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Sex- and Estrus-Dependent Differences in Rat Basolateral
Amygdala
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Depression and anxiety are diagnosed almost twice as often in women, and the symptomology differs in men and women and is sensitive
to sex hormones. The basolateral amygdala (BLA) contributes to emotion-related behaviors that differ between males and females and
across the reproductive cycle. This hints at sex- or estrus-dependent features of BLA function, about which very little is known. The
purpose of this study was to test whether there are sex differences or estrous cyclicity in rat BLA physiology and to determine their
mechanistic correlates. We found substantial sex differences in the activity of neurons in lateral nuclei (LAT) and basal nuclei (BA) of the
BLA that were associated with greater excitatory synaptic input in females. We also found strong differences in the activity of LAT and BA
neurons across the estrous cycle. These differences were associated with a shift in the inhibition– excitation balance such that LAT had
relatively greater inhibition during proestrus which paralleled more rapid cued fear extinction. In contrast, BA had relatively greater
inhibition during diestrus that paralleled more rapid contextual fear extinction. These results are the first to demonstrate sex differences
in BLA neuronal activity and the impact of estrous cyclicity on these measures. The shift between LAT and BA predominance across the
estrous cycle provides a simple construct for understanding the effects of the estrous cycle on BLA-dependent behaviors. These results
provide a novel framework to understand the cyclicity of emotional memory and highlight the importance of considering ovarian cycle
when studying the BLA of females.
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Introduction
There are sex differences in the symptomology of affective disor-
ders (Frank et al., 1988; Silverstein, 1999; Kornstein et al., 2000;

Scheibe et al., 2003), and there are genetic psychiatric risk factors
that are sensitive to sex hormones (Mercer et al., 2016). There is
also evidence of sex differences in memory for emotional events
(Canli et al., 2002; Cahill et al., 2004; Andreano and Cahill, 2009;
Milad et al., 2010). While sociocultural factors shape emotion
expression, sex differences in the function of the amygdala may
also contribute to sex differences in emotion. Indeed, sex differ-
ences have been reported in amygdala activation patterns and
laterality (Cahill et al., 2004; Goldstein et al., 2005a), and even
functional connectivity between limbic structures (Hill et al.,
2014), but it has proven difficult to assess the neurobiological
underpinnings of these sex-related differences. Studies in rodents
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Significance Statement

There are differences in emotional responses and many psychiatric symptoms between males and females. This may point to sex
differences in limbic brain regions. Here we demonstrate sex differences in neuronal activity in one key limbic region, the
basolateral amygdala (BLA), whose activity fluctuates across the estrous cycle due to a shift in the balance of inhibition and
excitation across two BLA regions, the lateral and basal nuclei. By uncovering this push–pull shift between lateral and basal nuclei,
these results help to explain disparate findings about the effects of biological sex and estrous cyclicity on emotion and provide a
framework for understanding fluctuations in emotional memory and psychiatric symptoms.
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can uncover factors that contribute to sex differences and may
shed light on the effects of ovarian cycle on amygdala function
(Zeidan et al., 2011). Within the posterior medial amygdala, a
region that contributes to social and sexual behaviors, there are
robust sex differences including lateralized prepubertal differ-
ences in neuron number, excitatory synaptic input, and dendritic
morphology (Cooke and Woolley, 2005, 2009; Cooke et al.,
2007), postpubertal differences in soma size and morphology
(Rasia-Filho et al., 2004; Cooke, 2006), and sensitivity to sex hor-
mones (Nabekura et al., 1986; Schiess et al., 1988). In parallel, the
medial amygdala is a key site for the effects of sex hormones on
divergent social and sexual behaviors (Cooke et al., 2003; Cooke,
2006). However, much less is known about other amygdala re-
gions in females that contribute to emotional memory. One key
region, the basolateral amygdala (BLA), has several nuclei, in-
cluding the lateral nuclei (LAT) and basal nuclei (BA), that have
complementary but distinct roles in emotion-related behaviors
and memory. Sex differences exist in the expression of behaviors
that are sensitive to LAT and BA activity, such as less anxiety-like
behavior of females in the elevated plus maze (Johnston and File,
1991; Marcondes et al., 2001), less contextual fear conditioning
(Maren et al., 1994), but faster cued aversive eyeblink condition-
ing (Wood and Shors, 1998). This hints toward sex differences
in BLA function. While sex differences in affective behaviors can
differ in rodents and humans (Eliot and Richardson, 2016), a
better understanding of the neuroscience of sex differences has
important consequences for the interpretation of basic research
and can produce hypotheses that are testable in humans.

BLA-dependent behaviors oscillate across the ovarian cycle in
humans and rats (Markus, 1997; Goldstein et al., 2005b; Protopo-
pescu et al., 2005; Milad et al., 2009). These BLA-dependent be-
haviors are influenced by sex hormones, such as estradiol (Gupta
et al., 2001), which also modulates synaptic transmission in the
BLA (Womble et al., 2002). This suggests that the ovarian cycle
modulates BLA function, but this is poorly understood.

The purpose of this study was to determine whether there are
sex differences in BLA neuronal activity, and whether BLA
activity shifts with the estrous cycle of intact female rats. This
was assessed by in vivo extracellular recordings from anesthetized
rats. BLA neuronal activity is driven by excitatory glutamatergic
input and regulated by GABAergic inhibition. Therefore, we
tested whether glutamatergic drive and GABAergic regulation
can mechanistically explain sex differences and differences across
the estrous cycle by examination of anatomical correlates, in vitro
electrophysiological measures of synaptic activity, and in vivo
sensitivity of LAT and BA neuronal firing to glutamate and
GABA.

In addition, the LAT is important in cued fear conditioning,
and the BA is heavily involved in contextual fear conditioning
(Calandreau et al., 2005; Onishi and Xavier, 2010; Orsini et al.,
2011; Vlachos et al., 2011). To test whether shifts of neuronal
activity parallel shifts in LAT and BA function across the estrous
cycle, we measured cued and contextual fear behaviors that re-
flect the function of LAT or BA nuclei.

Materials and Methods
All experimental procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use
Committee at Rosalind Franklin University of Medicine and Science.
Measures were taken to reduce the number of animals used and to min-
imize distress.

Animals and determination of estrous cyclicity
Adult female and male Sprague Dawley rats (Charles River; http://www.
criver.com/products-services/basic-research/find-a-model/sprague-
dawley-rat) were group housed (three rats/cage) with food and water
available ad libitum. The animal housing room was maintained on a 12 h
reverse light/dark cycle within a limited temperature range (68 –79° F)
and humidity range (30 –70%). Rats were allowed 1 week to habituate to
the animal facility. Following 1 week of habituation, vaginal lavages were
performed on female rats, and cell cytology from samples was examined
under a microscope to monitor their estrous cycles as previously de-
scribed (Becker et al., 2005). Male rats were handled in a similar manner
and for a similar amount of time to control for daily handling of the
females. The female estrous cycle was monitored daily and followed a
4-day cycle pattern (2 d of diestrus, 1 d of proestrus, 1 d of estrus). Females
with inconsistent estrous cycles were not included for these experiments.
After 2 weeks of consistent and consecutive estrous cycles, females were
selected based on their estrous cycle phase. Experiments were planned
using females in either diestrus (low estrogen) or proestrus (high estro-
gen). The postnatal age of rats at experimental measurement averaged
77 d in females and 76 d in males. When possible, in vitro studies were
performed with the experimenter blind to sex and estrous cycle stage, and
in vivo studies were performed with the experimenter blind to estrous
state.

In vivo extracellular recording
Single-unit recordings. Animals were anesthetized with urethane (1.5–2.0
g/kg, i.p.; Sigma-Aldrich) and placed in a stereotaxic device (David Kopf
Instruments). The level of anesthesia was confirmed and repeatedly
checked by testing the hindlimb reflex. Body temperature was monitored
with a rectal temperature probe and was maintained at �37°C with a
heating pad (model TC-1000, CWE). Before surgery, the rat was injected
with a local anesthetic above the skull (0.2– 0.3 ml, s.c., 1% lidocaine,
Webster Veterinary Supply). After 5 min, incisions were made to expose
the skull, and burr holes were drilled over the BLA and mPFC of the right
hemisphere. Coordinates for these regions were determined using a ste-
reotaxic atlas (Paxinos and Watson, 1998) as follows (in mm): BLA, �4.8
to �5.6 lateral, �2.8 to �3.8 caudal from the bregma landmark on the
skull and 6.5–9.0 ventral; mPFC, �2.7 rostral, �0.7 lateral, and �3.7
ventral. A bipolar concentric electrode (David Kopf Instruments) was
slowly lowered into the mPFC. The mPFC electrode was used to monitor
the level of anesthesia with electroencephalography-like recordings of
cortical local field potentials. Rats were considered to be deeply anesthe-
tized when the primary component of local oscillations was between 0.5
and 1.0 Hz. Electrophysiological recordings were started no earlier than
1 h after the completion of surgery and bipolar electrode placement.
Single-barrel electrodes (2.0 mm outer diameter; World Precision In-
struments) were made using a vertical microelectrode puller (PE-2,
Narishige International) and were broken under a microscope to a tip
diameter of 1–2 �m and filled with 2% Pontamine Sky Blue in 2 M NaCl.
The recording electrode was lowered into the BLA using a hydraulic
micromanipulator (model 640, David Kopf Instruments). To ensure
similar sampling across animals, electrode penetrations through the BLA
followed a predetermined grid of coordinates. Signals from the recording
electrode were amplified (model 1800, A-M Systems) and filtered at 0.1
Hz (low frequency) and 5 kHz (high frequency). During electrophysio-
logical recordings, a digital oscilloscope (model 2530, B & K Precision)
and audio monitor (model AM10, Grass Technologies) were used to
monitor signals. Signals were digitized through an interface (ITC-18,
Heka Elektronik) to Axograph X software (version 1.3.5, Axograph
Scientific) on a Mac Pro computer (Apple). Data were stored on the
computer and an external hard drive for off-line analysis.

Glutamate and GABA iontophoresis. Multibarrel glass electrodes (four
barrels; A-M Systems) were made using a vertical microelectrode puller
(model PE-2; Narishige), and the tips were broken under microscopic
control. Each barrel contained a different solution. The recording barrel
was filled with a 2% Pontamine Sky Blue solution in 2 M NaCl, and the
other barrels were filled with 2 M NaCl for automatic current balancing,
100 mM glutamate, or 10 mM GABA. Drugs were applied by increasing
the current via an iontophoresis unit (model E104B, Fintronics).
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Histology for in vivo recordings. Recording and bipolar electrode sites
were verified histologically. At the end of electrophysiological recordings,
Pontamine Sky Blue was iontophoretically ejected from the recording
electrode to mark the recording site. A constant current of �30.0 �A was
passed through the recording electrode for a minimum of 20 min.
Bipolar electrode placement was marked with iron deposits by applying 3
stimulation pulses (1.0 mA, 10 s duration) as previously described (Flo-
resco and Grace, 2003). Immediately following the current injections,
rats were decapitated and their brains removed. Brains were stored in 4%
paraformaldehyde with 0.05% potassium ferrocyanide in 0.1 M phos-
phate buffer for 12 h and then stored in 25% sucrose in 0.1 M phosphate
buffer until sectioning. Brains were cut into 60 �m sections using a
freezing microtome (Leica Microsystems) and then Nissl stained. Re-
cording sites were verified by light microscopy and reconstructed using a
rat brain atlas (Paxinos and Watson, 1998).

In vitro whole-cell recordings
Animals were anesthetized (90 mg/kg ketamine and 10 mg/kg xylazine,
Webster Veterinary Supply) and transcardially perfused using ice-cold,
aerated (95/5% O2/CO2), high-sucrose artificial CSF (ACSF). The ASCF
contained the following (in mM): 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3,
7 dextrose, 7 MgCl2, and 0.5 CaCl2 (from Thermo Fisher Scientific); 1.3
ascorbic acid, 210 sucrose, and 3 sodium pyruvate (from Sigma-Aldrich);
and had an osmolality of �300 mOsm. After perfusion, the animal was
decapitated and the brain rapidly removed. Horizontal brain slices were
obtained at 300 �m on a vibratome (VT1000, Ted Pella) in ice-cold
high-sucrose ACSF. Brain slices were placed in physiological extracellular
ACSF (34°C) containing the following (in mM): 2.5 KCl, 125 NaCl, 1.25
NaH2PO4, 25 NaHCO3, 10 dextrose, 1 MgCl2, 2 CaCl2, 1.3 ascorbic acid,
and 3 sodium pyruvate for at least 1 h before recording. The recording
chamber was continuously perfused with the same physiological extra-
cellular ACSF, less the ascorbic acid and sodium pyruvate. Temperature
throughout the recording was maintained at 32–34°C. Electrodes (1.6–6
M� open tip resistance) were filled with an intracellular solution con-
taining the following (in mM): 150 CsCl, 0.2 EGTA, 10 HEPES, 2 NaCl, 4
ATP-Mg, 0.3 GTP-Tris, and 7 tris-phosphocreatine (Sigma-Aldrich); 5
QX314 chloride (Ascent Scientific); and 0.2% neurobiotin (Vector Lab-
oratories). Whole-cell voltage-clamp recordings were performed from
visually identified pyramidal neurons within the BLA, held between �70
and �80 mV. Only neurons that displayed �10% change across the
entire experiment in the current required to maintain the holding poten-
tial were included in the analysis. Recordings were performed using an
Axopatch 200B Amplifier or an Axoclamp 2A Amplifier (Molecular De-
vices). Signals were low-pass filtered at 3–5 kHz and digitized at 10 –50 kHz.
All electrophysiology data were recorded, stored on a computer (Mac
Pro, Apple), monitored on-line, and analyzed off-line with AxoGraph X
software (AxoGraph Scientific).

Synaptic currents. To isolate EPSCs, GABAA receptors were blocked
with (�)-bicuculline (10 �M, dissolved in dimethyl sulfoxide; Ascent
Scientific), and picrotoxin (10 �M, dissolved in ethanol; Tocris Cookson)
was added to the ACSF. The sodium channel blocker tetrodotoxin citrate
(TTX; 1 �M, dissolved in H2O; Ascent Scientific) was added to pharma-
cologically isolate miniature EPSCs (mEPSCs). At the conclusion of
experiments, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 �M,
dissolved in H2O; Tocris Cookson) was added to block AMPA receptors
(AMPARs) and to confirm the glutamatergic nature of the events. Final
total solvent concentration in the ACSF was �0.1% of the total volume.

To isolate spontaneous IPSCs (sIPSCs), CNQX (10 �M) was added to
the ACSF to block AMPARs, and AP-5 (50 �M; Tocris Cookson; dis-
solved in equimolar NaOH) was added to block NMDA receptors. TTX
(1 �M) was added to pharmacologically isolate miniature IPSCs (mIPSCs).
At the conclusion of experiments, (�)-bicuculline (10 �M) and picro-
toxin (10 �M) were added to the bath to confirm the GABAergic nature of
the events. Final solvent concentration in the ACSF was �0.1% of the
total volume.

Histology for in vitro recordings. After recordings, slices were fixed in
4% paraformaldehyde in 0.1 M PBS for up to 2 weeks at 4°C. Sections
were rinsed several times with PBS, treated with 1% Triton X-100 in PBS
(VWR International) for 6 – 8 h and then incubated overnight in the

Vectastain ABC Reagent (Vector Laboratories) in PBS at room temperature.
After three rinses with PBS, they were reacted with diaminobenzidine (DAB)
and H2O2 (Peroxidase Substrate Kit DAB, Vector Laboratories) in water to
visualize the neurobiotin-filled neurons. Slices were washed in PBS to stop
the reaction. Sections were then mounted and dried, and coverslips were
applied. This was used to localize the recording sites, verified by the position
of the filled neurons. Neurons were considered BLA pyramidal neurons if
they were histologically confirmed to lie within the BLA and had a morphol-
ogy consistent with pyramidal neurons.

Golgi-Cox staining of BLA neurons
Brains were rapidly removed, and coronal blocks containing the entire
BLA were placed into Golgi impregnation solution (FD Rapid GolgiStain
Kit, FD NeuroTechnologies). Throughout the processing, brains were
stored in containers protected from light. Brain tissue was processed for
Golgi-Cox staining according to a manufacturer-recommended proto-
col (FD Rapid GolgiStain Kit, FD NeuroTechnologies). Brain slices
(100 �m thickness; SM 2000 R Microtome, Leica) were collected into
20% sucrose in 0.1 M phosphate buffer, pH 7.4, at room temperature.
Slices were mounted on gelatinized slides and allowed to dry (25 min to
1 h), then were rinsed in double-distilled H2O (two times, 4 min each
rinse). Slides were dehydrated in a graded series of ethanol washes (50%,
75%, 95%, and 100%) and cleared with xylene. Coverslips were applied
with Permount and allowed to dry.

Parvalbumin immunohistochemistry
Animals were deeply anesthetized with pentobarbital (50 mg/kg, i.p.) and
transcardially perfused with vascular buffer and paraformaldehyde. Sec-
tions through the BLA of male and female rats were cut on a vibratome
(40 �M) and processed for parvalbumin (PV) immunoreactivity as pre-
viously reported (Rostkowski et al., 2009). Free-floating sections were
blocked for 3 h in 5% normal donkey serum (NDS) in parvalbumin
(PBS) gelatin and then incubated for 48 h with polyclonal PV primary
antibody (1:10,000; PV anti-goat; catalog #PV 25, SWANT; RRID:
AB_10000344), 4% NDS, and PBS-gelatin. Sections were rinsed in PBS-
gelatin and incubated with Alexa Fluor-488 secondary antibody (1:250;
donkey anti-goat; catalog #705–546-147, Jackson ImmunoResearch) in
PBS-gelatin for 3 h. After washes in Tris-buffered saline, pH 7.5, sections
were mounted on gelatin-subbed slides and air dried. Coverslips were
applied using polyvinyl alcohol-1,4-diazabicyclo[2.2.2]octane.

Brain sections were selected from each animal based on anatomical
features of the BLA and surrounding areas to match predetermined
bregma levels (�2.3, �2.56, �2.8, �3.14, �3.3, �3.6, and �3.8 mm;
Paxinos and Watson, 1998) and to ensure similar sampling across
groups. Seven images per animal were acquired with epifluorescence
microscopy and imported into NIS Elements (Nikon Instruments) for
the determination of cell counts. Microscopy and software settings were
equivalent for all sections and were processed together. For each image,
the LAT and BA were identified and the total number of cells in the LA
and BA was counted unilaterally throughout the rostral– caudal aspect of
the BLA. The specificity of the signal was assessed by eliminating either
the primary or secondary antibodies; further characterization of anti-
body specificity was previously described (Rostkowski et al., 2009).

Confirmation of estrous phase
Immediately after decapitation and brain removal, a visual inspection of
the uterine horns was performed in all females as a secondary measure to
confirm the estrous cycle phase (Becker et al., 2005). To further validate
our assessment of estrous cycle stage, trunk blood was collected from a
subset of females during the decapitation process. Blood samples were
immediately centrifuged, and the plasma collected and stored at �80°C
until quantification of estradiol levels using an estradiol radioimmunoassay
kit (sensitivity to 8 pg/ml; Coat-A-Count Estradiol Kit, SiemensMedical
Solutions USA).

Behavioral measures
Behavioral measures were obtained in a separate group of rats that were
not used for other measures.

Cued fear conditioning. Cued fear conditioning was performed as de-
scribed previously (Zhang and Rosenkranz, 2013). Conditioning and
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extinction testing were performed 4 d apart such that the rat was in the
same estrous phase during both sessions. Conditioning was conducted in
chambers enclosed in sound-attenuating cabinets (Ugo Basile), with an
audio speaker (Ugo Basile), a dim house light, an infrared LED light, and
a ceiling-mounted infrared-sensitive digital camera (Fire-i, Unibrain) in
the cabinets. Conditioning consisted of 2 min habituation followed by
five pairings of a neutral tone (10 s, 1500 Hz, 85 dB) and a coterminating
footshock (1 s, 0.3– 0.5 mA). Conditioning trials were presented at 60 s
intertrial intervals. Rats remained in the chamber for 1 min after the end
of the last conditioning trial and then were returned to their home cage.
Four days later, conditioned freezing and within-session acquisition of
extinction were tested in a contextually distinct chamber (different wall
pattern and color, odors, and flooring) to minimize contextual freezing.
Testing consisted of a 2 min habituation followed by 15 trials of tone
presentation (20 s, 1500 Hz, 85 dB) at a 60 s intertrial interval. No foot-
shock was presented during testing trials. After testing, animals were
returned to their home cage. Data were collected by a computer (E6500,
Dell) running video-tracking software (ANY-maze software, Stoelting)
that detects and records freezing behavior.

Contextual fear conditioning. Contextual conditioning and within-
session acquisition of extinction were performed 4 d apart, during the
same phase of the estrous cycle. The contextual fear conditioning and
testing followed the same procedure as the cued fear conditioning and
testing, except that testing was performed in the same chamber as the
conditioning and no tones were presented.

Active avoidance. Rats were placed in an active avoidance chamber
with a short divider down the center and a camera mounted overhead
(model C525 HD Webcam, Logitech) and given a 5 min habituation
period. Training was performed by presenting a tone (10 s, 1 kHz) fol-
lowed by a mild escapable footshock (0.3 mA). The footshock terminated
upon movement to the other side of the chamber. This was repeated for
30 trials, with 120 s intertrial interval over 3 consecutive days or until
criteria were reached (at least three avoidance responses over five con-
secutive trials). Avoidance was scored when the rat moved to the other
side of the chamber during the tone. Escape was scored when the rat
moved to the other side of the chamber in response to footshock. Rats
were tested for extinction 4 d after the first day of training. This com-
prised a 5 min habituation period followed by 30 trials of 10 s tones, with
a 60 s intertrial interval, in the absence of footshock. Data were collected
by a computer (E6500, Dell) running software (ANY-maze software,
Stoelting) to track the movement and position of the rat.

Experimental design
In vivo electrophysiology. The anesthesia depth of the animal was moni-
tored throughout the recording by measurement of cortical local field
potentials. Spectral analysis of oscillatory activity in the cortex was per-
formed (Axograph X), and cells recorded when the peak oscillatory fre-
quency was outside a range of 0.5–1.0 Hz were not included in the data
analysis. Recorded neurons were included in analyses if they were located
within the BLA and if the measured action potentials had a signal-to-
noise ratio of at least 3:1. Cells also were required to have a stable 10 min
of baseline activity as determined by a relatively consistent firing rate and
a �20% change in action potential amplitude.

The BLA is composed of two subtypes of cells, pyramidal-like principal
neurons (�85%) and interneurons (�15%; McDonald, 1985; McDon-
ald and Augustine, 1993; Sah et al., 2003; Rostkowski et al., 2009; Spam-
panato et al., 2011). Previous articles have demonstrated that principal
neurons in the BLA can be identified by typically slow firing rates (�0.5 Hz)
and wider action potential durations. Interneurons can be identified by
their shorter action potential duration (Washburn and Moises, 1992;
Rainnie et al., 1993; Rosenkranz and Grace, 1999), though this is a ten-
tative classification (Likhtik et al., 2006). To increase the reliability of
action potential duration measures, only neurons with a bimodal wave-
form were included for classification. In the current experiments, there
was only a small number of neurons with short action potential duration.
Based on the distribution of the action potential full-width duration
recorded at the current filter settings, neurons were considered probable
interneurons and analyzed separately if they had an action potential
width of �0.9 ms. The firing rate of BLA neurons was determined as the

number of action potentials per second (in hertz). The number of spon-
taneously active cells recorded during the first electrode track was mea-
sured to gauge the overall relative neuronal firing activity (West and
Grace, 2000; Zhang and Rosenkranz, 2012, 2016).

Glutamate iontophoresis. Upon isolation of a BLA neuron with a stable
firing rate, glutamate was applied at the following current intensities: �5,
�10, �20, �30, �40, �50, and, when feasible, up to �80 nA. Only
neurons that displayed a stable increase of firing during the glutamate
iontophoretic step were included in the analysis. The change in firing
rate at each current intensity was calculated for each neuron: [Firing
Rateglutamate � Firing Ratebaseline]. These values were averaged for
each current intensity.

GABA iontophoresis. BLA neuronal firing activity is normally low,
making it difficult to measure the sensitivity of neuronal firing to GABA.
Therefore, glutamate was iontophoretically applied to elicit 5–10 Hz
firing of BLA neurons. GABA was then iontophoretically applied in a
dose-dependent manner. GABA was applied at the following current
intensities: 5, 10, 20, 30, 40, and 50 nA. The percentage change in firing
rate at each GABA current intensity was calculated for each neuron:
100 � [Firing RateGABA � Firing Ratebaseline] � Firing Ratebaseline. The
values from this calculation were averaged for each current intensity.

Synaptic events. Postsynaptic events were detected during recording
epochs of a minimum of 4 min. The frequency and amplitude of all
synaptic events were measured by using a variable-amplitude sliding
template with a shape of an average synaptic current (Axograph X). The
detection threshold for the events was set at 2.5–3 times the baseline noise
SD. The frequency of events (in hertz) and the average amplitude were
calculated.

Inhibition/excitation ratio. The balance of inhibition and excitation
was calculated for in vivo iontophoresis and in vitro mPSCs. The in vivo
inhibition/excitation ratio was calculated by normalizing individual data
points for the effect of iontophoretic GABA at each current intensity (as
described above) by the average effect of iontophoretic glutamate at the
same current intensity: [ValueGABA � AverageGlutamate], and analyzed as
a function current intensity. The in vitro inhibition:excitation ratio was
calculated by normalizing individual neuronal data points of mIPSC
frequency by the average mEPSC frequency: [ValueIPSC � AverageEPSC].

Reconstruction of Golgi-stained neurons. Golgi-stained LAT and BA
neurons were reconstructed using Neurolucida software (MBF Biosci-
ence) under bright-field illumination (100� oil-immersion objective;
Eclipse E400 Microscope, Nikon) with CCD camera image acquisition
(1600 � 1200 pixels, 7.4 2 �m pixel size; Retiga 2000R, QImaging). Rat
brain atlases were used to determine LAT and BA borders (Paxinos and
Watson, 1998). Only neurons that appeared to be fully impregnated were
used. Neurons with breaks (	5 �m) in the dendrites were not included.
Neurons were selected based on previously described BLA neuron mor-
phology (e.g., large cell bodies with obvious primary dendrites and
spines; McDonald, 1982). Neurons that had a morphology consistent
with interneurons (bipolar, aspiny dendrites, or small somata with a few
aspiny dendrites) were not included in this analysis. Sholl analysis was
used to measure spine number in 10 �m steps (Sholl, 1953). Measures of
spines per branch order were obtained and normalized to the total num-
ber of spines [SpinesBranch � SpinesNeuron] to assess a shift in distribution
of spines across the dendritic tree (Padival et al., 2015). Photomicro-
graphs of each individual LAT or BA neuron were collected at similar
light settings using a 10�, 20�, and 100� objective. Displayed images
were adjusted to grayscale and the sizes of the images were adjusted, and
these manipulations were applied equally to all images (Photoshop,
Adobe Systems).

Statistical analysis
Statistical analysis was performed using Prism 5 software (GraphPad
Software). Data were compared between males and females (diestrus and
proestrus combined) to test whether there are sex differences, or between
diestrous and proestrous females to test for cycle stage-dependent differ-
ences. Outlier data points were removed if they were 	2.5 SDs from the
mean. This led to the removal of data for one Golgi-stained neuron, two
rats in the behavioral tasks, and one neuron recorded in vitro. Data were
tested for normality using the D’Agostino and Pearson omnibus normal-
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ity test. If a non-normal distribution was found, appropriate nonpara-
metric analysis was performed. Otherwise, two-tailed t tests to compare
two groups, one-way ANOVA to compare more than two groups, or
two-way ANOVA to compare along multiple factors were used. A p �
0.05 in two-tailed tests was considered statistically significant. All data are
displayed as the mean 
 SEM unless specified.

Results
The estrous cycle was reliably tracked by vaginal lavage, as dem-
onstrated in other studies (Urban et al., 1993; Becker et al., 2005)
and was confirmed by endocrine and anatomical measures.
Proestrous females had significantly higher estradiol levels com-
pared with diestrous females (diestrus: 114.2 
 15.6 pg/ml, n � 7;

proestrus: 184.3 
 20.5 pg/ml, n � 7; p �
0.0186, t � 2.720, two-tailed unpaired t
test), confirming the reliability of the es-
trous cycle phase during charting. Addi-
tionally, the uterine horns of proestrous
female rats were visibly edematous and
hyperemic, which is typical for that cycle
stage and the presence of estrogen tone
(Becker et al., 2005).

BLA neuron firing activity
As an initial global overview, activity
across the BLA (LAT � BA) was assessed
together. BLA neurons in males exhibited
a relatively slow firing rate (0.38 
 0.07
Hz, n � 40 neurons from n � 13 rats),
similar to previous findings in anesthe-
tized male rats (Rosenkranz and Grace,
1999; Likhtik et al., 2006; Zhang and
Rosenkranz, 2012). There was a signifi-
cant difference in BLA neuronal firing rate
between males and females (Fig. 1A). BLA
neurons in both diestrous and proestrous
females were more active compared with
males (diestrus: 1.82 
 0.33 Hz, n � 80
neurons from 24 rats; proestrus: 1.55 

0.29 Hz, n � 62 neurons from 14 rats;
males: 0.38 
 0.07 Hz, n � 40 neurons
from n � 13 rats; p � 0.0004, H � 15.78,
Kruskal–Wallis test; p � 0.05, Dunn’s
multiple-comparison test; male com-
pared with diestrus and male compared
with proestrus), though there were no dif-
ferences between the different cycle stages
( p 	 0.05, Dunn’s multiple-comparison
test). It is possible that differences in the
response to anesthesia could contribute to
differences in firing. While this itself could
indicate important neural sex differences,
precautions were taken to ensure a similar
depth of anesthesia. Neurons were only
included in analysis if the primary cortical
oscillation was between 0.5 and 1.0 Hz.
The average cortical primary oscillation
was not different between males and fe-
males (Fig. 1A; males, 0.83 
 0.04 Hz; fe-
males, 0.89 
 0.04 Hz; p � 0.248, t �
1.159, two-tailed unpaired t test). As a
global measurement of overall neuronal
firing in the BLA, we examined the num-
ber of spontaneously active neurons re-

corded in the first electrode penetration and compared this
between diestrous and proestrous female and male groups. There
was no significant difference in the relative number of spontane-
ously active neurons in the BLA between females and males (Fig.
1B; diestrus: 2.76 
 0.36 neurons/track, n � 24 rats; proestrus:
3.34 
 0.33 neurons/track, n � 14 rats; males: 2.63 
 0.30 neu-
rons/track, n � 13 rats; p � 0.347, F(2,51) � 1.081, one-way
ANOVA). All remaining analyses was performed separately be-
tween LAT and BA.

There was a significant sex difference in the firing rate of LAT
neurons, with a higher LAT neuron firing rate in females com-
pared with males (Fig. 1C; females: 1.56 
 0.33 Hz, n � 79 cells in

Figure 1. Sex differences in BLA neuron firing rate. A, BLA neurons in females exhibited a higher firing rate compared with
males, demonstrated as the number of action potentials per second in these representative recording traces. Depth of anesthesia
could contribute to the differences in BLA neuron firing rate and was monitored by cortical local field potential. There was no
significant sex difference in the primary component of the cortical oscillation ( p � 0.248, two-tailed unpaired t test; shown here
is box plot with or without Tukey’s test). B, The number of spontaneously firing BLA neurons per electrode track were similar across
female group (diestrus and proestrus) and male group ( p � 0.347, one-way ANOVA). C, LAT and BA neurons recorded in female
rats had significantly higher firing rates than male rats (LAT: p � 0.05; BA: p � 0.05; Mann–Whitney U tests). D, LAT neurons
recorded in diestrous and proestrous females were compared to examine the influence of the estrous cycle on neuronal firing rate.
Females in diestrus had a higher LAT neuronal firing rate compared with females in proestrus ( p � 0.05, Mann–Whitney U test;
shown here is box plot with or without Tukey’s test). E, Females in diestrus had a lower BA neuronal firing rate compared with
proestrus ( p � 0.05, Mann–Whitney U test; shown here is the box plot with or without Tukey’s test). *p � 0.05 Mann–Whitney
U test. Calibration y-axis: top traces, 20 �V; bottom traces, 10 �V.
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25 rats; males: 0.29 
 0.09 Hz, n � 20 cells
in 8 rats; p � 0.002, Mann–Whitney U
test � 441.5). To test whether estrous
phase influenced LAT neuron activity,
neuronal firing was compared between
the high estradiol proestrous phase and
the low estradiol diestrous phase. The fir-
ing of LAT neurons during diestrus was
significantly higher than proestrus (Fig.
1D; diestrus: 2.21 
 0.52 Hz, n � 47 cells
in 16 rats; proestrus: 0.60 
 0.11 Hz, n �
32 cells in 9 rats; p � 0.021, Mann–Whit-
ney U test � 521.5). Previous studies
suggest that BLA neurons recorded in
anesthetized male rats exhibit little
spontaneous bursting activity (Rosenk-
ranz and Grace, 2001; Likhtik et al., 2006;
Zhang and Rosenkranz, 2012). To test
whether this is also true in females, we cal-
culated the variability in the interspike
interval for each neuron [coefficient of
variation (CV)]. There was no difference
in the CV of LAT neuron firing across fe-
male and male groups (diestrus: 1.35 

0.081; proestrus: 1.49 
 0.131; males:
1.33 
 0.096; p � 0.515, H(2) � 1.327,
Kruskal–Wallis test). To verify that we are
likely recording a similar population of
neurons across rats, the action potential
width was compared, and found to be sta-
tistically similar across groups (p � 0.876,
H(2) � 0.265, Kruskal–Wallis test).

There was also a significant sex differ-
ence in the firing rate of BA neurons. The
BA neuronal firing rate was significantly
higher in females compared with males
(Fig. 1C; females: 1.88 
 0.30 Hz, n � 63
cells in 33 rats; males: 0.47 
 0.12 Hz, n �
20 cells in 9 rats; p � 0.006, Mann–Whit-
ney U test � 375.5). There was also a sig-
nificant difference across estrous cycle,
however, in the opposite direction as LAT.
The firing of BA neurons during diestrus
was significantly lower than during proestrus (Fig. 1E; diestrus:
1.26 
 0.29 Hz, n � 33 cells in 11 rats; proestrus: 2.56 
 0.52 Hz,
n � 30 cells in 10 rats; p � 0.0255, Mann–Whitney U test � 333).
There was no difference in the CV of BA neuron firing across
female and male groups (diestrus: 1.47 
 0.16; proestrus: 1.60 

0.15; males: 1.45 
 0.08; p � 0.742, H(2) � 0.597, Kruskal–
Wallis test) consistent with similar firing patterns. In addition,
there was no significant difference in the action potential widths
(Kruskal–Wallis test, p � 0.998, H(2) � 0.005), which is consis-
tent with recordings of a similar population of neurons across
groups. These results indicate sex differences in LAT and BA
neuronal firing and the opposite direction of changes in neuronal
firing between LAT and BA across the estrous cycle.

Glutamatergic drive of BLA neurons
Spontaneous firing reflects only one aspect of neural activity.
Glutamatergic inputs can potently activate BLA neurons. There-
fore, sex differences in glutamatergic drive may lead to sex differ-
ences in BLA function and may contribute to the observed sex
differences in firing rate.

Excitatory inputs to BLA
Increased neuronal activity observed in females may occur due to
a greater number of excitatory inputs. Most glutamatergic inputs
synapse onto spines of BLA neurons (Farb et al., 1992; Brinley-
Reed et al., 1995; Muller et al., 2006; Radley et al., 2007; Radem-
acher et al., 2010). A change in spine number can therefore reflect
a change in excitatory input. To examine whether there are dif-
ferences in spine number between sex or estrous phase, Golgi-
impregnated BLA neurons in diestrous and proestrous females
and males were reconstructed for morphological analysis (Fig.
2A,D). BLA neurons were separated based on their location in
the LAT or BA nuclei.

While LAT neurons had a similar overall dendritic length in
males and females (males: 2752 
 242.7 �m, n � 16 cells from 5
rats; females: 2992 
 242.0 �m, n � 32 cells from 10 rats; p �
0.534, t � 0.626, two-tailed unpaired t test), the same LAT neu-
rons in females had significantly more spines than males (Fig. 2B;
males: 288.1 
 28.3 spines; females: 549.8 
 48.6 spines; p �
0.0007, t � 3.638, two-tailed unpaired t test). However, there was
no significant difference in spine number across the estrous cycle

Figure 2. Sex differences in LAT and BA neuron morphology. A, Representative pictures of Golgi-Cox-stained LAT neurons in a
female (top) and a male (bottom) rat. Scale bars: 20 �m; inset, 5 �m. B, There were significantly more spines in LAT neurons in
females compared with males ( p � 0.05, two-tailed unpaired t test) and no significant difference in spine number between
diestrous and proestrous females ( p � 0.282, two-tailed unpaired t test). C, Across the dendritic tree there were no differences in
spine number ( p � 0.294, two-way RM-ANOVA) between diestrous and proestrous females. D, Representative pictures of Golgi-
Cox-stained BA neurons in a female (top) and male (bottom) rat. Scale bars: 20 �m; inset, 5 �m. E, The number of spines on BA
neurons was higher in females compared with males ( p � 0.05, two-tailed unpaired t test) and was dependent on the estrous
cycle where BA neurons in diestrous females had more spines compared with BA neurons in proestrous females (right; p � 0.050,
two-tailed unpaired t test). F, A greater number of spines was observed across the dendritic tree in BA neurons from diestrous
females ( p � 0.05, two-way RM-ANOVA). *p � 0.05 two-tailed unpaired t test; **p � 0.05 two-way RM-ANOVA.
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when measured as the total number of spines (Fig. 2B; diestrus:
496.8 
 66.96; proestrus: 602.9 
 70.1; n � 16 cells from 5
rats/group; p � 0.282, t � 1.095, two-tailed unpaired t test) or
when measured by Sholl analysis across the dendritic tree [Fig. 2C;
main effect of estrous phase: p � 0.294, F(1,30) � 1.141; estrous
phase � dendritic distance interaction. p � 0.249, F(29,870) � 1.168;
two-way repeated-measures (RM) ANOVA]. In addition, there was
no significant shift in the distribution of spines across the multiple
branch orders of neurons over the estrous cycle (main effect of es-
trous phase: p � 0.158, F(1,30) � 2.094; estrous phase � branch order
interaction: p � 0.919, F(13,390) � 0.510; two-way RM-ANOVA).

BA neurons displayed a similar pattern of sex differences, with
a significantly greater number of spines in BA neurons from fe-
male rats compared with male rats (Fig. 2E; males: 403.3 
 54.9
spines, n � 16 cells from 4 rats; females: 650.7 
 50.6 spines, n �
33 cells from 10 rats; p � 0.0042, t � 3.010, two-tailed unpaired t
test), without a significant difference in total dendritic length of
the same neurons (males: 3387 
 263.9 �m, n � 16 cells from 4
rats; females: 4150 
 525.9 �m, n � 33 cells from 10 rats; p �
0.333, t � 0.978, two-tailed unpaired t test). Different than LAT,
however, there was a significant difference in spine number
across the estrous cycle, with more spines on BA neurons during
diestrus compared with proestrus (Fig. 2E; diestrus: 753.8 
 71.1;
proestrus: 556.5 
 65.7; n � 16 –17 cells from 5 rats/group; p �
0.050, t � 2.02, two-tailed unpaired t test). This difference was
spread over a range of dendritic distances (Fig. 2F; main effect of

estrous phase: p � 0.0432, F(1,31) � 4.440; estrous phase � branch
order interaction: p � 0.978, F(29,899) � 0.540, two-way RM-
ANOVA) but was not associated with a significant shift in the dis-
tribution of spines across dendritic branches (main effect of estrous
phase: p � 0.158, F(1,20) � 2.094; estrous phase � branch order
interaction: p � 0.919, F(13,390) � 0.510, two-way RM-ANOVA).

Excitatory synaptic input
To test whether the anatomical indication of increased excitatory
inputs has a functional correlate, we examined glutamatergic
synaptic quantal frequency and quantal amplitude by measuring
mEPSCs in principal neurons in brain slices from male and fe-
male rats.

In LAT neurons, the frequency of mEPSC events was greater
in females compared with males (Fig. 3A,B; females: 5.84 
 0.58 Hz,
n � 39 cells from 8 rats; males: 3.40 
 0.56 Hz, n � 17 cells from
5 rats; p � 0.0138, t � 2.55, two-tailed unpaired t test). There was
no significant difference across estrous cycles in mEPSC fre-
quency (Fig. 3B; proestrus: 6.63 
 0.79 Hz, n � 22 cells from 4
rats; diestrus: 4.82 
 0.82 Hz, n � 17 cells from 5 rats; p � 0.1235,
t � 1.576, two-tailed unpaired t test). The amplitude of mEPSCs
was greater in LAT of females (10.46 
 0.47 pA) compared with
males (8.46 
 0.51 pA; p � 0.014, t � 2.54, two-tailed unpaired t
test), but there was no significant difference in mEPSC amplitude
across the estrous cycle (proestrus: 10.77 
 0.64 pA; diestrus:
10.06 
 0.70; p � 0.466, t � 0.7367, two-tailed unpaired t test).

Figure 3. Greater excitatory synaptic input in LAT and BA neurons in females. mEPSCs were measured from LAT principal neurons in vitro in female and male animals to determine whether the
observed anatomical differences had a functional correlate. A, Displayed here are representative traces of mEPSC recordings in male and female groups. B, Females had a significantly higher
frequency of mEPSCs in LAT neurons (left: p �0.05, two-tailed unpaired t test) and greater amplitude of mEPSCs compared with males (right: p �0.05, two-tailed unpaired t test). mEPSC frequency
(left: p � 0.124, two-tailed unpaired t test) and amplitude (right: p � 0.757, two-tailed unpaired t test) did not differ across the estrous cycle. C, Representative traces of mEPSC recordings in BA
neurons in male and female groups. D, The frequency of mEPSCs in BA neurons was greater in females compared with males (left: p � 0.05, two-tailed unpaired t test); however, there was no
difference in mEPSC amplitude between sexes (right: p � 0.463, two-tailed unpaired t test). The frequency of mEPSCs was significantly higher in diestrous females compared with proestrous
females (left: p � 0.05, two-tailed unpaired t test); however, mEPSC amplitudes were similar between the cycle stages (right: p � 0.757, two-tailed unpaired t test). *p � 0.05, two-tailed unpaired
t test.
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In BA neurons, the frequency of mEPSC events was greater in
females (Fig. 3C,D; 4.51 
 0.60 Hz, n � 29 cells from 8 rats)
compared with males (2.97 
 0.59 Hz, n � 15 cells from 5 rats;
p � 0.049, t � 2.028, two-tailed unpaired t test). The frequency of
mEPSCs also varied across the estrous cycle, with a higher
mEPSC frequency in BA neurons in diestrous females compared
with proestrous females (Fig. 3D; diestrus: 5.69 
 0.85 Hz, n � 14
cells from 4 rats; proestrus: 2.99 
 0.64 Hz, n � 15 cells from 4
rats; p � 0.016, t � 2.574, two-tailed unpaired t test). There was
no difference between males and females overall in BA mEPSC
amplitude (females: 9.01 
 0.34 pA; males: 9.53 
 0.74 pA; p �
0.463, t � 7.42, two-tailed unpaired t test) or across the estrous
cycle (diestrus: 9.121 
 0.456 pA; proestrus: 8.91 
 0.510 pA, p �
0.757, t � 0.312, two-tailed unpaired t test). These data comple-
ment the anatomical evidence for sex differences in excitatory
input across the BA and LAT, and estrous phase differences in
the BA.

In vivo sensitivity to glutamate
Differences in synaptic inputs measured above demonstrate the
potential for increased glutamatergic drive of BLA neurons in
females. To directly test the link between glutamatergic drive and
in vivo firing, the firing response of BLA neurons to iontophoretic
glutamate was measured. Glutamate was iontophoretically ap-
plied in increasing currents, leading to increased firing of neu-
rons (Fig. 4A,D).

Glutamate iontophoresis drove the firing of LAT neurons in
female rats more than male rats (Fig. 4B; main effect of sex: p �
0.0004, F(1,376) � 12.78; males: n � 19 cells in 7 rats; females: n �

29 cells in 13 rats, two-way ANOVA). In female rats, the effect of
glutamate on LAT neurons differed across the estrous cycle (Fig.
4C; main effect of estrous phase: p � 0.0316, F(1,234) � 4.678;
diestrus: n � 16 cells in 7 rats; proestrus: n � 13 cells in 6 rats,
two-way ANOVA), with greater response to low glutamate cur-
rent applications in proestrus and a greater response to high glu-
tamate current applications in diestrus (Fig. 4C; estrous phase �
current interaction: p � 0.0133, F(9,234) � 2.387, two-way
ANOVA).

When recording BA neurons, a similar sex difference was ob-
served. BA neurons in female rats were significantly more respon-
sive to glutamate iontophoresis than male rats (Fig. 4D,E; main
effect of sex: p � 0.0015, F(1,327) � 10.23; males: n � 10 cells in 7
rats; females: n � 32 cells in 13 rats, two-way ANOVA). The
effectiveness of glutamate to drive BA neuron firing differed
across the cycle, with a greater impact during proestrus than di-
estrus (Fig. 4F; main effect of estrous phase: p � 0.0001, F(1,248) �
25.99; diestrus: n � 18 cells in 7 rats; proestrus: n � 14 cells in 6
rats, two-way ANOVA). This demonstrates greater sensitivity of
BLA neurons to glutamate in females to accompany greater glu-
tamatergic synaptic input and that this sensitivity changes over
the estrous cycle.

These data suggest a parallel greater number of synaptic spines
and synaptic sites that may augment responses to iontophoretic
glutamate, and increased the firing of LAT and BA neurons in
females compared with males. However, this series of differences
does not explain shifts in LAT and BA activity across the estrous
cycle. The shift of LAT/BA neuron firing and glutamate sensitiv-

Figure 4. Glutamate iontophoresis drives LAT and BA neuronal firing rate more effectively in females than males. A, Representative traces of iontophoretic current applied to eject glutamate
(top), the neuronal response to glutamate (middle), and a time histogram of the firing rate (Hz) of the neuron across time (bottom) in LAT neurons recorded in a female (left) and male (right) rat.
B, Glutamate drove LAT neuron firing more effectively in females compared with males ( p � 0.05, two-way ANOVA). C, The effectiveness of glutamate to drive LAT neurons was dependent on the
estrous cycle stage, where glutamate was more effective at lower current applications in proestrous females and higher current applications were more effective in diestrous females ( p � 0.05,
two-way ANOVA). D, Representative traces of iontophoretic current applied to eject glutamate (top), the neuronal response to glutamate (middle), and a time histogram of the firing rate
(Hz) of the neuron across time (bottom) in BA neurons recorded in a female (left) and male (right) rat. E, Glutamate drove BA neuron firing more effectively in females compared with
males ( p � 0.05, two-way ANOVA). F, BA neurons in proestrous females were more responsive to glutamate iontophoresis compared with diestrous females ( p � 0.05, two-way
ANOVA). **p � 0.05, two-way ANOVA.
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ity across the estrous cycle did not match the shifts in spine
number or mEPSC frequency. The mismatched shifts in the post-
synaptic response to glutamate iontophoresis and spine number
across the estrous cycle could still be reconciled if there was a
change in the receptor sensitivity to glutamate. However, the
amplitude of mEPSCs was similar across the cycle, which is in-
consistent with a change in the receptor sensitivity to glutamate.
This points to other factors that may be influencing the link be-
tween glutamatergic input number, response to glutamate and
neuronal firing.

GABAergic inhibition of BLA neurons
GABAergic inhibition is a key factor that regulates neuronal fir-
ing. Differences in inhibitory synaptic input may contribute to
the sex differences observed in BLA neuronal activity.

PV-immunopositive interneurons in the BLA
PV-immunopositive (PV�) interneurons provide the main
source of GABAergic inhibition in the BLA. The number of PV�

cells was quantified across the BLA (Fig. 5) and demonstrated a
rostral-caudal distribution whereby more cells were noted in the

Figure 5. PV-immunopositive cell numbers are decreased in the BLA of female rats in proestrus. A, Representative images of PV staining of LAT and BA nuclei, in diestrous, proestrous, and male
groups (�2.56 mm from bregma). Inset depicts higher-magnification image of single cells. B, The number of PV � neurons in the LAT nucleus was significantly higher in male compared with female
rats ( p � 0.0321, two-tailed unpaired t test). Females in proestrus had lower numbers of PV � neurons in the LAT nucleus compared with females in diestrus ( p � 0.0288, two-tailed unpaired t
test), and this was observed across rostral-caudal regions. C, Males had a higher number of PV � neurons in the BA nucleus compared with females ( p � 0.0045, two-tailed unpaired t test), and
proestrous females had lower numbers of PV � neurons than diestrous females ( p � 0.0210, two-tailed unpaired t test). D, sIPSCs were measured in LAT neurons and BA neurons to examine
GABAergic synaptic input. Shown here are examples of sIPSCs recorded from BA slices obtained from a male, a diestrus female, and a proestrus female rat. E, The sIPSC frequency in LAT neurons was
higher in females compared with males ( p � 0.0015, two-tailed unpaired t test). Across the estrous cycle, there was a lower frequency of sIPSCs in LAT neurons during proestrus ( p � 0.0291,
two-tailed unpaired t test). F, In a similar manner, the sIPSC frequency in BA neurons was higher in females compared with males ( p � 0.0254, two-tailed unpaired t test). Across the estrous cycle,
there was a lower frequency of sIPSCs in BA neurons during proestrus ( p � 0.0002, two-tailed unpaired t test). *p � 0.05, two-tailed unpaired t test. Scale bar, 100 �m.
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caudal aspects of the complex. The total number of PV� cells was
significantly lower in females compared with males in both the
LAT (Fig. 5B; p � 0.0321, t � 2.347, df � 16; males: n � 7 rats;
females: n � 11 rats, two-tailed unpaired t test) and BA (Fig. 5C;
p � 0.0045, t � 3.338, df � 15; males: n � 7 rats; females: n � 10
rats; two-tailed unpaired t test). When accounting for estrous
cyclicity, the number of PV� cells was lower in proestrous com-
pared with diestrous females in the LAT (Fig. 5B; LAT; p �
0.0288, t � 2.60, df � 9; diestrus: n � 6; proestrus: n � 5; two-
tailed unpaired t test) and the BA (Fig. 5C; p � 0.0210, t � 2.865,
df � 8; diestrus: n � 6 rats; proestrus: n � 4 rats, two-tailed
unpaired t test). Though not readily quantifiable, there was an
observed decrease in the incidence of PV� pericellular basket
staining in the BA during proestrus. While there are significant
changes in the number of PV� cells (interneurons) across the
cycle, it is not likely that this represents the generation of new
neurons per se. As noted in other studies, the expression of PV
within various brain regions is activity dependent (Carder et al.,
1996; Patz et al., 2004), and, therefore, the alterations observed in
the number of PV� neurons may reflect the activity of the PV
class of interneurons. Measurement of spontaneous IPSCs can
reflect firing of interneurons; therefore, to test for differences in
the activity of interneurons, sIPSCs were measured.

Inhibitory synaptic input
To test whether there are functional differences in GABAergic
inhibition, we measured the frequency and amplitude of sIPSC
and mIPSC in brains slices from diestrous and proestrous females
and males.

The sIPSC frequency in LAT neurons was higher in females
compared with males (Fig. 5E; males: 1.90 
 0.31 Hz, n � 10 cells
from 7 rats; females: 5.91 
 0.70 Hz, n � 27 cells from 10 rats; p �
0.0015, t � 3.454, two-tailed unpaired t test). Across the estrous
cycle, there was a lower frequency of sIPSCs in LAT neurons
during proestrus (Fig. 5E; diestrus: 7.45 
 1.04, n � 13 cells from
5 rats; proestrus: 4.47 
 0.79, n � 14 cells from 5 rats; p � 0.0291,
t � 2.315, two-tailed unpaired t test). There was no difference in
sIPSC amplitude in LAT neurons between males and females
(males: 15.67 
 1.51 pA; female: 18.44 
 0.83 pA; p � 0.0977, t �
1.705, two-tailed unpaired t test) and across the estrous cycle
(diestrus: 19.08 
 1.00 pA; proestrus: 17.85 
 1.33 pA; p � 0.470,
t � 0.7340, two-tailed unpaired t test).

In a similar manner, the sIPSC frequency in BA neurons was
higher in females compared with males (Fig. 5F; males: 2.28 

0.34 Hz, n � 12 cells from 8 rats; females: 4.97 
 0.75, n � 27 cells
from 11 rats; p � 0.0254, t � 2.330, two-tailed unpaired t test).
Across the estrous cycle, there was a lower frequency of sIPSCs in
BA neurons during proestrus (Fig. 5F; diestrus: 7.78 
 1.09 Hz,

Figure 6. mIPSC frequency in BA neurons is higher in diestrous females. To examine the effect of sex/estrous cycle on GABA release probability and number of synapses, mIPSCs were measured
in female and male groups. A, Representative traces of mIPSCs recorded from LAT neurons in male and female groups. B, Females had greater mIPSC frequencies in LAT neurons compared with males
(left; p � 0.05, two-tailed unpaired t test); however, the frequency of mIPSCs did not differ between diestrous and proestrous groups (left; p � 0.135, two-tailed unpaired t test). There were no
differences in mIPSC amplitudes between males and females (right; p � 0.3547, two-tailed unpaired t test), or diestrous and proestrous females (right; p � 0.8010, two-tailed unpaired t test).
C, Representative traces of mIPSCs recorded from BA neurons in male and female groups. D, In BA neurons, males and females had similar mIPSC frequencies (left; p � 0.129, two-tailed unpaired
t test) and no differences in mIPSC amplitudes (right; p � 0.0576, two-tailed unpaired t test). Diestrous females had greater mIPSC frequencies compared with proestrous females (left; p � 0.05,
two-tailed unpaired t test), with no differences in mIPSC amplitudes observed (right; p � 0.2401, two-tailed unpaired t test). *p � 0.05, two-tailed unpaired t test.
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n � 12 cells from 6 rats; proestrus: 2.73 
 0.57 Hz, n � 15 cells
from 5 rats; p � 0.0002, t � 4.361, two-tailed unpaired t test).
sIPSC amplitude was not significantly different between males
and females (males: 15.32 
 0.55 pA; females: 16.98 
 0.70 pA;
p � 0.1450, t � 1.497, two-tailed unpaired t test) or diestrus and
proestrus (diestrus: 18.41 
 1.01 pA; proestrus: 15.99 
 0.87 pA;
p � 0.0900, t � 1.782, two-tailed unpaired t test).

Coordinated differences in PV� and sIPSC frequency across
the estrous cycle point toward differences in the number or ac-
tivity of PV� interneurons. A change in sIPSC frequency can be
caused by a change of interneuron firing or GABA release. To
narrow the options and remove interneuron firing activity as a
factor, mIPSC frequency and amplitude were measured (with 1 �M

TTX; Fig. 6). There were significant sex differences in mIPSC
frequency in LAT neurons, with a greater mIPSC frequency in
females compared with males (Fig. 6A,B; males: 1.29 
 0.29 Hz,
n � 10 cells from 4 rats; females: 4.58 
 0.73 Hz, n � 25 cells from
9 rats; p � 0.0089, t � 2.781, two-tailed unpaired t test). There
was no significant difference in the frequency of mIPSCs across
the estrous cycle in LAT neurons (Fig. 6B; diestrus: 5.14 
 0.92 Hz,
n � 13 cells from 6 rats; proestrus: 3.43 
 0.64 Hz, n � 14 cells
from 5 rats; p � 0.1346, t � 1.546, two-tailed unpaired t test). No
difference was observed in mIPSC amplitude between males and
females (Fig. 6B, right; males: 13.33 
 1.62 pA; females: 14.71 

0.68 pA; p � 0.3547, t � 0.9388, two-tailed unpaired t test) or
diestrous and proestrous groups (Fig. 6B, right; diestrus: 14.89 

0.82 pA; proestrus: 14.54 
 1.08 pA; p � 0.8010, t � 0.2550,
two-tailed unpaired t test).

While a sex difference in the frequency of mIPSCs recorded
from BA neurons did not reach statistical significance (Fig. 6D;
males: 1.77 
 0.33 Hz, n � 10 cells from 4 rats; females: 3.93 

0.86 Hz, n � 25 cells from 8 rats; p � 0.1288, t � 1.558, two-tailed
unpaired t test), there were substantial differences across the
estrous cycle. There was a greater frequency of mIPSCs in BA
neurons during diestrus compared with proestrus (Fig. 6C,D;
diestrus: 6.51 
 1.65 Hz, n � 10 cells from 4 rats; proestrus:
2.21 
 0.65 Hz, n � 15 cells from 4 rats; p � 0.0109, t � 2.772,
two-tailed unpaired t test). There was no significant difference in
mIPSC amplitude between males and females (Fig. 6D, right;
males: 12.20 
 0.55; females: 13.89 
 0.51; p � 0.0576, t � 1.972,
two-tailed unpaired t test) or diestrous and proestrous groups
(Fig. 6D, right; diestrus: 14.58 
 0.72 pA; proestrus: 13.35 
 0.70
pA; p � 0.2401, t � 1.209, two-tailed unpaired t test). These
results are consistent with sex differences in GABA release/syn-
apse number in the LAT and BA. However, the results point to a
shift in interneuron activity across the estrous cycle in LAT, but a
shift in GABA release/synapse number and interneuron activity
across the estrous cycle in BA.

To further test this working hypothesis, paired-pulse facilita-
tion of IPSCs was measured in vitro and interneuron firing was
measured in vivo. Paired-pulse ratio of evoked IPSCs (50 ms
interstimulus interval) was measured across the estrous cycle.
There was a significant difference in the BA, where the paired-
pulse ratio was lower in diestrus compared with proestrus (Fig.
7B; p � 0.0319, t � 2.300; diestrus: n � 10 cells from 5 rats;
proestrus: n � 13 cells from 6 rats; two-tailed unpaired t test).

Figure 7. Paired-pulse stimulation and interneuron firing activity indicate different sources for estrous cyclicity in LAT and BA. Paired-pulse stimulation of GABAergic input was measured.
A, Representative examples of paired-pulse responses recorded from a LAT neuron during diestrus or proestrus (gray: 10 consecutive responses; black: average). There was no difference in the
paired-pulse ratio of GABAergic input across the estrous cycle in LAT neurons (right; p � 0.5550, two-tailed unpaired t test). B, Representative examples of paired-pulse responses recorded from a
BA neuron during diestrus or proestrus (gray: 10 consecutive responses; black: average). There was a significant shift in the paired-pulse ratio of GABAergic input across the estrous cycle in BA neurons
(right; p � 0.05, two-tailed unpaired t test). C, Presumptive interneurons displayed a short action potential half-width compared with principal neurons (left). Based on the distribution of
half-widths, a cutoff of �0.9 ms was used to identify presumptive interneurons (right). D, Representative example of a presumptive LAT interneuron firing recorded in a diestrous or proestrous
female. E, Representative example of a presumptive BA interneuron firing recorded in a diestrous or proestrous female. F, The average firing rate of presumptive LAT interneurons was significantly
higher in diestrous compared with proestrous females ( p � 0.05, two-tailed unpaired t test). In contrast, the average firing rate of presumptive BA interneurons was not significantly different across
the estrous cycle ( p � 0.2547, two-tailed unpaired t test; shown here is the box plot with or without Tukey’s test). *p � 0.05, two-tailed unpaired t test.
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Along with the observed differences in mIPSC frequency, this is
consistent with greater GABA release probability during diestrus.
There was no significant difference in paired-pulse ratio in LAT
neurons across the estrous cycle (Fig. 7A; p � 0.5550, t � 0.5990;
diestrus: n � 11 cells from 5 rats; proestrus: n � 14 cells from 6
rats; two-tailed unpaired t test), consistent with LAT differences
in sIPSCs due to interneuron activity, not GABA release.

A small number of neurons fit criteria for presumptive in-
terneurons (Fig. 7C; it should be noted that the number of pre-
sumptive interneurons might not reflect the true proportion of
interneurons in the BLA due to the tentative nature of their iden-
tification and attempts to isolate and record interneurons after
the initial electrode track). There was a significant difference in
the average firing rate of presumptive interneurons across the
estrous cycle in the LAT, with a lower firing rate during proestrus
(Fig. 7D,F; diestrus: 8.0 
 1.7 Hz, n � 5 cells in 5 rats; proestrus:
3.36 
 1.0 Hz, n � 6 cells in 6 rats; p � 0.0291, t � 2.593,
two-tailed unpaired t test). There were no significant differences
in the firing rate of presumptive interneurons in the BA across the
estrous cycle (Fig. 7E,F; diestrus: 7.3 
 2.0 Hz, n � 6 cells in 6
rats; proestrus: 4.4 
 1.4 Hz, n � 6 cells in 6 rats; p � 0.2547, t �
1.208, two-tailed unpaired t test). This is consistent with a shift in
interneuron firing in the LAT contributing to a shift in sIPSCs
across the estrous cycle, while a shift in GABA release contributes
to a shift in sIPSCs in the BA.

In vivo sensitivity to GABA
To test whether sex differences of GABAergic function in vivo can
produce sex differences in BLA neuronal firing, postsynaptic
responses to GABA were measured by GABA iontophoresis.
Neurons were induced to fire at 5–10 Hz with iontophoretic glu-
tamate. The effect of iontophoretic GABA on this firing was mea-

sured. GABA suppressed the firing of BLA neurons (Fig. 8A,D).
However, there were sex- and estrous-dependent differences in
the ability of GABA to inhibit firing. In the LAT, GABA sup-
pressed the firing of neurons in males more effectively than in
females (Fig. 8A,B; main effect of sex: p � 0.0005, F(1,137) �
12.87; males: n � 10 cells in 7 rats; females: n � 13 cells in 12 rats;
two-way ANOVA). In addition, GABA was more effective in sup-
pressing LAT neuron firing during proestrus compared with di-
estrus (Fig. 8A,C; main effect of estrous phase: p � 0.0495, F(1,73) �
3.991; diestrus: n � 7 cells in 6 rats; proestrus: n � 6 cells in 6 rats;
two-way ANOVA). A remarkably different pattern emerged in
the BA, with main effects in the opposite direction as LAT. Thus,
GABA suppressed the firing of BA neurons in females more ef-
fectively than in males (Fig. 8D,E; main effect of sex: p � 0.0001,
F(1,210) � 23.02; males: n � 11 cells in 7 rats; females: n � 21 cells
in 13 rats; two-way ANOVA). Also opposite to LAT, GABA was
more effective in suppressing BA neuron firing during diestrus
compared with proestrus (Fig. 8 D, F; main effect of estrous
phase: p � 0.0006, F(1,133) � 12.32; diestrus: n � 13 cells in 7
rats; proestrus: n � 8 cells in 6 rats; two-way ANOVA). These
results demonstrate a change in the in vivo sensitivity to GABA
across the estrous cycle that can work in parallel with the
observed changes in GABA release and interneuron activity.

Inhibition/excitation ratio
While the in vitro and in vivo measures of glutamatergic and
GABAergic function are internally consistent, the in vitro mea-
sures do not perfectly predict the in vivo firing. This led us to
hypothesize that the absolute glutamatergic or GABAergic influ-
ence is not the most important factor to predict differences in
neuronal firing. Rather, the relative balance between GABAergic

Figure 8. Opposite in vivo sensitivity to GABA across estrous females between LAT and BA. GABA was iontophoresed in ascending current, while neuronal firing was measured. A, Representative
traces of iontophoretic current applied to eject GABA (top), the neuronal response to GABA (middle), and a time histogram of the firing rate of LAT neurons recorded from a male (left) and female
rat (right). B, In LAT neurons, GABA was more effective in suppressing neuron firing in males compared with females ( p � 0.05, two-way ANOVA). C, GABA was also more effective in suppressing
LAT neuron firing in proestrous females compared with diestrous females ( p � 0.05, two-way ANOVA). D, Representative traces of iontophoretic current applied to eject GABA (top), the neuronal
response to GABA (middle) and a time histogram of the firing rate of BA neurons recorded from a male (left) and a female (right) rat. E, In contrast to LAT neurons, GABA was more effective at
suppressing the firing of BA neurons in females compared with males ( p � 0.05, two-way ANOVA). F, Also in contrast to LAT neurons, GABA was more effective in suppressing BA neuron firing in
diestrous compared with proestrous females ( p � 0.05, two-way ANOVA). **p � 0.05, two-way ANOVA.
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inhibition and glutamatergic excitation could be key (Arruda-
Carvalho and Clem, 2014). This was measured as the ratio of
the effects of iontophoretic GABA/iontophoretic glutamate
on in vivo neuronal firing and the in vitro ratio of mIPSCs to
mEPSCs.

In the LAT, the inhibitory/excitatory ratio was shifted toward
stronger inhibition during proestrus, when measured as either
the in vivo balance (Fig. 9A, left; main effect of estrous phase: p �
0.0024, F(1,62) � 10.06, two-way ANOVA) or the in vitro balance
(Fig. 9A, right; p � 0.0212, t � 2.472, two-tailed unpaired t test).
In contrast, in the BA, the inhibitory/excitatory ratio was shifted
toward stronger inhibition during diestrus, when measured as
either the in vivo balance (Fig. 9B, left; main effect of estrous
phase: p � 0.0001, F(1,114) � 19.80, two-way ANOVA) or the in
vitro balance (Fig. 9B, right; p � 0.0026, t � 3.378, two-tailed
unpaired t test). Thus, in vivo and in vitro measures of the inhibi-
tory– excitatory balance are mutually predictive across the es-
trous cycle and reveal an opposite shift between the LAT and BA.

LAT- and BA-dependent fear behavior
Learned fear behavior depends strongly on the BLA, with the LAT
contributing to cued fear and the BA contributing to contextual

fear. These behaviors, and in particular their extinction, are sen-
sitive to shifts in excitatory and inhibitory drive (Harris and
Westbrook, 1998; Akirav et al., 2006; Ehrlich et al., 2009; Makkar
et al., 2010; Heaney et al., 2012; Cho et al., 2013; Wolff et al.,
2014). Because our data above demonstrate a shift in the inhibi-
tory– excitatory balance across the estrous cycle, but in opposite
directions in the LAT and BA, we tested whether LAT- and BA-
dependent fear extinction displays opposite estrous cyclicity that
mirrors the inhibitory– excitatory balance shifts.

There were no significant differences in the acquisition of fear
compared across the estrous cycle (Fig. 10B; diestrus: n � 17;
proestrus: n � 15; main effect of estrous phase: p � 0.163, F(1,30) �
2.058; estrous � trial interaction: p � 0.370, F(5,150) � 1.088,
two-way RM-ANOVA). The acquisition of extinction of con-
ditioned freezing to a cue was measured in a novel chamber.
Diestrous rats displayed significantly slower acquisition of ex-
tinction to the cue compared with proestrous rats (Fig. 10C; main
effect of estrous phase: p � 0.0498, F(1,30) � 4.180; estrous
phase � trial interaction: p � 0.1468, F(15,450) � 1.392; diestrus:
n � 17; proestrus: n � 15; two-way RM-ANOVA). It is possible
that the difference in fear extinction across the estrous cycle could
simply be due to differences in the propensity to freeze. Emerging
evidence indicates that there may be sex differences in the pre-
dominant manner by which male and female rats express fear
memory (Gruene et al., 2015). To examine this, darting behavior
was quantified during the expression of cued fear (Gruene et al.,
2015). There was minimal darting in these rats (0 of 6 male rats; 1
of 29 female rats; in females: 1 of 14 diestrus rats; 0 of 15 proestrus
rats), requiring another approach to assess active cued condi-
tioned responses. The very low level of darting observed during
extinction may be due to a smaller number of conditioned stimu-
lus– unconditioned stimulus conditioning trials, lower shock
intensity, and differences in the size of the chambers used. To
further test for differences in expression that may be due to dif-
ferences in predominant activity instead of fear, we examined
the extinction of active avoidance, in which learned behavior is
expressed as movement instead of freezing. Diestrous and proes-
trous rats displayed similar learning behavior (days 1–3). How-
ever, there was a significant difference in extinction behavior (test
day). Diestrous females displayed slower extinction compared
with proestrous females (Fig. 10C; estrous phase � trial block
interaction: p � 0.0365, F(5,60) � 2.559; diestrus: n � 9; proestrus:
n � 8; two-way RM-ANOVA). These results parallel the slower
extinction of cued-evoked conditioned freezing in diestrous
females.

While cued freezing and its extinction rely on the LAT, con-
textual freezing and its extinction may rely more heavily on the
BA (Calandreau et al., 2005; Onishi and Xavier, 2010; Orsini et
al., 2011; Vlachos et al., 2011). The acquisition of the extinction of
conditioned freezing to the context was measured across time.
Proestrous females displayed slower acquisition of extinction
to context compared with diestrous females (Fig. 10D; estrous
phase � trial block interaction: p � 0.0001, F(11,396) � 4.914;
diestrus: n � 20; proestrus: n � 18; two-way RM-ANOVA),
which is opposite to the pattern observed with cued fear. These
results demonstrate a functional shift in LAT- and BA-dependent
behaviors across the estrous cycle that mirrors the shift in the
inhibition– excitation balance.

There were no significant differences between male and fe-
male rats in the acquisition of fear (Fig. 11A; main effect of sex:
p � 0.491, F(1,36) � 0.485; sex � trial interaction: p � 0.964,
F(5,180) � 0.1956; n � 11 male rats; n � 32 female rats; two-way
RM-ANOVA). However, female rats demonstrated more robust

Figure 9. Opposite inhibition– excitation balance in LAT and BA across the estrous cycle. To
examine the balance of glutamatergic and GABAergic function in our in vivo and in vitro mea-
sures, we compared the ratio of GABAergic inhibition to glutamatergic excitation. A, In the LAT,
the balance was shifted toward greater in vivo inhibition during proestrus compared with di-
estrus. Proestrous females had a higher inhibitory/excitatory ratio in LAT neurons both in vivo
(left; p � 0.05, two-way ANOVA) and in vitro (right; p � 0.05, two-tailed unpaired t test). B, In
the BA nucleus, diestrous females had a greater inhibitory/excitatory ratio both in vivo (left; p�
0.05, two-way ANOVA) and in vitro (right; p � 0.05, two-tailed unpaired t test). *p � 0.05,
two-tailed unpaired t test; **p � 0.05, two-way ANOVA.
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initial expression of conditioned fear (Fig. 11B; first three trials;
freezing during the first three trials collapsed: females: 56.6 

2.8% of time freezing; males: 46.0 
 2.8% of time freezing; p �
0.042, t � 2.10, df � 41; n � 11 male rats; n � 32 female rats;
two-tailed unpaired t test), but there was no evidence of sex dif-
ferences in the acquisition of extinction (Fig. 11B; main effect of
sex: p � 0.493, F(1,41) � 0.478; sex � trial interaction: p � 0.979,
F(15,615) � 0.400; n � 11 male rats; n � 32 female rats; two-way
RM-ANOVA). In the active avoidance task, a greater initial ex-
pression of active avoidance was observed in female rats (Fig.
11D, trial block 1, extinction day; main effect of sex: p � 0.0490,
F(1,20) � 4.395; n � 8 male rats; n � 17 female rats; two-way
RM-ANOVA). However, when this difference in initial expres-
sion was taken into account, there was no significant difference in
the extinction of active avoidance (Fig. 11D, right; main effect of
sex: p � 0.982, F(1,20) � 0.0005, two-way RM-ANOVA). In the
expression of contextual fear, there were hints toward an initially
more robust expression in female rats (Fig. 11C; freezing during
the first two segments collapsed; females: 58.1 
 1.5%; males:
47.5 
 3.3%, p � 0.0023, t � 3.22, df � 47; males: n � 11 rats;
females, n � 38 rats; two-tailed unpaired t test), but no significant
evidence for a difference in extinction (Fig. 11C; main effect of
sex: p � 0.650, F(1,46) � 0.208; sex � trial interaction: p � 0.737,
F(11,506) � 0.702, two-way RM-ANOVA).

Discussion
In rodent limbic regions, such as hippocampus and prefrontal
cortex, there are parallel differences in neuronal morphology and
hippocampal- or prefrontal-dependent cognitive behaviors be-
tween males and females and across the estrous cycle (Gould et
al., 1990; Woolley et al., 1990; Kolb and Stewart, 1991; Woolley
and McEwen, 1992; Markham and Juraska, 2002; Park et al.,
2008; Garrett and Wellman, 2009; Baran et al., 2010; Fenton et al.,
2014). Emotion-related behaviors can also depend on sex and
estrous cycle phase; differences in the amygdala likely contribute.
Although the characteristics of BLA neurons in males have been
studied previously (Rosenkranz and Grace, 1999, 2001, 2002;
Likhtik et al., 2006; Zhang and Rosenkranz, 2012), any sex differ-
ences in BLA neuronal activity were unknown. To our knowl-
edge, this is the first study to demonstrate that BLA neurons are
more active in females compared with males.

The greater BLA neuronal activity in females is observed in
parallel with higher glutamatergic drive in the LAT and BA. Sex
differences in GABAergic regulation may also contribute; how-
ever, the current results offer only mixed evidence in support of
this (Tables 1, 2). While we found a higher number of spines in
the BA of female rats, which is consistent with a previous finding
of higher presynaptic protein synaptophysin in the BA of female

Figure 10. Shift between LAT and BA function across the estrous cycle. A, Schematic illustration of the opposite effects of estrous cyclicity on relative inhibition in the LAT and BA. B, Cued fear
conditioning of a tone paired with a footshock led to gradual acquisition of freezing. There was no significant difference between diestrus (n � 17) and proestrus (n � 15) in the freezing during
repeated tone–footshock conditioning trials ( p 	 0.05, two-way RM-ANOVA). C, Acquisition of extinction of conditioned freezing to a cue was measured as the reduced conditioned freezing across
nonreinforced trials on the testing day. The acquisition of extinction to the cue was significantly slower in diestrous compared with proestrous females ( p�0.05, two-way RM-ANOVA). D, Extinction
of active avoidance was measured as the reduced avoidance response to a cue. Diestrous and proestrous females displayed similar learning behavior (days 1–3); however, diestrous females displayed
slower extinction compared with proestrous females ( p � 0.05, two-way RM-ANOVA). E, Acquisition of the extinction of contextual fear was measured as reduced conditioned freezing in a
footshock-paired context over time. Proestrous females displayed slower acquisition of extinction compared with diestrous females ( p � 0.05, two-way RM-ANOVA). **p � 0.05, two-way
RM-ANOVA.
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rats (Carvalho-Netto et al., 2011), a differ-
ent study found lower spine densities in
female rats (Rubinow et al., 2009). A dif-
ference in approach to quantifying spines
may have contributed to these disparate
findings.

The current study found a shift of BLA
activity over the course of the 4 d estrous
cycle. LAT neuronal firing was greater
during diestrus, while BA neuronal firing
was higher in proestrus. However, a shift
in neither glutamatergic nor GABAergic
measures singly could adequately account
for this. The pattern of changes in gluta-
matergic and GABAergic measures across
the estrous cycle can be most readily dis-
tilled into a shift in the balance between
inhibition and excitation. This balance
shifts across the estrous cycle such that the
LAT is relatively less inhibited during di-
estrus, corresponding to higher in vivo
LAT neuron firing, while the BA is less
inhibited during proestrus, correspond-
ing to higher BA neuron firing. One caveat
is that the inhibition (mIPSCs) and exci-
tation (mEPSCs) measured in vitro were
from different sets of neurons. While ex-
citatory and inhibitory measures were ob-
tained from the same neurons in vivo, and
care was taken to record both inhibition
and excitation from the same animals in
vitro, recording these measures from
different neurons in vitro weakens the inter-
pretation. Future experiments will explore
whether factors that translate synaptic inte-
gration into neuronal firing (e.g., neuronal
excitability, membrane resistance) contrib-
ute to the effects observed here.

PV� interneurons are the predomi-
nant interneuron in the BLA and exert po-
tent effects on BLA output (Woodruff and
Sah, 2007; Wolff et al., 2014). However, it
is possible that other GABAergic in-
terneuron populations, such as calbin-
din- or calretinin-expressing interneurons
(Kemppainen and Pitkänen, 2000; McDon-
ald and Mascagni, 2001; Spampanato et al.,
2011), may also shift across the estrous
cycle (Micevych et al., 1988). PV� in-
terneurons in several brain regions, in-
cluding the amygdala, express estrogen
receptors (Blurton-Jones and Tuszynski,
2002), and estradiol can inhibit the activ-
ity of GABA interneurons (Rudick and
Woolley, 2001). The expression of PV is
dependent upon neuronal activity
(Carder et al., 1996; Philpot et al., 1997;
Patz et al., 2004; Jiao et al., 2006). This
would suggest that the relatively rapid
fluctuation of PV� cell number across the
estrous cycle likely represents alterations
in PV expression that parallel changes of
interneuron activity. There is a general in-

Figure 11. Sex differences in the expression of conditioned fear. A, Fear conditioning was measured during acquisition
in male and female rats. Acquisition of conditioned fear was similar in male and female rats ( p 	 0.05, two-way RM-
ANOVA). B, Conditioned freezing to a cue was measured in a novel context over the course of repeated trials. There were no
sex differences overall in conditioned freezing (left; p 	 0.05, two-way RM-ANOVA; male n � 11; female n � 32).
However, when assessing the initial expression of conditioned cued freezing, before significant extinction of the condi-
tioned response, females displayed greater conditioned freezing (freezing during the first three trials collapsed; p � 0.05,
two-tailed unpaired t test). C, Conditioned freezing to a context was measured in the conditioned context over time. There
were no sex differences overall in conditioned freezing (left; p 	 0.05, two-way RM-ANOVA; males, n � 11; females, n �
38). However, when assessing the initial expression of conditioned contextual freezing, before significant extinction of the
conditioned response, females displayed greater conditioned freezing (freezing during the first two segments collapsed;
p � 0.05, two-tailed unpaired t test. D, The expression of active avoidance during the extinction session was significantly
greater in female rats ( p � 0.05, two-way RM-ANOVA). The greater expression in female rats throughout the extinction
session could be due to higher initial expression or slower extinction. However, when normalized by the initial expression
(trial block 1), there was no significant difference between males and females across extinction blocks ( p 	 0.05, two-way
RM-ANOVA). *p � 0.05, two-tailed unpaired t test; **p � 0.05, two-way RM-ANOVA.
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crease of PV� and sIPSCs during diestrus in both LAT and BA.
This increased inhibition is associated with higher interneuron
firing in the LAT, but enhanced GABA release in the BA. This indi-
cates that different mechanisms regulate the shifts of GABAergic
inhibition across the estrous cycle, leading to differences in the
functional expression of the inhibition.

Previous work in awake male animals demonstrates that greater
BLA neuron activity is associated with greater fear conditioning
(Maren, 2000; Paré and Collins, 2000; Pelletier et al., 2005). Con-
sidering the faster BLA neuron firing rates in females from our
experiments, one might expect that females would show greater
performance in BLA-dependent behaviors compared with males.
However, the literature shows mixed results. For example, fe-
males learn eye-blink conditioning, a BLA-sensitive behavior
(Waddell et al., 2008) faster than males (Wood and Shors, 1998),
and there are reports of more robust freezing to a conditioned cue
(Aguilar et al., 2003; Wiltgen et al., 2005). In contrast, females
express less contextual fear conditioning than males (Maren et
al., 1994; Gupta et al., 2001; Wiltgen et al., 2001). However, other
studies diverge from this pattern (Aguilar et al., 2003). One way
to begin to untangle the mixed findings is by separately consid-
ering behaviors that rely on the LAT or BA. In addition, studies
often collapse fear expression over trials/time into single data
points, which may inadvertently mask differences in the expres-
sion and extinction of fear. Furthermore, estrogens play a role in
the sex-specific difference in BLA-dependent behavior perfor-
mance (Maren et al., 1994; Gupta et al., 2001), with potentially
different effects on cued and contextual fear learning (Barha et
al., 2010; McDermott et al., 2015). In the current study, there was
evidence for greater expression of conditioned fear in female rats,

with little evidence of differences in the acquisition or extinction
of fear. This was observed as increased LAT-dependent cued
freezing and BA-dependent contextual freezing in females. This
parallels the greater excitatory drive of both LAT and BA neurons
in females. This effect was seen with both passive (freezing) and
active (active avoidance) conditioned responses.

Previous studies demonstrate less robust extinction of contex-
tual (Baran et al., 2009; Matsuda et al., 2015) and cued fear in
females (Baran et al., 2009). However, within females, extinction
fluctuates across the estrous cycle or in response to manipula-
tions of estradiol. Proestrus, when estradiol levels are high, is
associated with faster extinction of cued fear (Milad et al., 2009),
whereas low estradiol is associated with less extinction of cued
fear (Graham and Milad, 2013; Rey et al., 2014), and estrogen
agonists can facilitate consolidation of extinction of cued fear
(Zeidan et al., 2011). In contrast, estrogen agonists can cause
slower extinction to context (McDermott et al., 2015), while low
estrogen levels can also slow the extinction of contextual fear
(Gupta et al., 2001). GABAergic inhibition is particularly impor-
tant in fear extinction (Chhatwal et al., 2005; Polepalli et al., 2010;
Trouche et al., 2013; Wolff et al., 2014). Our results demonstrate
inhibitory– excitatory balance shifts; when the inhibition is rela-
tively higher in the LAT during proestrus, there is a shift toward
better extinction of LAT-mediated cued fear. During diestrus,
when inhibition is relatively higher in the BA, there is better
BA-mediated extinction of contextual fear. This result provides a
simple construct for understanding the effects of the estrous cycle
and of estrogen on fear extinction.

A handful of studies demonstrate sex differences of human
amygdala activation, including three meta-analyses of the re-
sponse to facial expressions (Sergerie et al., 2008; Fusar-Poli et al.,
2009; Filkowski et al., 2017). Several studies have found sex dif-
ferences in the laterality of amygdala activation (Cahill et al.,
2004) or functional connectivity to other brain regions (Kilpat-
rick et al., 2006; Engman et al., 2016; Wu et al., 2016), while others
find greater amygdala activation in men in response to positive
valenced and sexual stimuli (Hamann et al., 2004; Stevens and
Hamann, 2012) but greater amygdala activation in women in
response to negative valenced stimuli (Wrase et al., 2003; Hofer et
al., 2006; Stevens and Hamann, 2012; Mareckova et al., 2016) or
during non-emotion-related tasks (Hill et al., 2014), despite evi-
dence of similar anatomical size (Marwha et al., 2017). Further-
more, major affective disorders that are more common in women
(e.g., depression, anxiety, post-traumatic stress disorder) are as-
sociated with hyperactivation of the BLA (Sheline et al., 2001;
Etkin and Wager, 2007; Victor et al., 2010; Hattingh et al., 2012;
Sartory et al., 2013). Amygdala activity shows estrus-related cy-
clicity (Goldstein et al., 2005b; Andreano and Cahill, 2009;
Hwang et al., 2015) in parallel with aspects of emotional memory
(Gasbarri et al., 2008; Milad et al., 2010; Zeidan et al., 2011;
Nielsen et al., 2013; Bayer et al., 2014; Wegerer et al., 2014; Pom-
pili et al., 2016). In addition, there is evidence that the menstrual
cycle and periods of sex hormone fluctuation can influence de-
pressive and anxiety symptoms in humans (Dean and Kendell,
1981; Rapkin et al., 2002; Vesga-López et al., 2008; Schmidt and
Rubinow, 2009; van Veen et al., 2009; Bryant et al., 2011). While
sociocultural factors surely influence human emotion, our results
begin to establish a framework that can help to clarify the link
between amygdala activity and amygdala-dependent behaviors in
females. Specifically, a shift in the inhibition– excitation balance
across BLA nuclei may lead to a switch in the balance between
salience of specific cue or contextual drivers of emotion. This

Table 1. Summary of sex differences

Lateral nucleus Basal nucleus

Male Female Male Female

Firing rate � ��� � ���
Excitatory measures

Spines � �� � ��
EPSC � �� � ��
Glutamate � �� � ��

Inhibitory measures
PV �� �� �� �
sIPSC � �� � ��
mIPSC � �� � ��
GABA ��� �� �� ���

The relative amplitude of measures are presented on a grayscale. Note that females tend to have stronger excitatory
influences across measures in the LAT and BA. Number of � symbols indicates amplitude of measure.

Table 2. Summary of estrous differences

Lateral nucleus Basal nucleus

Firing rate Di Pro
Excitatory measures

Spines � Di
mEPSC � Di
Glutamate Di Pro

Inhibitory measures
PV Di Di
sIPSC Di Di
mIPSC � Di
PP ratio � Pro
Interneuron Di �
GABA Pro Di

Measured aspects of excitatory and inhibitory function were compiled. Estrous cycle phase with the greater measure
is indicated for the lateral nucleus and basal nucleus. Di, Diestrus; Pro, proestrus; PP, paired-pulse; � denotes no
significant difference.
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framework may in turn provide insight into differences in the
expression of depression and anxiety symptoms in females.
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