostained sections of prepubertal rats (P20–P24; n � 4, each sex).
Photographs were taken at 400� magnification, and the proportion of
AROM-immunopositive somata relative to DAPI-positive nuclei (diameter,
�5 �m) was determined in these photographs. Data were averaged to get
one representative value (percentage of AROM-positive neurons) per rat
and statistically analyzed with the Mann–Whitney U test.

Western blots. Densitometric analysis of band intensities was per-
formed using NIH ImageJ software. For quantification, only bands run-
ning on the same gel were analyzed and compared, using GAPDH as a
loading control (note that data presented as “rel. expression” have arbi-
trary units). Different exposure times for AROM (30 min), AR (2– 4
min), ER� (3– 8 min), and GAPDH (1 min) were required to receive
analyzable signals. Data were statistically analyzed using Student’s un-
paired t tests if two experimental groups were compared (letrozole vs
vehicle, male vs female) and ANOVA with Bonferroni’s multiple-
comparisons test if three sets of data were analyzed (ER� and AR expres-
sion in BLA vs MeA and CeA).

Electron microscopy. To obtain a comparable measure of synaptic
numbers, unbiased for possible changes in synaptic size, the dissector
technique was used (Sterio, 1984). The density of spine synapses was
calculated with the aid of a reference grid superimposed on the EM
prints. Spine synapses were defined as synapses with a clearly recogniz-
able postsynaptic density (i.e., excitatory synapses) on dendritic protru-
sions. Synapses on dendritic shafts were excluded. Only those spine
synapses were counted that were present on the reference section, but not
on the lookup section. The dissector volume was calculated by multiply-
ing the unit area of the reference by the distance (0.09 �m) between the
reference and the look-up section. At least 20 neuropil fields were ana-
lyzed per tissue sample, and data were averaged. Statistical analysis was
performed using Student’s unpaired t test.

Data presentation. All data are presented as the mean 	 SEM. A p value
of �0.05 was considered to be significant. Prism software (GraphPad,
San Diego, CA, USA, RRID:SCR_002798) and G-Power (University
Düsseldorf, Düsseldorf, Germany) were used for statistical analyses.

Results
Substantial expression of AROM in rodent basolateral and
central amygdala
To map its localization in the amygdala, we first determined
AROM expression in three major subregions of rodent amygdala, as
follows: the MeA, CeA, and BLA [comprising La, BL, and basome-
dial nuclei (BM)] using immunohistochemistry (Fig. 1A) and West-
ern blot (Fig. 1B,C) analyses. Both young adult mice and juvenile
rats were used for these studies to establish the basis for subsequent
morphological and physiological analyses (see below). As expected,
we found robust AROM expression in the MeA (Wagner and Mor-
rell, 1996; Roselli et al., 1998; Zhao et al., 2007), but BLA and CeA

Figure 1. AROM expression in major subregions of rodent amygdala. A, Coronal section through anterior amygdala of an young adult mouse, immunostained for AROM using rabbit polyclonal
antibodies (Yague et al., 2006). Substantial AROM expression is detectable in the MeA and CeA, in the BL and La nucleus of the BLA, and in the adjacent piriform cortex (Pir). Virtually, no AROM
immunoreactivity is seen in the BM of BLA. Low levels of expression were found in the cortical amygdala (CoA). Scale bar, 250 �m. B, Western blots showing AROM protein expression in amygdala
subregions CeA, BLA, and MeA of juvenile male and female rats using monoclonal antibodies against AROM (Acris). Tissue from hippocampus (Hip), cerebellum (Cer), and somatosensory cortex (Cor)
was blotted for comparison. The strongest signal is found in the MeA. AROM expression levels in the CeA and BLA are comparable to levels in the hippocampus, neocortex, and cerebellum (note: a
representative band for the female CeA was inserted from a different gel). C, Quantitative analysis of Western blot data, comparing AROM expression in BLA of age-matched (P20 –P24) juvenile male
and female rats. No difference between the sexes was evident (rel. expression of AROM: 0.46 	 0.06 in females; 0.48 	 0.09 in males; p � 0.88; n � 8 of each sex).
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Figure 2. AROM expression in rat BLA and CeA. A, B, AROM immunostaining of sections from a juvenile male (A) and female (B) rat reveals particularly robust AROM expression in subdivisions
of the BLA and CeA: in the BLA, the BL had a higher density of AROM-expressing cells compared with the La and BM. In the CeA, the CeAl was more intensely labeled than the CeAm. C–H,
Higher-magnification views of the sections shown in A (C, D) and B (F, G) demonstrate that within BLA the density of AROM-expressing cells is highest in BL, (Figure legend continues.)
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also expressed AROM substantially. Interestingly, in CeA, the lateral
subnucleus (CeAl), but not the medial subnucleus (CeAm) showed
intense AROM immunoreactivity (Fig. 2A,B). In the BLA, the
AROM signal was observed throughout its anterior–posterior exten-
sion, without obvious differences in anterior and posterior subdivi-
sions (Olucha-Bordonau et al., 2014). However, more neurons in
the BL compared with the La expressed AROM both in male (68 	
4% in BL vs 41 	 5% in La; p � 0.02; n � 4; Fig. 2C–E) and female
juvenile rats (66 	 3% vs 44 	 3%; p � 0.02; n � 4; Fig. 2F–H),
whereas virtually no AROM immunoreactivity was found in the BM
(Fig. 2A–H). Notably, no differences were evident, when the pro-
portions of AROM-expressing neurons in BL and La were compared
between males and females (p � 0.97 and 0.6 for BL and La, respec-
tively; n � 4 each sex; Fig. 2E,H). Similarly, no difference between
the sexes was evident when AROM protein expression in male and
female BLA of juvenile rats was determined (rel. expression of
AROM: 0.46	0.06 in females; 0.48	0.09 in males; p�0.88; n�8;
Fig. 1C).

To further characterize the AROM-expressing cells in the BL,
sections from juvenile rats were costained with markers for glu-
tamatergic projection neurons (CaMKII; McDonald et al., 2002),
certain GABAergic interneurons (Parv) or astrocytes (GFAP).
This revealed that CaMKII-immunopositive neurons frequently
coexpressed AROM (Fig. 2I–K, arrows), but not all AROM-
positive cells also expressed CaMKII (Fig. 2I–K, arrowheads),
indicating that other neuron populations express AROM as well.
Indeed, AROM was frequently found to colocalize with the in-
terneuron marker parvalbumin (Fig. 2L–N), whereas no expres-
sion, or only low expression, was seen in astrocytes (Fig. 2O–Q).

AROM inhibition reduces spine synapse density in adult
mouse BL sex-specifically
In the hippocampus, AROM activity was shown to modulate
spine synapse density (Kretz et al., 2004; Hojo et al., 2008; Bender
et al., 2010; Zhou et al., 2010), and because BLA is also considered
a “cortical” structure (Swanson and Petrovich, 1998), we rea-
soned that the enzyme might here play a similar role. As virtually
identical patterns of AROM expression were observed in rats
(Fig. 2A,B) and mice (Figs. 1A, 3A,B), we used mice that had
been systemically injected for 7 d (once daily) with the AROM
inhibitor letrozole (0.4 �g/g body weight) to examine this hy-
pothesis, focusing specifically on BL. Indeed, spine synapse den-
sity was altered in BL after letrozole treatment. However, the
effects were markedly discrepant between male and female mice;
whereas, spine synapse density was reduced in the females by
�50% (vehicle, 9.2 	 0.6 synapses/10 �m 3; letrozole, 4.2 	 0.4;
p � 0.001; n � 6; Fig. 3C–E), no reduction was observed in the
males (vehicle, 5.6 	 0.3; letrozole, 7.3 	 1.4; p � 0.23; n � 6; Fig.

3C). Notably, in the BL of male mice, spine synapse density was,
under control conditions, already at the level of letrozole-treated
females, and letrozole treatment did not cause a further reduction
(Fig. 3C). As these discrepancies could have resulted from sex-
specific effects of letrozole on E2 synthesis, we measured the
plasma E2 concentration after letrozole treatment in a subset of
male and female mice. However, while these studies suggest that
letrozole may have reduced E2 synthesis of �30% (vehicle, 3.3 	
0.4 pg/ml; letrozole, 2.3 	 0.4 pg/ml; p � 0.09; n � 12, in each
treatment, if both sexes are considered; Fig. 3F, left bars), no
difference between the sexes in the response to letrozole was ev-
ident (Fig. 3F, middle and right bars), which we expected since
the cyclicity of females was not considered in this experimental
setup.

Organotypic slice cultures as a tool for the study of amygdala
function in vitro
These in vivo data suggest a sex-specific regulation of synapse
densities in BL that involves AROM. However, because systemic
application of letrozole does not permit a clear distinction of
effects resulting from peripheral (e.g., ovaries, bone, fat tissue) or
local (i.e., amygdalar) AROM inhibition, pinpointing the ob-
served sex-specific effect to AROM within BL is not feasible. Fur-
ther, the potential effects of the female estrous cycle (Woolley and
McEwen, 1992) render a comparison of AROM inhibition in
adult males and females in vivo difficult, as the content of E2 in
female brain tissue varies with the estrous cycle (Kato et al., 2013)
and is regulated by gonadotropin-releasing hormone (Prange-
Kiel et al., 2008). In contrast, in organotypic hippocampal cul-
tures of male and female rats, E2 synthesis did not differ (Fester et
al., 2011). Therefore, we decided to establish organotypic cultures
of rat amygdala as a tool to study AROM functions in the
amygdala more specifically. Because cultures did not survive for
an extended period if amygdala alone was cultivated, slice cul-
tures with adjacent cortex (piriform, perirhinal) and parts of the
striatum and hypothalamus were used (Fig. 4A).

These “corticoamygdalar” cultures were viable for �2 weeks
in vitro and reproduced aspects of amygdalar differentiation,
such as the expression pattern of the Ca 2�-binding protein cal-
bindin D28K (Fig. 4E,F, I, J). As remnants of the external and
intermediate capsules were detectable in a substantial proportion
of cultures (�40%) even after 2 weeks in vitro (Fig. 4A,G,K),
identification of the BLA was feasible, rendering it accessible for
Western blot and morphological analyses. Importantly, AROM
was expressed in the BLA in vitro (Fig. 4B,C,O) and was func-
tional, as the conversion of supplemented testosterone to E2 was
inhibited by letrozole (Fig. 4D).

AROM inhibition reduces spine synapse density in rat BLA
sex-specifically in vitro
Corticoamygdalar slice cultures were thus used to study the ef-
fects of letrozole-mediated AROM inhibition on spine synapse
density in the BL in vitro. Generally, this density was only �30%
of the density observed in age-equivalent (P17) rats (Fig. 4, com-
pare M, N), a phenomenon not unknown from culture systems
(Drakew et al., 1999) and likely reflecting lesser innervation of BL
neurons by cortical afferents or the delayed maturation of intrin-
sic connectivity under culture conditions. Regardless of the lower
synapse density, letrozole effects in vitro were comparable to
those in vivo: letrozole treatment reduced spine synapse density
in the BL only, if the tissue was derived from females (vehicle,
3.1 	 0.2 synapses/10 �m 3; letrozole, 2.4 	 0.2; p � 0.02; n �
15), but not if it originated from male rats (vehicle, 2.4 	 0.2;

4

(Figure legend continued.) in which 68 	 4% (E; males, n � 4) and 66 	 3% (H; females,
n � 4) of presumed neurons (nuclei � 5 �m) were immunoreactive for AROM. Density was
significantly lower in La compared with BL both in males and females (41 	 5% and 44 	 3%,
respectively; p � 0.02 for each sex). However, no significant differences were evident when
densities between males and females were compared ( p � 0.7 and p � 0.6, respectively, for
BL and La). I–K, Coimmunostaining of AROM (red) and CaMKII (green) indicates that AROM
expression is frequent in CaMKII-positive projection neurons in the BL (arrows). However, the
presence of strongly AROM-immunoreactive neurons without CaMKII signal (arrowheads) sug-
gests AROM expression also in interneurons. L–N, These interneurons include the Parv-
expressing subpopulation, as Parv frequently colocalizes with AROM (arrowheads). O–Q, In
contrast, no or only low levels of AROM signal were found in GFAP-immunopositive astroglial
cells (arrows). Cor, Cortex; Str, striatum. Scale bar (in Q): A, B, 200 �m; C–G, 50 �m; I–Q, 25
�m.
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letrozole, 2.1 	 0.2; p � 0.14; n � 11; Fig. 4N), suggesting that the
mechanisms underlying the sex-dependent regulation of spine
synapses by E2 are preserved in vitro. Notably, as in young adult
mice (Fig. 3C), spine synapse density was lower in cultures de-
rived from males compared with those derived from females,
already under control conditions (p � 0.03; Fig. 4N). This effect
was not fully mimicked in the age-equivalent juvenile rats, in
which the difference between males and females was not signifi-
cant (females, 9.5 	 0.9; males, 8.4 	 1.2; n � 4 of both sexes;
p � 0.4; Fig. 4M).

As the observed sex-specific effects could also be a conse-
quence of sex-specific expression changes of either AROM or sex
hormone receptors under the influence of letrozole, we further
examined whether the 7 d letrozole treatment had altered the
protein expression of AROM, ER�s, or ARs in BLA in vitro. No-
tably, in addition to AROM (Fig. 4B,C,O), substantial levels of
ER�s (Fig. 4P) and ARs (Fig. 4Q) were expressed in the BLA in
cultures from both males and females, and no significant differ-
ences between the sexes were evident under control conditions
(rel. expression of ER�: female, 0.66 	 0.10; male, 0.51 	 0.09;
p � 0.33; n � 7 of each sex; rel. expression of AR: female, 0.41 	
0.05; male, 0.54 	 0.09; p � 0.11; n � 8 of each sex). In addition,
letrozole treatment did not sex-specifically alter the expression

levels of AROM [females: 0.34 	 0.10 (vehicle) vs 0.41 	 0.08
(letrozole); p � 0.66; males: 0.41 	 0.09 (vehicle) vs 0.44 	 0.09
(letrozole); p � 0.82; n � 6 of each sex and treatment, Fig. 4O],
ER� [females: 0.66 	 0.10 (vehicle) vs 0.64 	 0.09 (letrozole);
p � 0.87; males: 0.51 	 0.09 (vehicle) vs 0.52 	 0.12 (letrozole);
p � 0.96; n � 7 of each sex and treatment, Fig. 4P], or AR [fe-
males: 0.41 	 0.05 (vehicle) vs 0.49 	 0.09 (letrozole); p � 0.44;
males: 0.54 	 0.09 (vehicle) vs 0.58 	 0.09 (letrozole); p � 0.74;
n � 8 of each sex and treatment, Fig. 4Q], rendering it unlikely
that a sex-specifically altered expression of these proteins under-
lies the sex-dependent plasticity in BLA.

Letrozole affects synaptic transmission in the BLA
sex-specifically
We next questioned whether AROM inhibition also affects syn-
aptic transmission in BLA sex-specifically. Because the most
abundant expression of AROM was observed in the BL (Fig. 2),
we stimulated the La and recorded fEPSPs in the BL in acute slices
from naïve prepubertal rats (P20 –P27), to which letrozole was
supplied via the ACSF. In untreated control slices, HFS resulted
in a significant potentiation (F(1,12) � 21.2; p � 0.001) of average
fEPSP slopes both in female and male BL (Fig. 5A,B). These
findings are in accordance with the data from the study by Krezel

Figure 3. Reduced spine synapse density in BL in adult mice after letrozole treatment. A, B, Coronal sections through anterior amygdala of a young adult male (A) and female (B) mouse show that,
as in the juvenile rats, AROM expression is more robust in the BL than in the La, whereas it is virtually absent in the BM. Similarly, the CeAl but not the CeAm of the central amygdala is intensely AROM
immunoreactive. Arrows denote the external capsule (e.c.) and intermediate capsule (i.c.). C, Quantitative analysis of spine synapses after vehicle (Veh) or letrozole (Let) treatment, comparing males
and females: letrozole caused a significant reduction of spine synapse density in the female mice (Veh, 9.2 	 0.6 synapses/10 �m 3; Let, 4.2 	 0.4 synapses/10 �m 3; p � 0.001; n � 6 each
treatment), but not in the males (Veh, 5.6 	 0.3 synapses/10 �m 3; Let, 7.4 	 1.4 synapses/10 �m 3; p � 0.22; n � 6 each treatment). Notably, in the males, spine synapse density was already,
under control conditions significantly lower than in the females ( p � 0.001). D, E, Representative electron micrographs from the BL of a Veh-treated (D) and a Let-treated (E) female mouse. Note
that spine synapses are present in both, but density is lower in the sections from the mouse treated with letrozole. F, Measurement of E2 plasma concentration after daily intraperitoneal injections
of letrozole or vehicle in young adult male and female mice (n � 6, each sex and treatment) for 7 d suggest that letrozole reduces peripheral E2 concentration, but the difference did not reach
significance ( p � 0.09, n � 12 each treatment, if both sexes are considered; left bars). No difference in the response to letrozole was evident, when males and females were compared. (middle and
right bars). Cor, Cortex. Scale bar (in B): A, B, 200 �m; D, E, 1 �m.
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Figure 4. Reduced spine synapse density in BL of corticoamygdalar slice cultures from neonatal rats. A, Representative organotypic corticoamygdalar slice culture after DIV14 [note: subdivisions
of the amygdala, such as the BLA, which is embedded between the external capsule (e.c.) and intermediate capsule (i.c.), are identifiable (arrows)]. In addition to the amygdala and cortex (Cor), parts
of the striatum (Str) and hypothalamus (Hypothal) have remained attached. B, C, AROM is expressed in the BLA of these cultures, and expression levels are similar to those detected in the MeA and
adjacent Cor. No difference of AROM expression in BLA was evident between cultures deriving from males (B, top trace) and females (B, bottom trace; quantification in C; n � 9, each sex). D, AROM
is functional in vitro, as testosterone (Testo; 10 �7

M) supplemented to the culture medium was readily converted to E2 in cultures both from females (239 	 87 pg/ml) and males (271 	 83 pg/ml).
Coapplication of letrozole (Let; 10 �7

M) caused a drastic reduction of testosterone conversion to E2 in cultures from both sexes, demonstrating efficient AROM inhibition. No difference between the
sexes was evident (Testo � Let, 10 	 4 pg/ml in cultures from females; p � 0.04, if compared with Testo; 11 	 3 pg/ml in cultures from males, p � 0.02; n � 4, for each experimental treatment
and sex). E–L, Comparison of a DIV14 organotypic culture (in vitro, E–H) and an age-equivalent (P17) rat (in vivo, I–L): E, F, I, J, The expression pattern of the interneuron marker Calb in vitro (E, F)
replicates the pattern in vivo (I, J). However, the numbers of Calb-expressing neurons in BLA are lower in the cultures, the somata are smaller, and neurites appear (Figure legend continues.)
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et al. (2001), who performed similar recordings in mice. In con-
trol slices, we found no significant difference in synaptic poten-
tiation 60 min after HFS between the sexes (F(1,12) � 4.4; p � 0.11;
Brown–Forsythe test, p � 0.14). However, if letrozole was ap-
plied, male and female slices responded differently (Fig. 6A–C),
as follows: in slices from females, 60 min of letrozole virtually
abolished the induction of LTP by HFS without affecting baseline
synaptic transmission (Fig. 6A). In contrast, in slices from males
(Fig. 6B), letrozole slowly increased baseline synaptic responses
to 135 	 9% of baseline, and HFS subsequently further increased
average fEPSP slopes to 156 	 10% of baseline. Statistical analysis
using mixed-factor ANOVA revealed a highly significant differ-
ence with respect to the “within-subject factor” (fEPSP slope after
HFS; F(2,24) � 9.7; p � 0.001), but not with respect to the
“between-subject factor” (males vs females; F(1,12) � 1.5; p �
0.244). Because mixed-factor ANOVA may not sufficiently dis-
criminate between the putative letrozole effects in the two sexes,

we additionally applied one-way ANOVA, which revealed a sig-
nificant increase of fEPSP slope after letrozole wash-in and HFS
in the slices from males (F(2,23) � 4.8; p � 0.019; Fig. 6D) but not
in those from females (F(2,17) � 0.26; p � 0.78; Fig. 6D). These
findings highlight that letrozole had prevented synaptic potenti-
ation in the females but not in the males.

Similar expression of ER� and ARs in the BLA of male and
female rats
The sex-specific response to AROM inhibition, as described
above, could reflect differences in the expression of estrogen or
androgen receptors in the BLA of juvenile male versus female
rats. In addition to analyses in vitro (Figs. 4P,Q), we therefore
examined whether such differences are evident in vivo, using im-
munohistochemistry and Western blot analysis: ER�, the pre-
dominant estrogen receptor in the BLA (Shughrue et al., 1997;
Osterlund et al., 1998), was abundantly expressed in the BLA,
CeA, and MeA both in males and females (Fig. 7A–C), but ex-
pression levels in BLA did not differ between the sexes (rel. ex-
pression of ER�: 0.45 	 0.05 in females vs 0.48 	 0.09 in males;
p � 0.77; n � 8 of each sex; Fig. 7D), arguing against a regulation
of the observed effects in the juvenile rats via sex-dependent ER�
expression. Because the inhibition of AROM will cause testoster-
one levels to increase (Harden and MacLusky, 2005; Simpson et
al., 2005), we further performed the same analysis for ARs. In
contrast to ER�, AR expression was markedly lower in BLA, if
compared with CeA and MeA (Fig. 7E–G), and AR immunore-
activity in BLA was distinct (Fig. 7E,F, insets), suggesting that
ARs could be localized to specific neuronal populations. How-
ever, expression levels of ARs in BLA also did not differ signifi-
cantly between males and females (rel. expression of AR: 0.50 	
0.06 in females vs 0.43 	 0.11 in males; p � 0.58; n � 8 of each
sex; Fig. 7H).

Discussion
It has been known for some time that the E2-synthesizing enzyme
AROM is expressed in the brain (Naftolin and MacLusky, 1982).
Particularly high levels of AROM activity have been detected in
brain regions associated with reproductive neuroendocrine func-
tions, such as the medial basal hypothalamus, the bed nucleus of

4

(Figure legend continued.) less developed, suggesting that differentiation in the cultures is
impaired (F and J are higher magnifications of E and I, respectively). G, K, Semithin sections
showing that BLA is identifiable in vitro (G), as remnants of the external capsule (e.c.) and
intermediate capsule (i.c.) are preserved (G, K, arrows). H, L, Spine synapses (red arrows) are
formed in the BLA in vitro (H), but synapse density is lower in the culture than in a section from
a P17 rat (L). M, N, Quantitative analyses of spine synapse density in the BLA of P17 rats (M) and
of DIV14 corticoamygdalar cultures (N), which have been incubated for 7 d (DIV7 ¡ DIV14)
with either letrozole (10 �7

M) or vehicle (DMSO) Note that, as in adult mice, letrozole caused a
significant reduction of spine synapse density in BLA in the cultures from females (vehicle,
3.1 	 0.2 synapses/10 �m 3; Let, 2.4 	 0.2 synapses/10 �m 3; p � 0.02; n � 15 cultu-
res in each group), but not from males (vehicle, 2.4 	 0.2 synapses/10 �m 3; Let, 2.0 	 0.2
synapses/10 �m 3; p � 0.14; n � 11 cultures in each group). Further, as in the adult mice,
spine synapse density was significantly lower in the male compared with female BLA under
control conditions ( p � 0.03). Spine synapse densities in the BLA of age-equivalent (P17) rats
(M) were markedly (approximately threefold) higher than in the cultures, suggesting reduced
extrinsic or intrinsic connectivity in vitro. Densities were somewhat lower in males (8.4 	 1.2
synapses/10 �m 3; n � 4) compared with females (9.5 	 0.9 synapses/10 �m 3; n � 4), but
this difference was not significant ( p � 0.4). O–Q, Western blot analyses determining the
effect of a 7 d letrozole treatment on the expression of AROM (O), ER� (P), and AR (Q) in BLA in
vitro. Note that in cultures from both females and males, letrozole treatment did not signifi-
cantly alter expression levels of these proteins (see main text for quantitative details). Scale bar
(in L): A, E, I, 500 �m; F, G, J, K, 100 �m; H, L, 1 �m.

Figure 5. Induction of LTP in BL of juvenile female and male rats. A, Averaged fEPSP slopes (percentage of baseline) under control conditions in amygdala slices from female (top) and male
(bottom) rats before and after HFS. Insets show characteristic fEPSPs of recordings 10 min before (gray) and 60 min after HFS (black). B, Synaptic potentiation was significantly increased after HFS
(F(1,12) � 21.2, p � 0.001, mixed-factor ANOVA) in amygdala slices from both sexes, up to 141.6 	 5.1% (n � 8, N � 6) in females and up to 136.5 	 3.5% (n � 6, N � 6) in males. No significant
difference was found in a raw data comparison between both sexes (F(1,12) � 4.4, p � 0.11, mixed-factor ANOVA; Brown–Forsythe test p � 0.14).
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the stria terminalis, or the medial amygdala (Roselli and Resko,
1987). In addition, AROM expression has been reported in re-
gions that are not directly involved in the regulation of reproduc-
tive behavior, such as the hippocampus (Wehrenberg et al., 2001;
Hojo et al., 2004; Bender et al., 2010), the neocortex (MacLusky et
al., 1994; Yague et al., 2006, 2008), and, as also shown here, the
central and basolateral amygdala (Sanghera et al., 1991; Wagner
and Morrell, 1996; Horvath et al., 1997; Roselli et al., 1998; Zhao
et al., 2007). This suggests that the functions of AROM in the
brain are not limited to reproduction, but extend to mood, affec-

tive behaviors, and memory formation. Our data support this
view by showing that AROM is substantially expressed in
amygdalar nuclei that are crucial for several forms of emotion
and emotional memory (Beyeler et al., 2016), as follows: the ba-
solateral (specifically BL) and central (specifically CeAl) amygda-
lar nuclei. Focusing on the BL, we further show that AROM is
involved in the regulation of synaptic plasticity, as spine synapse
density and synaptic properties were altered in the BL, if AROM-
mediated E2 production was reduced by the nonsteroidal AROM
inhibitor letrozole. However, the observed effects were highly

Figure 6. Aromatase inhibition prevents LTP in the BL of female rats, but not in male rats. A, B, Averaged fEPSP slopes (percentage of baseline) before letrozole wash-in (baseline), after letrozole
wash-in (gray arrow), and after HFS in letrozole (red arrow) in amygdale slices from female (A) and male (B) rats. C, Characteristic fEPSPs slopes (asterisks) in females (top) and males (bottom); left,
10 min before letrozole wash-in (gray) and 60 min after letrozole wash-in (black); right, 60 min before (gray) and after HFS in letrozole (black). D, Quantitative analysis of the data from experiments
shown in A and B: mixed-factor ANOVA reveals no significant differences between females and males (F(1,12) � 1.5; p � 0.244) but indicates significant differences when letrozole and HFS were
applied (F(2,24) � 9.7; p � 0.001). For further differentiation one-way ANOVA was applied, demonstrating significant changes in fEPSP slopes before letrozole treatment, 60 min after letrozole
treatment, and 60 min after HFS in the presence of letrozole in males (100 	 1.3%, 134.7 	 9%, 156.1 	 10%; F(2,23) � 4.8; p � 0.019; n � 8, N � 8), but not in females (100 	 2.3%, 104.9 	
5.2%, 115 	 1.1%; F(2,17) � 0.26; p � 0.78; n � 6, N � 6).
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sex-dependent; whereas, in the female BL, letrozole application
caused a reduction of spine synapse density and virtually abol-
ished LTP, spine synapses were unaltered, and synaptic potenti-
ation was not suppressed by letrozole in the male BL.

Previously described sex differences involving AROM in brain
areas related to reproductive behavior clearly result from sex-
dependent AROM expression levels, which are regulated by
gonadal hormones (Abdelgadir et al., 1994; Zhao et al., 2007;
Tabatadze et al., 2014). AROM expression levels in cortical struc-
tures including the basolateral amygdala, however, appear not to
be governed by gonadal hormones (Tabatadze et al., 2014). Nev-
ertheless, as shown in the present study, sex-specific differences
in AROM function in the BLA exist. In adult mice, these differ-
ences could potentially be explained by fluctuations of peripheral
E2 during the female estrous cycle (Woolley and McEwen, 1992),
because, in our experiments, mice were not ovariectomized to
avoid dysregulation of the hypothalamus–pituitary axis (Prange-
Kiel et al., 2008). However, consistent findings in neonatal corti-
coamygdalar cultures and in acute slices from prepubertal rats, in
which the influence of peripheral E2 is excluded, do not support
this interpretation. Our present findings are further concordant
with previous observations in the hippocampus, in which the
inhibition of aromatase significantly reduced spine synapse den-
sities both in gonadally intact and in ovariectomized female, but
not in male mice (Zhou et al., 2010; Vierk et al., 2012). In addi-
tion, letrozole reduced hippocampal LTP sex-specifically at doses
that were also used in the present study (Vierk et al., 2015). To-

gether, these data suggest that brain AROM has sex-specific func-
tions that are independent of circulating E2 levels.

Our findings may thus be better explained by the assumption
that a pre-existing sex difference in E2 signaling has become un-
masked by the inhibition of an endogenous (amygdalar) E2 pro-
duction via letrozole. As AROM produces E2 from testosterone,
which otherwise would be converted by 5�-reductase to dihy-
drotestosterone (DHT), the most potent androgen (Selmanoff et
al., 1977), its inhibition will result in a shift in the levels of these
hormones, reducing E2, and increasing testosterone and DHT
(Harden and MacLusky, 2005; Simpson et al., 2005). Several lines
of evidence suggest that androgens (specifically DHT) have a
synaptogenic potential similar to that of estrogens (Hajszan et al.,
2008). For instance, reduced hippocampal spine and spine syn-
apse densities after ovariectomy are rescued by E2 in female rats
(Gould et al., 1990), while DHT restores synapse loss in males
after the removal of the testes (Leranth et al., 2003). Further, the
application of testosterone or DHT to primary hippocampal neu-
rons promotes a rapid, AR-dependent increase in spine density
(Hatanaka et al., 2015), similar to that mediated by E2 via ER�
(Mukai et al., 2007). An increase of androgens may thus be capa-
ble of replacing E2 after AROM inhibition, but may do this sex-
dependently, if male neurons are “programmed” to preferentially
respond to androgens while female neurons preferentially re-
spond to E2 (Hajszan et al., 2008). Indeed, sex-specific “pro-
gramming” of neurons has been described. For instance, the
exposure of neonatal hippocampal and striatal neurons to E2 or

Figure 7. Expression of ER�s and ARs in rat BLA. A–D, Immunohistochemistry (A, B) and quantitative Western blot analyses (C, D) of ER� expression in the BLA, CeA, and MeA of juvenile male
and female rats: expression was prominent in all subregions, but there was no expression difference between the subregions (F � 0.07, p � 0.92, one-way ANOVA; n � 6, 3 for each sex; C) and
between the sexes in BLA (rel. expression of ER�: 0.45 	 0.05 in females vs 0.48 	 0.09 in males; p � 0.77, unpaired t test; n � 8 of each sex; D) was evident. The top lane in C shows representative
ER� bands in the BLA, CeA, and MeA. E–H, Immunohistochemistry (E, F) and quantitative Western blot analyses (G, H) of AR expression in the BLA, CeA, and MeA of juvenile male and female rats:
stronger expression in the CeA and MeA compared with the BLA (F � 3.3, p � 0.06, one-way ANOVA; Bonferroni’s multiple-comparison tests revealed significant differences for BLA vs MeA and BLA
vs CeA; p � 0.05; n � 6 of each sex, G), but no expression differences between the sexes in BLA (rel. expression of AR: 0.50 	 0.06 in females vs 0.43 	 0.11 in males; p � 0.58, unpaired t test;
n � 8 of each sex; H) were observed. The top lane in G shows representative AR bands in the BLA, CeA, and MeA. Insets, Higher-magnification views of BL show AR immunoreactivity, localizing to
the nuclei of distinct cells. Scale bars: A, B, E, F, 150 �m; insets, 40 �m.
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testosterone alters their responsiveness to estradiol throughout
life via sex-specific priming of estrogen receptor-mediated sig-
naling pathways (Meitzen et al., 2012, 2013), demonstrating that
sexual hormones promote a sex-specific organization of brain
tissue on the molecular level during certain developmental
phases (McCarthy and Arnold, 2011; Chung and Auger, 2013).
Along this line, a developmentally primed, sex-specific E2 mod-
ulation of mGluR signaling was recently reported (Boulware et
al., 2005; Huang and Woolley, 2012; Tabatadze et al., 2015). We
therefore regard it as reasonable that a developmental sex-specific
priming of signaling pathways also underlies the sex difference in
the BL, which is established already neonatally (Fig. 4). ER�-
mediated signaling is a likely candidate for priming (Tabatadze et
al., 2015), as ER� is considered to be the predominant estrogen
receptor in BLA (Shughrue et al., 1997; Osterlund et al., 1998).
However, a role of ER� cannot be excluded, particularly in the
light of findings that LTP is altered in the BLA of female but not
male ER�-deficient mice, although these effects could also reflect
ER� functions outside of the BLA (Krezel et al., 2001).

A preference of male neurons for androgens and female neu-
rons for estrogens could further explain our observation that
letrozole wash-in alone (without HFS) already increased synaptic
transmission in male BL, whereas it had no effect in female BL
(Fig. 6D). Arguing against this interpretation are observations
that the physiological effects of androgens (specifically DHT)
appear to be inhibitory rather than excitatory (Reddy, 2004; Di
Mauro et al., 2015). It must be considered, however, that andro-
gen effects depend on the localization of the receptors, which
appears to be highly distinct in the BL (Fig. 7E,F). A selective
expression of ARs (e.g., on inhibitory neurons) could thus cause
AR-mediated effects in the BL to differ from those previously
observed in the hippocampus (Di Mauro et al., 2015). An alter-
native explanation may arise from recent observations that E2
suppresses perisomatic inhibition of CA1 pyramidal cells in fe-
male but not male rat hippocampus via a mechanism that pro-
motes ER�–mGluR1 association and involves sex-specific
endocannaboid signaling (Huang and Woolley, 2012; Tabatadze
et al., 2015). If these mechanisms were also active in the BL, the
withdrawal of endogenous E2 would result in increased inhibi-
tion in the females (abolishing LTP), but not in the males, in
which increased excitation could be the net effect. Clearly, addi-
tional studies will be necessary to determine whether any of these
scenarios underlies the observed effects.

Finally, our findings underline the necessity to study both
sexes if one wants to fully understand the mechanisms of fear and
anxiety, because sex differences in hormonal signaling could
manifest as sex differences in associative learning and emotional
responding. Substantial evidence for such differences exists, as
follows: the prevalence of anxiety disorders is twice as high in
women (Kinrys and Wygant, 2005), and men and women differ
in their ability to extinguish fear (Milad et al., 2009; Zeidan et al.,
2011). Likewise, classic conditioning upon stressful stimuli dif-
fers between male and female rats, depending on estrogen levels
(Wood and Shors, 1998). While previous studies have mainly
attributed these differences to varying peripheral hormone levels,
particularly during the female estrous cycle, the novelty of our
findings is that these differences do not have to be caused by the
peripheral hormones, but could be mediated by neurosteroids
intrinsically synthesized by the amygdala. As AROM is regulated
by neuronal activity (Balthazart and Ball, 2006; Charlier et al.,
2015; Fester et al., 2016) and is subject to endocrine regulation
(Prange-Kiel et al., 2008), it is well positioned to integrate signals
from both the neuroendocrine (hormonal) and neuronal

(activity-dependent) environment, and thus to modulate synap-
tic activity accordingly. This could be particularly important in
BLA, which coordinates subcortical input (Asan et al., 2013) with
sensory input from the thalamus and somatosensory cortex (Pit-
känen et al., 1997), and is reciprocally connected with the ventral
hippocampus and medial prefrontal cortex (Seidenbecher et al.,
2003; Hoover and Vertes, 2007; Orsini et al., 2011; Felix-Ortiz et
al., 2013). Examining E2-mediated synaptic plasticity in the BLA
and CeA in more detail may thus help to better understand cer-
tain sex differences in mood disorders as well as certain side ef-
fects of AROM inhibitors, which are frequently used for breast
cancer therapy (Gallicchio et al., 2012).
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