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Sensory neurons parse millisecond-variant sound streams like birdsong and speech with exquisite precision. The auditory pallial
cortex of vocal learners like humans and songbirds contains an unconventional neuromodulatory system: neuronal expression of
the estrogen synthesis enzyme aromatase. Local forebrain neuroestrogens fluctuate when songbirds hear a song, and subsequently
modulate bursting, gain, and temporal coding properties of auditory neurons. However, the way neuroestrogens shape intrinsic and
synaptic properties of sensory neurons remains unknown. Here, using a combination of whole-cell patch clamp electrophysiology
and calcium imaging, we investigate estrogenic neuromodulation of auditory neurons in a region resembling mammalian auditory
association cortex. We found that estradiol rapidly enhances the temporal precision of neuronal firing via a membrane-bound G-
protein coupled receptor and that estradiol rapidly suppresses inhibitory synaptic currents while sparing excitation. Notably, the
rapid suppression of intrinsic excitability by estradiol was predicted by membrane input resistance and was observed in both males
and females. These findings were corroborated by analysis of in vivo electrophysiology recordings, in which local estrogen synthesis
blockade caused acute disruption of the temporal correlation of song-evoked firing patterns. Therefore, on a modulatory timescale,
neuroestrogens alter intrinsic cellular properties and inhibitory neurotransmitter release to regulate the temporal precision of higher-
order sensory neurons.
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Introduction
Shifts in social and environmental contexts can drive
changes in the response properties of sensory neurons.
Neuromodulators like dopamine, serotonin, and oxytocin
can signal transient changes in context and thereby mod-
ify sensory networks and intrinsic properties (Vogels and
Abbott 2009; Marlin et al. 2015; Kuchibhotla et al. 2017;
Gentile Polese et al. 2021). Similarly, estrogens are locally
synthesized in many regions of the brain, and they can
act as acute neuromodulators of circuits and behavior
(“neuroestrogens”). The capacity for neuroestrogen syn-
thesis, most prominently the expression of the synthesis
enzyme aromatase, is particularly enriched in regions
associated with sensory processing and neural plasticity,
including the temporal cortex of humans (Yague et al.
2006; Azcoitia et al. 2011), the auditory forebrain of song-
birds (Schlinger and Arnold 1993; Saldanha et al. 2000,
2013; De Groof et al. 2017; Ikeda et al. 2017), as well as
the hippocampus and hypothalamus of many vertebrate
species (Callard et al. 1977; Beyer et al. 1994; Winkler and
Wade 1998; Saldanha et al. 2000; Forlano et al. 2001, 2006;
Balthazart and Ball 2006; Cornil 2009; Fester et al. 2009;

Balthazart et al. 2018). The enzymatic activity of
aromatase—and resultant local neuroestrogen levels—
can also fluctuate rapidly in some brain regions in
response to sensory inputs, physiological changes, and
social contexts (Balthazart et al. 2006; Remage-Healey
et al. 2008; Cornil 2009; Kenealy et al. 2013; Chao et al.
2015; Sato and Woolley 2016). In turn, estrogens such as
17-beta-estradiol (E2) can have rapid (i.e. within minutes)
effects on neuronal firing in many brain areas (Wong
and Moss 1992; Smith et al. 2002; Remage-Healey 2004;
Remage-Healey and Bass 2007; Meitzen et al. 2012;
Rudolph et al. 2016; Hedges et al. 2018; Soutar et al. 2022).

The functional outcomes of rapid neuroestrogen
signaling include enhanced coding and gain of audi-
tory forebrain neurons in adult and juvenile song-
birds (Remage-Healey et al. 2010; Remage-Healey and
Joshi 2012; Vahaba et al. 2017; Krentzel et al. 2018).
Suppressing neuroestrogen synthesis can disrupt the
formation of new auditory memories (Macedo-Lima
and Remage-Healey 2020) as well as spatial memories
(Bailey and Saldanha 2015; Tuscher et al. 2016) and other
cognitive functions (Kokras et al. 2018; Gervais et al. 2019;
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Lu et al. 2019). Therefore, like other neuromodulators,
neuroestrogens can modulate neurophysiology and
behavior in a variety of species and brain regions.

Despite this extensive literature, it is not yet clear
what synaptic and intrinsic mechanisms account for the
effects of estrogens on cognitive and sensory represen-
tations. A large, parallel body of work has shown that
E2 can shape synaptic and intrinsic physiology in the
hypothalamus, striatum, and hippocampus (Kelly and
Ronnekleiv 2009; Roepke et al. 2011; Moenter and Chu
2012; Oberlander and Woolley 2016; Jain et al. 2019;
Proaño et al. 2020) and that E2 can alter synaptic strength
in the hippocampus (Kramar et al. 2009; Srivastava et al.
2011; Huang and Woolley 2012; Lu et al. 2019). The rapid
actions of E2 on neuronal physiology involve a host of cel-
lular and current targets. In GnRH neurons alone, E2 can
rapidly regulate retrograde nitric oxide signaling (Farkas
et al. 2018), phosphorylation of cAMP response element-
binding protein (Kwakowsky et al. 2012), potentiation
of a slow afterdepolarization sodium current (Chu and
Moenter 2006), and suppression of a calcium-activated
potassium current that governs afterhyperpolarization
(Chu et al. 2009; Moenter and Chu 2012). In hippocam-
pal neurons, E2 potentiates a kainate-induced current
(Gu and Moss 1998) as well as L-type calcium chan-
nels (Jain et al. 2019) to increase excitability. In neu-
rons of the ventromedial hypothalamus, E2 regulates
voltage-gated calcium channels (Lee et al. 2008) as well
as both inward sodium and outward potassium currents
(Kow et al. 2006) to increase excitability. Cell-line exper-
iments have also identified the acute regulation of 2-
pore potassium channels by membrane estrogen recep-
tor activation (Choudhury and Sikdar 2018). With this
plenteous knowledge about the rapid actions of E2 on
neurons (reviewed in: Moenter and Chu 2012; Kow and
Pfaff 2018; Vail and Roepke 2019; Stincic and Kelly 2022),
there is now an opportunity to directly connect the acute
effects of estrogens on synaptic and intrinsic physiol-
ogy of neurons with cognitive- and sensory-dependent
behaviors.

Here, we use a combination of whole-cell patch clamp
recordings and calcium imaging to begin to understand
the synaptic and intrinsic mechanisms of acute neuroe-
strogen regulation of auditory neurons in the songbird
forebrain. We focus on the higher-order auditory region
NCM (caudomedial nidopallium) that is characterized by
dense aromatase expression (Saldanha et al. 2000; Ikeda
et al. 2017) and is a prominent site of auditory recognition
memory and auditory learning (Dong and Vicario 2020;
Macedo-Lima and Remage-Healey 2020; Theilman et al.
2021). Our experiments demonstrate rapid E2-dependent
regulation of both intrinsic and synaptic properties of
NCM neurons that together contribute to their tempo-
ral firing precision. These findings provide insights into
a key neuromodulatory mechanism that supports the
encoding and representation of highly dynamic sensory
stimuli.

Materials and methods
Subjects
All procedures were conducted in accordance with
University of Massachusetts Amherst IACUC guidelines.
Adult male and female zebra finches (Taeniopygia guttata)
were obtained from commercial suppliers or from our
laboratory breeding colony. Ex vivo whole-cell slice
recordings generally followed established procedures
in our laboratory (Caballero et al. 2019; Gervais et al.
2019; Macedo-Lima et al. 2021; Spool et al. 2021). Here,
we recorded from 73 cells ex vivo derived from 64 birds, as
outlined below. For current-clamp experiments, analyses
included 13 cells from 12 males and 5 cells from 5
females that were exposed to 50 nM E2, 5 cells from 4
males exposed to 50 nM E2 in the presence of G36 (an
antagonist to the G-protein coupled estrogen receptor1;
GPER1), and 3 cells each from 3 males and 3 females
that were used for rundown controls. For voltage clamp
experiments, we analyzed 13 cells from 10 males and 13
cells from 11 females that were exposed to 50 nM E2, 2
cells each from 1 male and 1 female that were exposed to
100 nM E2, and 7 cells from 7 females and 4 cells from 4
males that were used for rundown controls. As described
below, calcium imaging experiments were performed
with zebra finches that were virally transduced to
express GCaMP6f restricted to GABAergic neurons. For
these, we analyzed 288 units from 3 separate slices from
1 female that were exposed to E2. We also recorded
a number of untreated units from 1 male at a high
sampling rate using line-scanning methods, in order
to confirm detection of fast, action potential (AP)-like
calcium transients. For the in vivo recording experiments,
we examined data from 12 isolated single units from 5
birds (n = 3 males, 2 females).

Solutions
Across all experiments, solutions were prepared using
high resistivity (>18 MΩ), double-distilled water (ddH2O)
and high purity salts. A glycerin-based external cutting
solution (substituting for NaCl and sucrose) was used
for all experiments, except for those utilizing the voltage
clamp configuration, to improve slice survival time (Ye
et al. 2006). Because electrophysiological properties of
NCM neurons can shift initially upon break-in (Dagostin
et al. 2015), we allowed each cell to recover for a min-
imum of 5 min following break-in, and at least 8 min
of baseline data were subsequently collected from each
neuron.

The sucrose-based cutting solution used for voltage
clamp recordings contained (in mM): 112 NaCl, 25
NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2•6H2O,
25 dextrose, 75 sucrose, 0.4 ascorbic acid, 2 sodium
pyruvate, 3 myo-inositol; 354 mOsm/kg H2O; pH 7.4
when saturated with 95% O2/5% CO2. The glycerin-based
cutting solution that we used for all other experiments
contained (in mM): 222 glycerin, 25 NaHCO3, 2.5 KCl,
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1.25 NaH2PO4, 0.5 CaCl2, 3 MgCl2•6H2O, 25 dextrose,
0.4 ascorbic acid, 2 sodium pyruvate, 3 myo-inositol;
310 mOsm/kg H2O; pH 7.4 when saturated with 95%
O2/5% CO2. The aCSF external solution contained (in
mM): 111 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 2
CaCl2, 1 MgCl2•6H2O, 25 dextrose, 0.4 ascorbic acid,
2 sodium pyruvate, 3 myo inositol; 310 mOsm/kg
H2O; pH 7.4 when saturated with 95% O2/5% CO2.
For voltage clamp experiments examining miniature
inhibitory postsynatpic currents (mIPSCs), a cesium-
based internal solution contained (in mM): 139 CsCl, 8
NaCl, 10 TEACl, 0.2 EGTA, 10 HEPES, 2 MgATP, 0.2 NaATP;
290–310 mOsm/kg H2O; pH 7.3. For current-clamp
experiments and voltage clamp experiments examining
miniature excitatory postsynaptic currents (EPSCs), a
potassium-based internal solution contained (in mM):
∼100 potassium gluconate, 20 KCl, 0.1 CaCl2, 5 HEPES,
5 EGTA, 3 Mg-ATP, 0.5 Na-GTP, 20 C4H8N3O5PNa2•4H2O;
290–305 mOsm/kg H2O; pH 7.4. Post-recording, tissue sec-
tions were drop-fixed in 4% paraformaldehyde dissolved
in 0.025 M phosphate buffer (PB), then stored at −20 ◦C
in a cryoprotectant solution composed of 30% sucrose,
30% ethylene glycol, and 1% polyvinylpyrrolidone in
0.1 M PB.

Pharmacological agents
DNQX, bicuculline, and tetrodotoxin citrate (TTX cit-
rate) were purchased from Tocris Biosciences, E2 from
Alfa Aesar, G1 from Azano Scientific, G36 from both
Azano Scientific and Cayman Chemical, and fadrozole
from Novartis. E2 was reconstituted in 100% ethanol
(EtOH), then diluted in ddH2O. DNQX, bicuculline, and
G36 were all diluted in dimethyl sulfoxide (DMSO). TTX
citrate was diluted in ddH2O. All chemicals were stored
at −20 ◦C, and on the day of the experiment, pharmaco-
logical agents were thawed and diluted in aCSF to reach
their final concentration. The final bath solutions did not
exceed 0.1% DMSO or 0.002% EtOH.

Antibodies
The anti-aromatase primary antibody (rabbit, polyclonal;
1/2000; generously provided by Dr Colin Saldanha)
has been extensively used and its specificity has been
validated in zebra finch tissue using western blots
(Saldanha et al. 2000); it is a good marker for NCM
(Ikeda et al. 2017). Neurobiotin tracer (SP-1120; Vector
Laboratories) was dissolved at 3 mM in internal solution,
and DyLight 488 streptavidin (1/200; SA-5488; Vector
Laboratories) was used as a fluorescent secondary
antibody against biotin. Anti-rabbit conjugated with
Alexa 594 (1/200 or 1/500; A11012; Invitrogen) was raised
in goat. There were multiple concentrations used for the
same secondary antibodies, because titrations were per-
formed in the middle of this project which demonstrated
comparable staining using substantially less product.
Our goal in performing histology was to determine if
specific, pre-recorded neurons expressed aromatase,

and we did not quantify expression patterns across
sections.

Viral surgery
Viral methods followed those validated in a separate
study showing the restricted expression of AAV9-GAD1
to inhibitory neurons (Spool et al. 2021). Subjects were
anesthetized using isoflurane (2% during induction; 1.5%
during surgery; 0.8–1.0 L O2/min) or by intramuscular
injection of 30–45 μL Equithesin (based on weight).
Each subject was mounted to a stereotaxic frame,
the angle of the head set to 45◦, the scalp exposed,
and 20 μL of 2% lidocaine (in 100% EtOH) injected
subcutaneously. The scalp was then incised above the
midline bifurcation, and bilateral craniotomies were
performed above the nidopallium (0.9 mm rostral,
0.7 mm lateral to the bifurcation of the mid-sagittal
sinus), through which the virus-containing glass pipette
of a programmable nanoliter injector (Nanoject iii;
Drummond Scientific) was lowered 1.4 mm into the
NCM. Adeno-associated virus (AAV) vectors encoding
GAD1-Cre (pAAV-hGAD1-FLAG-NLS-Cre; 1.25 × 10∧12 vg
per mL; made in-house) and a Cre-dependent GCaMP6f
(AAV9-CAG-Flex-GCaMP6f-WPRE-SV40; UPenn Vector
Core, 2.62 × 10∧12 vg per mL) were co-injected into this
region at a rate of 1 nL/s (5 cycles of 125 nL; 60 s latency
between cycles; 10 min latency between final injection
and injector retraction). Once the pipette was fully
retracted and checked for blockage, the craniotomies
were filled with a low toxicity silicone adhesive (Kwik-
Sil; World Precision Instruments), and the scalp was
sealed with cyanoacrylate. Imaging experiments took
place 3–6 weeks after viral injections to ensure sufficient
expression.

Sample preparation
Each subject was rapidly decapitated, the brain was
then extracted onto a chilled petri dish, and the lateral
portions were carefully dissected away with a razor blade
(i.e. a sagittal cut in each hemisphere ∼3 to 3.5 mm from
midline) and disposed. For the calcium imaging experi-
ments, the skull was removed and submerged in ice cold
cutting solution for 20 min before vibratome sectioning.
For all experiments, the left and right hemispheres
were dissociated and mounted on the lateral surface
to a specimen disk (14046327404, Leica Biosystems)
with cyanoacrylate, and the disk was secured inside
the buffer tray of a vibrating microtome (VT1000S,
Leica Biosystems) and covered with ice cold, oxygenated
cutting solution. Slices 250–300 μm thick containing
NCM were collected and immediately transferred to a
heated, oxygenated aCSF (35–37 ◦C). Following 30–60 min
under these conditions, slices were stored in oxygenated
aCSF at room temperature. Slices were individually
transferred to a perfusion chamber, where they were
perfused with oxygenated, room temperature aCSF at a
rate of 1.25 mL/min during experimentation.
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Intracellular electrophysiology
Whole-cell patch clamp recordings were obtained from
neurons within the NCM in brain slices from adult male
and female zebra finches. Tissue was imaged using a
charge-coupled camera (QIClick; QImaging) mounted to
a fixed stage microscope equipped with DIC and fluores-
cence optics (Eclipse FN1; Nikon) and a water immersion
objective (CFI Fluor; 40×; NA = 0.8; WD = 2.0 mm; Nikon).
Glass pipettes were pulled from borosilicate glass capil-
lary tubes (1B150F-4; World Precision Instruments) using
a 2-stage, vertical puller (PC-10; Narishige International
USA). Pipettes had a tip resistance of 4–8 MΩ when
backfilled with internal solution, which was generally
coupled with neurobiotin tracer (Vector Laboratories) for
identification post-recording. Positive pressure (∼2.2 psi)
was applied to each pipette while moving through aCSF
and tissue until a target cell was located. Following the
achievement of a giga-ohm seal, the membrane was
ruptured by applying negative pressure (∼−1 psi) accom-
panied by short voltage pulses (300–1,024 mV; 0.3–1.0 ms)
when necessary. Once a whole-cell configuration was
successfully achieved, series resistance and slow capac-
itive transients were compensated. Each recording con-
figuration was allowed to stabilize for a minimum of
5 min before any protocols were executed (Dagostin et al.
2015). Current or voltage signals were Bessel filtered
at 2 kHz, digitized, and acquired at 10–40 kHz using a
HEKA amplifier (EPC 10 USB; HEKA Elektronik) driven by
PATCHMASTER software (v2x73.2; HEKA Elektronik).

Voltage clamp
Voltage clamp was used to investigate how E2 modulates
network inputs to NCM neurons. For experiments iso-
lating miniature inhibitory post-synaptic currents (mIP-
SCs), a CsCl-based internal solution was used to block
potassium channels. Once a stable whole-cell configu-
ration was established, the holding potential was set to
−80 mV. mIPSCs were collected in the presence of TTX
citrate (1 μM), a potent sodium channel inhibitor, and
DNQX (20 μM), an AMPA and kainate receptor antag-
onist, while mEPSCs were collected in the presence of
TTX citrate (1 μM) and bicuculline (20 μM), a GABA-A
receptor antagonist. After 10 min under baseline condi-
tions, E2 (50 or 100 nM) was introduced to the aCSF, and
recordings proceeded for an additional 10 min. The bath-
applied doses of E2 used in this study were chosen to
match the magnitude of doses shown efficacious in prior
slice electrophysiology studies (1–100 nM; Huang and
Woolley 2012; Kow et al. 2006; Moenter and Chu 2012).
In a subset of mIPSC recordings, bicuculline (20 μM) was
added to the aCSF for a final 10 min to confirm that
the recorded inward currents were GABA-A dependent.
Rundown experiments of equivalent duration were per-
formed in a separate set of cells, in which either mIPSCs
or mEPSCs were recorded in the presence of synaptic
blockers, but no additional pharmacological agents were
added. Data were acquired at 10 kHz in PATCHMASTER
and analyzed using Igor Pro, where they were smoothed

using a box algorithm with a 10-point sliding average.
Miniature events were detected with a custom script that
used waveform-based template matching based on a
sliding template technique (Clements and Bekkers 1997).
Miniature events were evaluated for each recording and
validated by multiple observers following detection using
the template matching algorithm.

Current clamp
To examine the effects of E2 on the intrinsic excitability
of individual NCM neurons, we utilized current clamp
with a potassium gluconate internal solution. Protocols
alternated between recording spontaneous voltage at
rest and voltage deflections following current injections.
Stimulations consisted of step hyperpolarizing and depo-
larizing current injections (500–2000 ms) at intervals of
10 or 20 pA relative to baseline holding current. E2 was
administered following 10 min of baseline recording.
Rundown experiments of equivalent duration were per-
formed in a separate set of cells, in which slices were
maintained in external solution but no additional phar-
macological agents were added. Series resistance, slow
capacitive transients, holding current, and RMP were
measured at ∼5-min intervals across all experiments to
monitor the quality of the recording access to the cell.
All data were acquired in PATCHMASTER at 40 kHz, then
analyzed using Igor Pro (WaveMetrics), and processed
using a 1 kHz low-pass filter. Steady-state voltage (SSV),
AP repolarization time constant (τapr), RMP, and half-
width were each calculated using a custom script written
in Igor Pro. When a neuron is naturally or artificially
hyperpolarized, inward-rectifying cation channels can
be activated, wherein the membrane voltage displays a
brief depolarization, or “sag,” before reaching SSV. Sag
index, rheobase, AP latency, and latency jitter were each
quantified from the experimental traces. Sag index was
defined as the most negative voltage deflection of the
largest hyperpolarizing current pulse minus the SSV of
that sweep, divided by the SSV, as has been previously
described (Farries et al. 2005; Dorris et al. 2015). Rheobase
was defined as the minimum positive current injection to
elicit at least one AP. AP latency was defined as the time
required to reach threshold potential following the onset
of a depolarizing current pulse, and jitter was defined
as the trial-by-trial precision of this measure. Both the
latency and jitter were derived from the second depo-
larizing current injection to elicit an AP (i.e. one current
sweep above rheobase). Peak firing was defined as the
maximum number of APs elicited per set of current
injections. Input resistance (IR) was estimated via linear
regression from the SSV of the first 5 hyperpolarizing
injections. We also calculated IR by calculating the SSV of
only the 3 smallest hyperpolarizing current injections, to
determine whether our first measurement of IR was sen-
sitive to the activation of voltage-gated rectifier channels
beyond this range, and the results reported below were
not different in this non-rectified range. The τapr was cal-
culated by fitting an exponential function to the falling
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phase of the first AP elicited from a current injection at
rheobase. Representative waveforms were obtained from
spontaneously occurring APs (Fig. 2H).

To examine the effects of E2 on the intrinsic plasticity
of APs (Daou and Margoliash 2020), we also collected a set
of features from the first AP at rheobase using custom
Python scripts. These included the AP threshold (mV),
AP peak (mV), the duration of the afterhyperpolarization
(ms), the depth of the afterhyperpolarization (mV), and
the afterhyperpolarization half-duration (ms). Features
were collected at baseline and at 4 time points (up to
20 min) following E2 treatment.

Ex vivo calcium imaging
All slices were visualized in low-light conditions at the
Nikon Center of Excellence Light Microscopy Core in the
University of Massachusetts Amherst, using a multipho-
ton, confocal microscope (A1R; Nikon). GAD1-GCaMP6f
fluorescence was excited at 900 nm with a tunable laser
(Ti: Sapphire; Spectra Physics). To evaluate the viability
of GCaMP6f imaging in our preparation, we performed
resonant line-scan imaging (512 × 1 pixels) using a water
immersion objective (40×; NA = 1.15; RI = 1.33; Apo 40×
WI λS DIC N2; Nikon) to isolate single, AP-like calcium
transients at high temporal resolution. Data were col-
lected at a rate of 15.8 kHz to detect spontaneous, fast
calcium transients and were smoothed with a Hamming
convolution (Python Pandas library; representative tran-
sients shown in Fig. 5D). For recordings in which the field
of view was not restricted (512 × 512 pixels) when we
bath applied E2, data were collected utilizing galvano
scanning at a rate of 0.24 Hz with a water immersion
objective (25×; NA = 1.10; RI = 1.33; Apo LWD 25× 1.10 W
DIC N2; Nikon).

All full-field recordings were corrected for X-Y move-
ment using alignment features in NIS-Elements Advanced
Research (Nikon), which aligns prominent fluorescent
structures from each frame with their X-Y position in
the first frame. Each recording was segmented based
on changes to the external solution (pre-treatment,
treatment, washout) in order to increase the effective-
ness of X-Y motion correction. Segments containing
treatment or washout were each normalized to an
average of the last 120 s of the previous segment (e.g.
a segment containing E2 treatment would be normalized
to an average of the final 120 s of pre-treatment). Pre-
treatment (baseline) segments were normalized to an
average of the first 120 s of the recording. If substantial
movement in the Z plane was observed at the end of a
recording, we removed this segment from our analysis.
If movement in the Z plane was pervasive throughout,
however, we omitted the full recording.

Regions of interest (ROIs) were defined on a maximum
intensity projection in NIS-Elements Advanced Research
by manual intensity thresholding, incorporating smooth-
ing (×1), cleaning (×2), and a diametric filter (6–100 μm)
in order to reduce the number of small ROIs which would
be more susceptible to errors in X-Y alignment. ROIs

at the edge of the frame were omitted, since slight X-
Y movement could push these out of the field of view.
Changes in fluorescence were calculated using the for-
mula �F/F0, and data were then averaged across 34 s
bins. Units were not considered responsive to treatment
unless their fluorescent signal changed by at least 10%
for 3 out of any 4 consecutive bins during the treatment
period.

Immunohistochemistry
During current-clamp experiments, we routinely included
neurobiotin in our internal solution for the purpose
of identifying neurons post-recording. After recording,
tissue sections were drop-fixed in 4% PFA for a minimum
of 12 h before being transferred to a cryoprotective
solution and stored at −20 ◦C. Immunohistochemistry
(IHC) was performed in order to locate recorded neurons
and identify whether or not they expressed aromatase.
To begin, sections were washed in 0.1 M PB for 1.5 h
(6 washes of 15 min). We then permeabilized and
blocked the tissue by incubating each section for 2 h
in a solution of 10% normal goat serum (NGS) and 90%
PB containing 0.3% Triton X (0.3% PBT). Primary anti-
aromatase (1/2000) was diluted with 10% NGS in 0.3%
PBT, and sections were incubated in this solution at room
temperature for 1 h before being stored at 4 ◦C for 2
consecutive nights (∼40 h). Following primary antibody
incubation, sections were washed in 0.1% PBT for 45 min
(3 washes of 15 min). Secondary antibodies (anti-rabbit
Alexa 594, and DyLight 488 streptavidin) were diluted in
0.3% PBT, and the tissue sat in this solution for 1 h at
room temperature. Finally, the sections were washed for
30 min in 0.1% PBT (3 washes of 10 min) and mounted
to gelatin-coated slides using ProLong Diamond Antifade
Mounting Medium (Thermo Fisher). For incubations and
washes, tissue was placed on an orbital plate shaker at
a speed of 90 RPM. Histologically processed tissue was
visualized at the University of Massachusetts Amherst’s
Nikon Center of Excellence using a confocal microscope
(NA1; Nikon). Laser power and gain were manually
established for each section based on strength of the
fluorescence.

Extracellular electrophysiology
In vivo recording data were analyzed from a previously
published data set (Remage-Healey et al. 2010). In that
study, 100uM fadrozole (FAD; potent aromatase inhibitor)
retrodialyzed into the NCM caused a rapid suppression of
burst firing of single neurons. Based on our current find-
ings that uncover the role of estrogens in shaping tempo-
ral precision of NCM neurons in ex vivo slice recordings,
we examined whether FAD caused a disruption of trial-
by-trial correlation in auditory-evoked activity of NCM
neurons in that same set of spike trains (12 cells from
5 birds). Spike trains were evaluated for the trial-by-trial
correlation in spike timing in response to conspecific
song playback across 20 trials. A custom Python algo-
rithm compared responses to stimuli using the Rcorr
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metric (Schreiber et al. 2003) after smoothing spike trains
with a Gaussian filter (16-ms standard deviation). Rcorr
values were averaged for each neuron across stimuli and
these values were compared across treatment groups
(aCSF vs. FAD).

Statistics
Statistical analysis and visualization were performed in
Python using numpy, pandas, neo, seaborn, elephant,
matplotlib, and other libraries (Hunter 2007; Pedregosa
et al. 2011; Garcia et al. 2014; Yegenoglu et al. 2018; Harris
et al. 2020; Waskom 2020) and OriginPro. One-way and 2-
way analysis of variance (ANOVA) and Student’s t-tests
were used, with Greenhouse–Geisser and Bonferroni cor-
rections when necessary.

Results
Confirmation of NCM phenotypes by intrinsic
membrane properties
Neurons in the caudal pallium of songbirds exhibit
intrinsic properties that can be broadly classified into
tonic versus phasic firing states. Tonically responsive
neurons (i.e. those without strong accommodation to
current depolarizations) generally display higher IR than
those with transient or phasic profiles (Dagostin et al.
2015; Chen and Meliza 2018). To establish classification
phenotypes in NCM neurons, we conducted whole-cell
current-clamp recordings and examined a range of
active and passive membrane properties. We were guided
in our cell classifications by a prior comprehensive
study using similar methods in the same brain region
(Dagostin et al. 2015). We observed similarly distinct
subtypes characterized by voltage responses to current
injections (Fig. 1A). To begin, we combined cells with
“transient” and “phasic” adaptation profiles based on
their degree of spiking accommodation (T/P; strong
accommodation) as distinct from “tonic” profiles (little
to no accommodation), and membrane properties
were largely consistent with those previously reported
(Dagostin et al. 2015). In our population, no differences
were observed between tonic versus T/P neurons in
terms of resting membrane potential (RMP; −65.2 ± 2.0
vs. −67.0 ± 2.8 mV, P = 0.59, Student’s unpaired 2-tailed t-
test; Fig. 1B), AP peak (38.1 ± 2.7 vs. 32.2 ± 3.2 mV, P = 0.18,
Student’s unpaired 2-tailed t-test; Fig. 1C), AP half-
width (2.15 ± 0.72 vs. 3.46 ± 0.96 ms; P = 0.16, Student’s
unpaired 2-tailed t-test, Fig. 1D), and AP repolarization
tau (1.84 ± 0.66 vs. 2.11 ± 0.43 ms; P = 0.24, Student’s
unpaired 2-tailed t-test, Fig. 1E). However, in agreement
with prior findings, tonic neurons had significantly lower
rheobase (current threshold) than T/P (22.3 ± 3.4 vs.
66.0 ± 18.4 pA, P = 0.04, Student’s unpaired 2-tailed t-
test; Fig. 1F) and significantly higher IR (630.8 ± 109.7
vs. 283.8 ± 30.7 MΩ, P < 0.01, Student’s unpaired 2-tailed
t-test; Fig. 1G). Together, these results replicated prior
findings in NCM and provided a foundation to use these
methods in NCM slice recordings for subsequent tests of
estrogen-dependent modulation.

Estradiol rapidly increases membrane
conductance in a population of physiologically
distinct NCM neurons
To examine how 17-beta-estradiol (E2) regulates the
electrophysiological properties of NCM neurons, we
exposed sagittal slices containing NCM to E2 (50 nM)
under current-clamp conditions (Figs. 2 and 3). The
active membrane properties used previously to classify
NCM neuronal phenotypes can be somewhat variable
over longer recording times (e.g. Fig. 3A; see similar
switches in firing accommodation state between “tonic”
vs. “phasic”; Dagostin et al. 2015). This led us to consider
an alternative way to phenotype NCM neurons. We
evaluated the distribution of IR at baseline (i.e. pre-E2)
and found it was segregated by kmeans one-dimensional
clustering (Python via Scikit-learn library; Pedregosa
et al. 2011). We therefore classified our recorded popula-
tion of cells as either low-IR or high-IR neurons (Fig. 2C).
The 2 populations of low- versus high-IR neurons differed
substantially in their electrophysiological responses to
E2. Specifically, high-IR neurons were unresponsive to E2
(F1.48, 2.96 = 0.36, P = 0.435, one-way repeated measures
ANOVA, Greenhouse–Geisser correction). By contrast,
neurons with initially low-IR significantly increased
membrane conductance (i.e. further IR reduction among
all recorded low-IR neurons) on a rapid timescale within
∼10 min (F3, 21 = 10.08, P = 0.0002; Bonferroni post hocs:
low IR, pre vs. 10 min E2, P = 0.0051, low IR, pre vs.
16 min E2, P = 0.00017; low IR, pre vs. 20 min washout,
P = 0.032) (Fig. 2A and B). Therefore, the initial passive
membrane properties of NCM neurons (low-IR vs. high-
IR at baseline) were highly predictive of their intrinsic
property profile in response to the acute actions of E2.

The passive membrane IR reflects underlying channel
populations and conformations (i.e. ion permeabilities)
and is typically in register with a number of other mem-
brane properties (Oertel 1999). To gain insight regarding
correlated and orthogonal features of these high- versus
low-IR neuronal phenotypes, we further investigated
their passive and active membrane properties. Neurons
in the songbird striatum with a sag index ≥0.1 typically
display inward rectification with considerable time
dependency (Farries et al. 2005). In NCM, neither pop-
ulation contained neurons with a sag index exceeding
0.1, nor were there significant differences between low-
IR and high-IR neurons in sag index (0.022 ± 0.004 vs.
0.028 ± 0.009, P = 0.52, Student’s unpaired 2-tailed t-
test; Fig. 2D). Furthermore, neither population showed
an effect of E2 on this measure (low IR: pre-treatment
0.019 ± 0.003; following E2 0.024 ± 0.004, P = 0.39; high IR:
pretreatment 0.031 ± 0.006; following E2 0.037 ± 0.004,
P = 0.50). There were also no significant differences
between low IR and high IR neurons in terms of
RMP (−67.7 ± 2.8 vs. −61.1 ± 3.2 mV, P = 0.16, Student’s
unpaired 2-tailed t-test; Fig. 2E). By contrast, the half-
width of APs elicited from current stimulation differed
between the 2 cell phenotypes. Low-IR neurons had
longer AP durations than those with high-IR (3.0 ± 0.3
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Fig. 1. Electrical phenotype classifications during current-clamp recordings segregate NCM neurons by rheobase and IR. A) Representative voltage
traces illustrating classification differences between transient/phasic neurons versus tonic neurons in NCM. Rheobase is plotted in black, all other
voltage traces plotted in gray; only a subset of voltage traces and current-step injections are plotted for clarity. Plotted current steps are 50 pA. Scale
bar = 10 mV; 100 ms. Resting membrane potential (B, RMP), AP peak (C), AP half-width (D, AP HW), and AP repolarization tau (E) were not different
between tonic (N = 19 cells) versus transient/phasic (N = 11 cells) cell type categories in response to current stimulation. By contrast, rheobase (F) and
IR (G) were each significantly different between the 2 classification schemes. ∗P < 0.05.

vs. 1.7 ± 0.2 ms, P = 0.01, Student’s unpaired 2-tailed t-
test; Fig. 2F), and this was consistent with the waveform
profile of spontaneously occurring spikes we recorded
(Fig. 2C). Relatedly, there was a significant difference in
the time constant of the AP repolarization phase (low-IR:
2.7 ± 0.4 vs. high-IR: 1.3 ± 0.2, P = 0.01; Fig. 2G), suggesting

a cell-type difference in cation efflux, and consistent
also with observed faster kinetics for the depolarization
phase among high-IR neurons (Fig. 2C). Taken together,
these data indicate that low-IR neurons exhibit several
passive and active properties that differ from those with
high-IR, the most prominent of which is the sensitivity of
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Fig. 2. Only NCM neurons with low IR respond to bath-applied 17-beta-estradiol (E2). A, B) Differential change in passive membrane conductance (IR)
among high-IR (N = 8) versus low-IR (N = 11) neurons in NCM in response to bath application of 50 nM E2. In panel A, numbers in parentheses denote time
in minutes following E2 application. C) Top: Representative waveforms during recordings of spontaneous activity in low-IR versus high-IR neurons. Scale
bars = 10 mV, 10 ms. Bottom: Histogram of IR from the population of recorded cells, with a cluster split at 400 MOhm (colors denote one-dimensional
k-means algorithm via Scikit-learn Python library; (Pedregosa et al. 2011). D) Properties of high- versus low-IR NCM neurons in terms of sag index
(D), resting membrane potential (E), AP half-width (F), and AP repolarization tau (G). ∗P < 0.05.

low-IR neurons, but not high-IR neurons, to bath applied
50 nM E2.

Estradiol modulates excitability and enhances
AP timing precision in neurons with low IR
The observation that E2 rapidly increased membrane
conductance among low-IR neurons (Fig. 2A and B)
predicts concomitant effects on evoked spike latency
and precision (Oertel 1999; Dagostin et al. 2015;

Franzen et al. 2015). Consistent with this prediction,
we found that low-IR neurons responded to E2 with a
reduction of the peak firing rate (Fig. 3A and B) while
high-IR neurons did not (F2.28, 38.76 = 11.75, P < 0.001, 2-
way repeated measures ANOVA for effects of treatment;
F2.28, 38.76 = 6.56, P < 0.001, 2-way repeated measures
ANOVA for treatment-by-cell-type interaction; high-
IR, F1.88, 13.2 = 0.90, P = 0.42, one-way repeated measures
ANOVA for effects of treatment; low-IR, F2.24, 22.44 = 15.31,
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Fig. 3. Estradiol (E2) rapidly changes intrinsic excitability and temporal precision in NCM neurons with low IR. A) Representative current-clamp traces
for a low-IR (left) versus high-IR (right) neurons in NCM. Note the changes in active and passive membrane properties in response to 50 nM E2 in
low-IR neurons exclusively, including spiking activity (peak firing) as well as IR (inset numbers) for each cell. B) The peak firing (maximum number of
spikes evoked per series of current steps; expressed as a % change from the 10 min baseline period) of low-IR neurons (N = 11) drops significantly 8–
10 min following bath application of 50 nM E2, while peak firing is not significantly altered in high-IR neurons (N = 8). Numbers on x-axis denote time in
minutes relative to E2 application. Inset: Similar magnitude decrease in peak firing of low-IR neurons observed in males and females. C) F/I relationships
during baseline (aCSF) and following 8–10 min of 50 nM E2 (+E2) for low-IR (left) versus high-IR (right) neurons. The firing rate (FR) of low-IR neurons
was suppressed by 50 nM E2 at all depolarizing current steps from 40 to 80 pA, while no changes on FR were observed in high-IR neurons. D, E) The
temporal precision of the first AP evoked at rheobase in low-IR neurons was also enhanced by 50 nm E2, reflected in a quickening of first-AP latency
(D) and reduction in first-AP latency jitter (E) in low- but not high-IR neurons. Numbers in parentheses denote time in minutes following E2 application.
F) Rundown control experiments in low-IR neurons showing no change in either IR (top) or peak firing (bottom). ∗∗∗P < 0.001, ∗∗P < 0.005.
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P < 0.001, one-way repeated measures ANOVA for effects
of treatment). Accordingly, the relationship between
injected current amplitude and AP frequency was also
rapidly regulated by E2 in low-IR but not high-IR neurons
(Fig. 3C). In a separate analysis, we examined whether the
drop in peak firing in low-IR neurons was dependent on
sex. While the effect of E2-treatment was still evident in
this analysis (F2.09, 25.09 = 4.97, P = 0.01, one-way repeated
measures ANOVA for effects of treatment), there was no
detectable difference between cells from males versus
females (F2.09, 25.09 = 0.57, P = 0.58, one-way repeated
measures ANOVA for treatment∗sex interaction, Fig. 3B
inset). Therefore, low IR neurons in NCM from both males
and females exhibit an E2-dependent, rapid reduction in
peak firing.

Furthermore, exposure to E2 rapidly, significantly,
selectively, and reversibly reduced AP latency (i.e.
time to first evoked AP from onset of depolarizing
current injection) among low-IR, but not high-IR,
neurons (F3.04, 45.68 = 1.60, P = 0.20, 2-way repeated mea-
sures ANOVA for effects of treatment; F3.05, 45.68 = 3.64,
P = 0.019, 2-way repeated measures ANOVA for treatment-
by-group interaction; low-IR, F5, 50 = 3.31, P = 0.012, one-
way repeated measures ANOVA for effects of treatment;
low-IR, pre vs. 12–16 min E2, P = 0.005, Bonferroni;
Fig. 3D). In addition, AP onset precision increased
following E2 treatment among low-IR neurons (27.2 ± 6.0
to 11.6 ± 2.2, P = 0.009, Student’s paired, 2-tailed t-test),
but not high-IR neurons (25.9 ± 10.6 to 21.8 ± 6.3, P = 0.55,
Student’s paired 2-tailed t-test; Fig. 3E). Importantly, a
separate population of low-IR cells exposed to “rundown”
conditions (i.e. maintained in external aCSF solution for
equivalent duration as in the E2 experiments) showed no
significant effects of aCSF bath duration on either IR or
peak firing (all P > 0.05; Fig. 3F). Together, these findings
indicate that E2 rapidly shapes the temporal precision of
firing in a select population of NCM neurons, predicted
by their low baseline IR.

Estradiol does not influence the intrinsic
plasticity of NCM APs
In both populations of low-IR and high-IR neurons, E2
caused no discernable change in the active action poten-
tial parameters measured, including peak, threshold, and
afterhyperpolarization (Table 1). Therefore, despite an
influence on membrane excitability and temporal onset
properties in low-IR neurons, E2 did not influence the
active currents that contribute to the dynamics of the AP
in NCM neurons.

Estradiol response profiles are not predicted by
somatic aromatase expression
E2 is synthesized in the brain by the enzyme aromatase,
which is abundantly expressed in neurons in a variety of
species (see Introduction), including auditory pathways
of humans and songbirds. Since low- versus high-IR
neurons exhibited a clear divergence in their response
profile to bath-applied estradiol, we were curious as

to whether they were themselves aromatase-positive.
If low-IR neurons are also aromatase-positive, this would
be consistent with an acute “autocrine” feedback of local
neuroestrogen synthesis (Remage-Healey et al. 2011;
Saldanha et al. 2011) on their own intrinsic excitability.
We therefore examined whether our recorded NCM
neurons also expressed aromatase by including the
tracing molecule neurobiotin in the internal recording
solution for a subset of our current-clamp recordings.
Following the experiment, we histologically processed
each section for neurobiotin alongside aromatase
expression. Surprisingly, for all neurons histologically
recovered after recording, we found no clear segregation
of aromatase expression among low-IR (4 aromatase+,
3 aromatase−; e.g. Fig. 4A) or high-IR (2 aromatase+, 1
aromatase−; e.g. Fig. 4B) neurons in NCM (representative
cells in Fig. 4). Therefore, while aromatase is a defining
marker for the NCM region, it did not clearly distinguish
the population of NCM neurons that were unresponsive
versus responsive to the rapid actions of E2.

Estradiol regulates inhibitory neurotransmission,
but not excitation
The suppression of intrinsic excitability by E2 in NCM
could be balanced, offset, or accentuated by acute effects
at the level of neurotransmitter release probability. To
investigate these possibilities, we recorded miniature
postsynaptic currents using whole-cell voltage clamp
methods prior to and following exposure to E2 in vitro.
We observed a rapid decrease in mIPSC frequency among
neurons treated with 50 nM E2 (F4, 48 = 4.37, P = 0.0046,
one-way repeated measures ANOVA for effects of
treatment; 0–2 min vs. 8–10 min, P = 0.0053, Bonferroni;
Fig. 5A). This was evident in both males and females, as
there was no effect of sex on this outcome (F1, 11 = 1.62,
P = 0.229, one-way repeated measures ANOVA for effects
of sex, n = 7 males, 7 females) and no treatment-by-
sex interaction (F4, 44 = 1.287, P = 0.289, one-way repeated
measures ANOVA for treatment-by-sex interaction, n = 7
males, 7 females). This E2-dependent decrease in mIPSC
frequency was also evident in non-normalized data
(mean ± sem: baseline: 0.90 ± 0.16; 0–2 min 0.87 ± 0.16;
2–4 min 0.81 ± 0.15; 4–6 min 0.83 ± 0.15; 6–8 min
0.72 ± 0.14; 8–10 min 0.66 ± 0.14). We observed a similar
rapid reduction in mIPSC frequency following a higher-
dose 100 nM E2 treatment (−1.5 ± 6.5 vs. −37.7 ± 7.5%,
P = 0.007, Student’s paired 2-tailed t-test), and no change
among rundown controls (aCSF alone; −7.2 ± 17.6 vs.
2.5 ± 14.8%, P = 0.668, Student’s paired 2-tailed t-test;
Fig. 5B). There was no effect of E2 at either dose on
the amplitude of mIPSCs (all P < 0.57), consistent with
a specific effect of E2 on inhibitory pre-synaptic release
probability onto NCM neurons. In separate experiments
examining excitatory synaptic inputs, there was no
change in mEPSC frequency for the same dose of 50 nM
E2 (one-way repeated measures ANOVA for effects of
treatment F4, 44 = 1.15, P = 0.34; Fig. 5C). There was also
no change in mEPSC frequency for a separate set of cells
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Table 1. AP parameters from NCM neurons of both classes of IR reveal no systematic effects of estradiol (E2) on intrinsic AP
parameters for either cell type (all F < 1.75, P > 0.17).

AP parameter/cell type Pre +E2 (5 min) +E2 (10 min) +E2 (15 min) +E2 (20 min)

AHP (ms) High-IR 168.73 +−4.48 170.78 +−3.05 170.72 +−4.53 168.66 +−5.29 172.91 +−6.28
AHP (ms)
Low-IR

171.14 +−4.99 171.09 +−5.36 167.93 +−3.32 166.66 +−2.83 166.48 +−3.25

AHP (mV)
High-IR

−59.80 + −1.18 −59.31 +−0.96 −58.24 + −0.77 −57.84 +−0.74 −56.66 + −1.21

AHP (mV)
Low-IR

−57.47 + −2.22 −57.02 +−2.03 −55.23 + −2.21 −54.80 +−2.35 −54.05 + −2.56

AHP 1/2 duration (ms)
High-IR

4.96 +−1.21 5.11 +−1.11 5.38 +−1.18 4.53 +−1.10 4.83 + −1.25

AHP 1/2 duration (ms)
Low-IR

6.88 +−0.46 7.06 +−0.55 7.18 +−0.58 6.92 +−0.38 7.69 + −0.61

AP threshold (mV)
High-IR

−42.37 + −1.67 −42.23 +−1.68 −41.18 + −1.37 −41.40 +−1.65 −40.11 + −2.40

AP threshold (mV)
Low-IR

−45.00 + −2.31 −44.45 +−2.41 −43.75 + −2.29 −43.82 +−2.22 −44.1 +−2.72

AP peak (mV) High-IR 28.98 + −4.24 31.04 +−4.39 36.81 + −3.49 35.40 +−4.25 35.26 +−2.98
AP peak (mV) Low-IR 31.72 + −3.32 36.69 +−3.08 33.47 + −2.52 34.27 +−2.73 33.72 +−2.51

There were also no observed differences between IR cell types at baseline (pre) for any parameter (all P > 0.21).

exposed to rundown conditions (F4, 20 = 0.72, P = 0.59;
Fig. 5C). The amplitude of mEPSCs did not change
during treatment with either E2 or aCSF rundown (all
P < 0.44; Fig. 5C inset). Together, these findings indicate
that E2 rapidly suppresses spontaneous inhibitory
neurotransmitter release in NCM but does not directly
influence excitatory neurotransmission in NCM.

There is substantial heterogeneity in inhibitory neuron
populations in NCM (Ikeda et al. 2017; Pagliaro et al.
2020). The acute effects of E2 on inhibitory synaptic
transmission in NCM could be due to a uniform
influence of E2 on inhibitory neurons or a combination
of heterogeneous actions (i.e. small increases together
with larger decreases in inhibitory neurotransmitter
release). To explore these possibilities, we performed
calcium imaging in which NCM neurons were trans-
duced with an AAV carrying the genetically encoded
calcium indicator GCaMP6f. Expression was restricted
to inhibitory neurons by using the GAD1 promoter (i.e.
“GAD1-GCaMP” neurons; (Spool et al. 2021). In pilot
experiments, we used resonant line-scan imaging to
verify that individual fast calcium transients in GAD1-
GCaMP neurons were detectable in NCM slices (Fig. 5D).
In separate experiments with E2 treatments, the field of
view was expanded to a 512 × 512 pixel square within
the bounds of NCM, and spontaneous fluorescence
transients from ROIs in these recordings were quantified
before and after exposure to E2. Surprisingly, bath
application of 50 nM E2 caused 29% of the inhibitory
units we observed to increase their fluorescence by an
average of 30.3%, while 20% decreased their signal by an
average of 16.1%, and 51% remained stable (i.e. did not
exceed a positive or negative change of 10% in 3 out of
4 consecutive bins; Fig. 5D and E). Therefore, E2 caused
large increases and decreases in the activity of inhibitory
neurons within NCM, reflecting a heterogeneity in
estrogen actions embedded in the NCM network.

Estrogenic modulation requires activation of a G
protein-coupled estrogen receptor (GPER1)
Estradiol acts primarily on classical receptors ERα and
ERβ, as well as at the nonclassical, membrane-bound
GPER1 (Vail and Roepke 2019; Cao and Meitzen 2021). The
rapid timescale of changes to the membrane properties
of NCM neurons following E2 treatment suggests a
role for acute, membrane-initiated actions. Prior work
has demonstrated that NCM neurons express GPER1
(Acharya and Veney 2012) and are sensitive to GPER1
receptor blockade (using the selective antagonist G36;
Krentzel et al. 2018). To test whether the effects of
E2 on the intrinsic membrane properties of low-IR
NCM neurons are also blocked by G36, we treated
low-IR neurons that were recorded in the whole-cell
current-clamp configuration with G36 followed by E2.
We found that G36 pre-treatment prevented the actions
of E2 on passive and active membrane properties.
Specifically, G36 blocked the E2-dependent drop in both
IR (F1.43, 4.29 = 0.34, P = 0.66, one-way repeated measures
ANOVA for effects of treatment comparing G36 with
G36 + E2 epochs; Fig. 6A), as well as depolarization-
evoked peak firing in low-IR neurons (F6, 12 = 1.41,
P = 0.29, one-way repeated measures ANOVA for effects
of treatment comparing G36 with G36 + E2 epochs;
Fig. 6A). These findings are consistent with a GPER1-
dependent mechanism for the rapid actions of E2 on
the firing state of low-IR neurons in NCM.

Blocking estrogen production results in a
desynchronized neuronal response to birdsong
in vivo
Suppressing membrane GPER1 activation not only
reduces the stimulus-evoked activity of NCM neurons
in vivo, but also their temporal coding, as measured by
the accuracy of a pattern classifier (Krentzel et al. 2018).
Similarly, suppressing neuroestrogen production in NCM
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Fig. 4. Aromatase expression is not restricted to high- or low-IR neurons. A) Recorded low-IR neurons which did express aromatase (top) and those which
did not (bottom) despite surrounding aromatase positive cells. B) Recorded high-IR neurons which did express aromatase (top) and those which did not
(bottom) despite surrounding aromatase positive cells. For each row, green (left; 488 nm) is internal solution neurobiotin filled during current-clamp
recordings, while red (middle; 594 nm) is antibody-labeled aromatase (merge at right). Scale bars = 10 μm.

with the aromatase blocker fadrozole (FAD) impairs
performance on an auditory-association operant task
(Macedo-Lima and Remage-Healey 2020) and dampens
the song-evoked firing of NCM neurons (Krentzel et al.
2020). In light of our ex vivo findings presented above,
we therefore reasoned that neuroestrogen synthesis in
NCM could contribute to the temporal precision of firing
patterns of NCM neurons, in vivo. We examined data
collected from prior experiments using retrodialyzed
fadrozole (FAD; 100 uM), an aromatase inhibitor, during
in vivo, extracellular recordings coupled with playback of
conspecific birdsong (Remage-Healey et al. 2010). These
analyses showed that blocking local neuroestrogen
synthesis resulted in a suppression of the trial-by-trial
temporal correlation of firing, in 16-ms bin widths,

for NCM neurons (Fig. 6B; paired T = 3.979; P < 0.0024).
These findings are consistent with the hypothesis that
neuroestrogen synthesis in NCM supports the temporally
aligned, highly precise patterns of firing in auditory
neurons, a defining feature of this region.

Discussion
This study demonstrates that estrogens rapidly regulate
the intrinsic and synaptic properties of sensory neurons
to alter their temporal firing precision. We uncovered
2 neuronal populations in the finch auditory pallium
that can be distinguished based on 3 orthogonal fea-
tures: their active membrane properties, IR, and rapid
regulation by 17-beta-estradiol (E2). When exposed to E2,
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Fig. 5. Estradiol rapidly suppresses miniature inhibitory postsynaptic currents. Bath-applied E2 at 50 nM (A; N = 13) and 100 nM (B; N = 4) causes a
30%–40% decrease in the frequency of miniature inhibitory postsynaptic currents (mIPSCs) but not their amplitude (A) and no change among rundown
controls (B; N = 6). ∗∗P < 0.01 for within-cell differences from baseline. At top of (A) are plotted representative raw current traces of mIPSCs from NCM
neurons (scale bar = 20 pA; 25 ms). By contrast, there were no changes in frequency or amplitude (inset) of miniature excitatory post-synaptic currents
(mEPSCs) for either aCSF controls (N = 5) or 50 nM E2 (C; N = 13). At top of (C) are plotted representative raw current traces of mEPSCs from NCM
neurons (scale bar = 20 pA; 25 ms). (D) Calcium imaging (% of baseline) reflecting spontaneous cellular and network excitability revealed 3 distinct
responses to 50 nM E2 among GAD1-GCaMP6-expressing inhibitory neurons (n = 288 ROIs): 29% of units displayed a ∼30% increase in activity (blue),
20% demonstrated a ∼15% decrease in activity (red), and 51% remained stable (gray). Data were binned at 34 s, and criterion for an increase or decrease
in activity was a ±10% change in 3 out of 4 consecutive bins during the treatment period. Top, schematic showing viral injection and ex vivo calcium
imaging, and a line-scan imaging session with large, spike-like spontaneous intracellular Ca2+ events (D). Same results as shown in (D) are replotted
with all R0Is and sorted in a heat map (E).
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Fig. 6. Rapid estradiol effects require GPER1 activation, and suppressing in vivo brain estrogen synthesis disrupts NCM temporal firing correlations.
A) Antagonist experiments with the GPER1 blocker G36 (N = 5) indicate that acute E2-dependent changes in peak firing (top) and IR (bottom) in low-IR
neurons are dependent on GPER1. At top are raw voltage trace overlays of representative cells at 5 and 20 min following bath application of G36 alone
or G36 in combination with E2. The peak firing of these neurons to +140 pA current injections (top) and hyperpolarization to −200 pA current injections
(bottom) are shown here. Scale bar = 250 ms; 15 mV. B) Retrodialysis of fadrozole (FAD), coupled with playback of conspecific birdsong, resulted in a drop
in trial-by-trial correlation of song-evoked firing, in vivo. Top, representative raster plot (top), peristimulus time histogram (middle), and song oscillogram
(bottom). Bottom mean ± SEM of trial-by-trial correlation for aCSF versus 100 μM FAD retrodialysis (N = 12 cells). Dashed line is baseline trial-by-trial
correlation of neurons in the absence of song playback. ∗∗∗P < 0.005 for within-unit difference from aCSF. At top is 100 overlays of isolated waveforms
from a single extracellular unit in NCM.

an ensemble of membrane properties was altered on a
rapid timescale, and these changes occurred exclusively
among neurons with high intrinsic membrane conduc-
tance. Previous studies in rodents have associated longer-
term E2 actions with changes in membrane properties
like IR in arcuate and hippocampal neurons (Woolley
et al. 1997; DeFazio et al. 2014), as well as acute actions of
E2 on other neuronal membrane properties in a number
of systems (see Section 1). Our work builds on this foun-
dation to reveal that E2 can act via a membrane G-protein
coupled receptor to selectively target a subset of sensory
neurons with a specific electrical phenotype and regu-
late their temporal firing. Furthermore, we observed that

E2 rapidly suppresses presynaptic inhibitory neurotrans-
mitter release while sparing excitatory neurotransmitter
release. Together, these findings provide key mechanistic
insights into how estrogens modulate the response prop-
erties of neurons that encode dynamic sensory stimuli in
the forebrain.

The electrical phenotype classification of NCM neu-
rons was consistent with findings from a previous, com-
prehensive study in this same region (Dagostin et al.
2015). We extended this classification to now include
IR as a major predictor of acute E2 neuromodulation in
NCM neurons. Our classification further indicates that
the membrane estrogen receptor GPER1 that is found
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in NCM (Acharya and Veney 2012; Krentzel et al. 2018)
has restricted expression to a sub-population of NCM
neurons with a relatively higher underlying resting mem-
brane conductance. The difference in low- versus high-
IR was also concomitantly predictive of several active
membrane properties, including a longer AP duration
and repolarization time constant in low-IR neurons as
compared to their high-IR counterparts. Therefore, the
acute action of E2 on intrinsic excitability of NCM neu-
rons is predicted by their baseline IR, which is also asso-
ciated with differences in their AP kinetics.

Not only was IR predictive of responses to E2, but
IR, peak firing, latency, and jitter all dropped follow-
ing E2 treatment in low-IR neurons, exclusively. Acute
modulation of membrane properties, such as IR, can
shift the speed and precision of responses to dynamic
input stimuli. AP onset latency and precision are
important for efficient auditory encoding (Kayser et al.
2010). Mouse models of auditory processing disorders
show compromised first-spike latency and jitter in the
central auditory pathway (Kopp-Scheinpflug and Tempel
2015), and a general slowing of auditory brainstem
response latency is a hallmark feature of people with
auditory processing disorders (Rocha-Muniz et al. 2014).
Therefore, the tuning of cellular membrane mechanisms
by estrogens such as those identified here may have
implications for auditory function in health and disease.
In songbirds, IR is a prominent feature that is tuned
over the course of development in song system neurons
(Ross et al. 2017), and in the gerbil auditory brainstem,
IR, latency, and jitter all decrease across juvenile
development as the timing precision of these sensory
neurons emerges (Sanes 1993; Franzen et al. 2015).
In the songbird auditory forebrain, neurons with fast
onset kinetics are proposed to specialize in processing
the rapid temporal modulation of auditory signals
(Chen and Meliza 2018, 2020), and phasic neurons in
other systems are thought to encode stimulus onset
with high temporal fidelity (Golding et al. 1999; Yang
and Feng 2007) and to aid in coincidence detection
(Carr and Soares 2002). In auditory neurons, relatively
higher resting membrane conductance and rheobase are
accompanied by shorter AP latency and lower latency
jitter (Golding et al. 1995, 1999; Dagostin et al. 2015;
Franzen et al. 2015), and in rodents state-dependent
switches in these properties have been linked to steroid
hormone signaling in the hypothalamus (Dias et al.
2021). In this context, the current study establishes
that estrogens modulate membrane properties within
minutes to enhance millisecond-timescale temporal
precision of sensory neurons to depolarizing inputs.

Our findings implicate the membrane GPER1 in rapid
E2 effects on neuronal timing, but we did not isolate
the specific conductance(s) responsible for acute E2-
mediated changes in passive and active membrane
properties. It is likely that E2-mediated changes are
dependent on resting or sub-threshold currents. This
hypothesis comports with the observation that AP

features were unperturbed by E2 (Table 1). Potassium
leak currents can shape sensory neuronal firing patterns,
and they appear to be particularly important as a regula-
tory switch in NCM neurons (Dagostin et al. 2015). Simi-
larly, sub-threshold potassium currents are a prominent
feature of auditory neurons that rely on temporal coding
(Gittelman and Tempel 2006; Chen and Meliza 2018).
It seems likely, therefore, that neuroestrogens rapidly
target potassium conductance in NCM neurons, but
this remains to be formally tested. A further indication
supporting this interpretation is our observation that E2
actions on NCM intrinsic excitability were blocked by
a GPER1 receptor antagonist. Leak potassium currents
are regulated primarily by G protein-coupled receptor
signaling cascades (Lesage et al. 2000; Mathie 2007;
Berntson and Walmsley 2008), and GPER1 activation
directly activates potassium efflux in cardiac endothelial
cells (Yu et al. 2011), each within a modulatory timescale.
In the ventromedial hypothalamus of mice, E2 has rapid
effects on the intrinsic properties of glucose-sensing
neurons via a potassium conductance (Santiago et al.
2016). Our findings therefore generate a new hypothesis
that neuroestrogens act in NCM via GPER1-mediated
signaling to regulate 2-pore potassium channels in neu-
ronal membranes to influence the temporal precision of
sensory neurons. Alternatively, estrogens could rapidly
regulate the electrical coupling state of NCM neurons, as
electrical synapse conductances can influence IR and
AP latency in other brain areas (Alcami 2018). These
possibilities are now active areas of investigation.

Although it is clear that neuroestrogens can be rapidly
synthesized in some brain areas to modulate local circuit
functions, the cellular physiology of aromatase neurons
has only recently been formally studied in mice and
songbirds (Billing et al. 2020; de Bournonville et al. 2021).
We were surprised to find similar rates of aromatase
expression between high-IR and low-IR neurons in NCM,
given their differential responsiveness to bath-applied
E2. While aromatase neurons have been proposed to
exhibit autocrine feedback regulation, our observations
suggest that NCM neurons are capable of synthesizing
E2 to modulate the activity of nearby neurons (paracrine
or “synaptocrine” signaling; Remage-Healey et al. 2011;
Saldanha et al. 2011), in addition to autocrine feedback
regulation. Aromatase-expressing neurons in NCM
exhibit somato-somatic clustering, which could provide
electrochemical coupling for coordinated estrogenic
secretion and action (Ikeda et al. 2017). The specific
neurochemical, sensory, and activity-dependent regula-
tion of aromatase-positive neurons remain an important
avenue to pursue in this and other neural systems.

The effects of E2 on intrinsic properties led us to test
for similarly rapid actions in NCM at the level of synaptic
neurotransmission. We observed that E2 rapidly reduced
the frequency but not amplitude of inhibitory post-
synaptic currents, while sparing excitatory transmission.
Our calcium imaging experiments quantified the activity
of GAD1-expressing inhibitory neurons within NCM
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prior to and during exposure to bath-applied E2. There,
we observed 3 patterns in the frequency of calcium
transients in GAD1 neurons in response to E2 treatment:
increasing (29%), decreasing (20%), or unchanged (51%).
This non-uniformity in response to E2 does not neces-
sarily depend on 2 (or more) populations of inhibitory
neurons that are sensitive to E2 in NCM. We did not
employ synaptic blockers during these experiments so
the possibility of active feedforward-, feedback-, and
disinhibition of synaptic targets remained intact in
this preparation. These findings are consistent with
the presence of a heterogeneous network of inhibitory
neurons regulated by E2. The songbird pallium contains
multiple populations of inhibitory neuron subtypes
(Wild et al. 2005; Ikeda et al. 2017), and interneuron
heterogeneity in function and synaptic targeting has
been well characterized in the auditory forebrain of
rodents (Natan et al. 2015; Kuchibhotla et al. 2017).
Our viral strategy with GAD1-GCaMP presumably spans
multiple subclasses of inhibitory neurons in NCM whose
synaptic architecture can govern the excitability of local
and downstream neurons in the auditory microcircuit.
Interneuron subtypes, including parvalbumin versus
somatostatin versus vasoactive intestinal polypep-
tidergic neurons, differentially contribute to auditory
processing and neuromodulation in the mouse auditory
cortex (Pi et al. 2013; Phillips et al. 2017; Wood et al.
2017; Cardin 2018; Keller et al. 2018). It is likely, therefore,
that our current findings with ex vivo calcium imaging
reflect that E2 potentiates versus suppresses excitability
in separate populations of GAD1-expressing neurons,
while voltage clamp recordings show an acute, E2-
dependent suppression of GABA release, on balance, in
NCM. The E2-dependent decrease in release probability
seen in the whole-cell recordings in the presence of
synaptic blockers could therefore be overcome by an E2-
dependent increase in firing of a population of GABAergic
neurons when the network is intact. Thus, the underlying
tuning of the inhibitory network by neuroestrogens is
likely to depend on both cell type and synaptic targets,
and the influence of E2 on specific cell types and
on spontaneous inhibitory currents should be further
explored in this auditory region.

The combination of acute effects of E2 on both neu-
rotransmission and intrinsic properties in NCM predicts
substantially altered response properties in vivo, with a
particular emphasis on the temporal encoding of song.
We examined earlier data collected with in vivo elec-
trophysiology recordings from NCM neurons and found
that retrodialysis of the aromatase inhibitor fadrozole
caused an acute disruption of the trial-by-trial correla-
tion in song-evoked activity. These findings provide fur-
ther supporting evidence that neuroestrogens are impor-
tant for the precise timing of neuronal responses to
song in vivo. Estrogens rapidly shape the latency and
precision of NCM AP firing accompanied by a drop in
IR and excitability, which we observe may be compen-
sated for by estrogen-dependent decreases in inhibitory

neurotransmitter release. Across many species and neu-
ral systems, estrogens play a significant role in the pro-
cessing and contextualization of sensory information via
both long-term and acute actions on neurons (Kis et al.
2001; Sisneros 2004; Maney et al. 2006; Noirot et al. 2009;
Matragrano et al. 2012; Banerjee and Liu 2013; Caras
2013; Cherian et al. 2014; Chakraborty and Burmeister
2015). Integrating the results of experiments at the level
of systems, circuits, and behavior with those focused on
cellular signaling and membrane excitability will con-
tinue to be instrumental in furthering our understanding
of how estrogens shape sensory pathways at multiple
timescales to govern changes in behavior.
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