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Changing Neuroestrogens Within the Auditory Forebrain
Rapidly Transform Stimulus Selectivity in a Downstream
Sensorimotor Nucleus

Luke Remage-Healey and Narendra R. Joshi

Neuroscience and Behavior Program, Center for Neuroendocrine Studies, University of Massachusetts, Amherst, Massachusetts 01003

The activity of sensory circuits is shaped by neuromodulators, which can have downstream consequences for both sensorimotor inte-
gration and behavioral output. Recent evidence indicates that brain-derived estrogens (“neuroestrogens”) can act as local circuit mod-
ulators in the songbird auditory forebrain. Specifically, neuroestrogens fluctuate in the auditory caudomedial nidopallium (NCM) during
social interactions and in response to song stimuli. Within minutes of elevation, neuroestrogens also enhance auditory response prop-
erties of NCM neurons, and acute blockade of estrogen production in NCM disrupts behavioral song preferences. Here, we test the
hypothesis that fluctuating neuroestrogens within NCM influence stimulus selectivity in a downstream sensorimotor nucleus (HVC, used
asa proper name) that receives indirect auditory input from NCM. Dual extracellular recordings coupled with retrodialysis delivery show
that song selectivity in HVC is rapidly enhanced by increasing neuroestrogens in NCM in adult males. Conversely, inhibiting neuroes-
trogen production in NCM causes a rapid decline in song selectivity in HVC, demonstrating the endogenous nature of this modulatory
network. In contrast, HVC selectivity is unaffected by neuroestrogen delivery to either nearby caudomedial mesopallium or into HVC
itself, indicating that neuroestrogen actions are restricted to NCM. In juvenile males, identical neuroestrogen treatment in NCM also does
not alter HVC selectivity, consistent with a developmental maturation of the auditory network. Lastly, the rapid actions of estrogens
leading to enhanced HVC selectivity appear to be mediated by membrane-bound receptors in NCM. These findings indicate that steroid-
dependent modulation of sensory processing is not locally restricted and can be transmitted transynaptically to influence downstream

sensorimotor and premotor targets.

Introduction

Brain circuits are highly sensitive to steroid hormones derived
both from the periphery and generated within the CNS itself.
Steroids can sculpt the brain over long-term seasonal and devel-
opmental timescales, yet they can also modulate the excitability
of neurons within seconds to minutes. These rapid, nonclassical
actions on neuronal excitability have been described for all major
steroids, including progestins (Joéls, 1997; Shen et al., 2007;
Smith et al., 2009), glucocorticoids (Dallman, 2005; Coddington
et al., 2007; Pasricha et al., 2011), androgens (Bass and Remage-
Healey, 2008; Foradori et al., 2008), and estrogens (Dufy et al.,
1979; Wong and Moss, 1992; Mermelstein et al., 1996; Remage-
Healey and Bass, 2007; Woolley, 2007; Kuo et al., 2010). The
nonclassical actions of estrogens have drawn particular attention
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because the activity of the estrogen-synthesis enzyme aromatase
is rapidly regulated within discrete brain regions (Cornil et al.,
2005; Balthazart et al., 2006; Charlier et al., 2011) and because
aromatase is expressed in presynaptic boutons in the forebrain of
rodents, primates, and songbirds (Naftolin et al., 1996; Hojo et
al., 2004; Peterson et al., 2005; Srivastava et al., 2010). Estrogens
therefore appear to exert rapid, neuromodulatory actions with
high spatial and temporal resolution (Balthazart and Ball, 2006;
Remage-Healey et al., 2011). However, despite current under-
standing of their capacity for neuromodulation, whether neuro-
steroids, such as estrogens, can rapidly alter the flow of
information between identified brain circuits is unclear.

Here, we test this hypothesis using the zebra finch, a songbird
with pronounced brain steroid production (London et al., 2006;
Schlinger and Brenowitz, 2008; Remage-Healey et al., 2010a).
Adult males have a specialized network of forebrain nuclei de-
voted to auditory processing and learned vocalizations (Mooney,
2009). One auditory region, the caudomedial nidopallium
(NCM), is aromatase rich (Saldanha et al., 2000; Saldanha and
Coomaralingam, 2005; Jeong et al., 2011) and is important for
auditory discrimination and song memories (Gentner et al.,
2004; Bolhuis and Gahr, 2006; Phan et al., 2006). Auditory signals
processed by NCM ultimately reach nucleus HVC (via indirect
projections; see Fig. 1A), a key sensorimotor structure that inte-
grates auditory input with vocal motor commands and is critical
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for song production and perception (Brenowitz, 1991; Gentner et
al., 2000; Long and Fee, 2008; Prather et al., 2008).

A recently-optimized in vivo microdialysis approach in behav-
ing zebra finches reveals that estrogens in NCM are elevated dur-
ing auditory stimulation and singing (Remage-Healey et al.,
2008, 2012). In vivo recordings indicate that elevated NCM estro-
gens rapidly boost auditory response properties of NCM neurons
(Tremere et al., 2009; Remage-Healey et al., 2010b). Further-
more, blocking production of estrogens in NCM disrupts audi-
tory processing (Remage-Healey et al., 2010b) and song
preferences in behaving individuals (Remage-Healey et al.,
2010b; Tremere and Pinaud, 2011). Here, we demonstrate that
local and acute estrogen signaling in NCM transforms the audi-
tory response properties of HVC neurons and that these actions
appear to be mediated by a membrane-bound estrogen receptor.
These results therefore reveal that rapid steroid signaling within a
sensory region has direct implications for downstream sensori-
motor integration.

Materials and Methods

We recorded from 34 male zebra finches (Taeniopygia guttata; adults
>120 d and juveniles <90 d; see below) obtained from the laboratory
breeding colony (14/10 h light/dark cycle, group housed in mixed-sex
aviaries). All experiments were approved by the Institutional Care and
Use Committee at the University of Massachusetts. Males were housed
individually inside sound-attenuation chambers (Eckel Industries) with
a companion female to elicit song before surgery. Spontaneous song
bouts were continuously recorded and sorted using Sound Analysis Pro
(http://soundanalysispro.com/; version 2A.04). Electrophysiology pro-
cedures coupled to neuroestrogen microdialysis were performed accord-
ing to previously established methods (Remage-Healey et al., 2010a,
2012) with some modifications. Dual multiunit extracellular recordings
from ipsilateral NCM and HVC were obtained simultaneously and com-
bined with reverse microdialysis (retrodialysis) of estrogens/inhibitors
within ipsilateral NCM (Fig. 1 A).

For craniotomy surgery to expose the caudal forebrain, birds were
anesthetized with 20% urethane via intramuscular injections (3 X 30 ul
injections over a 2 h period). After injection with lidocaine (2% in etha-
nol), a midline incision and craniotomy exposed the reference point
(bifurcation of the midsagittal sinus), and the locations of NCM and
HVC were stereotaxically marked on the skull (from the bifurcation of
the midsagittal sinus NCM: 1.2 mm rostral and 0.7 mm lateral; HVC: 2.4
mm lateral). A stainless steel head post (Herb Adams Engineering) was
attached to the rostral skull via dental acrylic/cyanoacrylate, and a re-
cording chamber surrounding the entire caudal forebrain region was
sealed with dental acrylic.

After craniotomy, the dura mater was carefully resected over the re-
gion overlying the HVC and NCM boundaries, within the recording
chamber. The bird was stabilized on a head-post anchor stage (Herb
Adams Engineering) inside a sound-attenuation chamber (Industrial
Acoustics) and kept warm with a direct current heating pad (FHC Neu-
rocraft). A CMA-7 microdialysis probe prefilled with aCSF (199 mm
NaCl, 26.2 mm NaHCOj, 2.5 mm KCl, 1.0 mm MgS0,, 2.5 mm CaCl, 11.0
mM glucose, and 1% bovine serum albumin, pH 7.4) was advanced into
ventral NCM with a motorized micromanipulator (Warner Instru-
ments). Experiments did not begin until the end of a 60 min stabilization
period of steady dialysate flow (2.0 ul/min) to allow implantation-
induced phenomena to subside (Remage-Healey et al., 2010, 2012). A
motorized micromanipulator (Warner Instruments) advanced a carbon-
fiber electrode (0.5-1.2 M{); Carbostar-1; Kation Scientific) into NCM
immediately adjacent to the retrodialysis probe, and search stimuli in-
cluded white noise (WN) and tones. Auditory sites were established in
NCM by a combination of electrode depth (~1.5 mm ventral from brain
surface) and characteristic auditory-evoked activity. After stable auditory
activity in NCM was established, a hydraulic micromanipulator (Na-
rishige) advanced a second carbon-fiber electrode into HVC (beginning
~0.3 mm ventral from brain surface), for which search stimuli included
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bird’s own song (BOS) and BOS played in reverse (REV). All histologi-
cally confirmed HVC sites exhibited the characteristic enhanced neuro-
nal selectivity to BOS relative to all other playback sounds (see Results
below and Fig. 1 A). Simultaneous, stable, auditory-evoked activity was
obtained from both NCM and HVC typically within minutes of the
initial encounter of auditory sites in NCM.

Sound stimuli for all animals included BOS, REV, a conspecific song
(CON), and white noise (WN). All stimuli (~2 s in duration) were
bandpass filtered using Adobe Audition (0.5-10 kHz; Adobe Systems)
and were presented in randomized order at an interstimulus interval of
10 = 2 sat ~70 dB SPL. Experimental treatments were divided into three
successive 30 min playback periods. Each playback block (20X per stim-
ulus) was 15 min in duration after an initial 15 min silent period to allow
drug wash-in or washout, for a total treatment period of 30 min. The first
30 min recording/playback period consisted of aCSF retrodialysis to de-
termine baseline responsiveness, followed by 30 min retrodialysis of es-
trogens/inhibitors, followed by a 30 min washout period of aCSF alone.
Each experimental subject was treated with one compound exclusively,
and all recordings were analyzed offline blind to treatment condition. At
the conclusion of each experimental session, the NCM and HVC record-
ing sites were each lesioned (+10 uA for 8 s) for histological verification.

The retrodialysis delivery method necessarily infuses estrogenic drugs
and inhibitors into a ~1.0 mm dorsoventral extent of tissue (CMA-7
probe membrane length of 1.0 mm; CMA/Microdialysis). This method
enables a larger-scale modulation of the population of NCM neurons
(within the NCM region, which is ~1.4 X 1.2 mm) than is possible with
pressure or micropipette injections from a discrete tip (Remage-Healey
et al., 2010b, 2012). In adult males (n = 19), retrodialysis solutions in
NCM were the predominant neuroestrogen 17--estradiol [E2; 30 pg/ml
(110 uMm); n = 9], the estrogen synthesis inhibitor fadrozole (FAD; 100
uM; n = 5), or the biotin-conjugated estradiol (E6biotin; 30 ug/ml; n =
5). The doses for each compound were identical to previous studies
(Remage-Healey et al., 2010b, 2012) and were selected to target the ap-
proximate range of local neuroestrogen concentrations in NCM
(Remage-Healey et al., 2008).

Dual recordings from NCM and HVC were amplified, bandpass fil-
tered (0.3-5 kHz; A-M Systems 1700), digitized at 20 kHz (Micro 1401;
Cambridge Electronic Design), and stored on a computer using Spike 2
software (Cambridge Electronic Design). Multiunit recordings were an-
alyzed offline using thresholding methods (excluding low-amplitude
spikes with less than ~3:1 peak amplitude/background noise ratio) fol-
lowing established protocols (Coleman et al., 2007; Remage-Healey et al.,
2010b, 2012). For each recording session, the threshold level was main-
tained for the entire set of recordings, so that all sampling periods per
experiment (e.g., aCSF, E2, washout) were analyzed with the same volt-
age threshold (for representative multiunit traces and stimulus histo-
grams, see Fig. 1B,C, respectively). Suprathreshold multiunit activity
was then used to obtain average response strength (RS) for each 30 min
recording. RS was computed by subtracting the mean firing rate for 2 s
immediately before playback stimulation from the mean firing rate for 2 s
during auditory stimulation. RS typically varies several-fold as a function
of the “preferred” stimulus for any one auditory region (e.g., HVC ex-
hibits a twofold to fivefold larger RS to BOS than any other stimulus;
Coleman and Mooney, 2004; Nick and Konishi, 2005a). To standardize
comparisons among playback treatments, auditory responses were
z-transformed (expressed as Z-scores) for both HVC and NCM data. The
Z-score is the difference between the mean response during the stimulus
and during the baseline period (RS) divided by the SD of the difference
between the stimulus and baseline periods (Coleman and Mooney, 2004;
Bauer et al., 2008). We observed that results with manipulations of neu-
roestrogens in NCM were similar for both RS and Z-score measures;
presented below are Z-scores for HVC and NCM to simplify stimulus
and region response comparisons.

Inspection of the HVC data revealed a substantial shift in BOS selec-
tivity relative to other stimuli during NCM E2 treatment (i.e., enhanced
responses to BOS, unchanged responses to other stimuli; see Fig. 2A). To
assess the neuroestrogen-dependent changes in HVC auditory selectiv-
ity, the selectivity index d’ (a psychophysical measure of discriminability
between two stimuli; Green and Swets, 1966) was computed for all song
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Figure 1.  Estrogens acting locally within NCM rapidly enhance the neural representation of song in HVC. 4, Sagittal schematic of the
male zebra finch auditory circuit, showing dual extracellular electrodes in NCM and sensorimotor HVC. A retrodialysis probe is pictured
coupled to the electrode in NCM, which allows acute manipulation of local concentrations of estrogenic drugs and inhibitors within discrete
nuclei, along with washout with aCSF. The auditory pathway ascends from the cochlear nucleus (not pictured), via thalamic nucleus
ovoidalis (Ov), primary thalamorecipient Field L (L), secondary auditory cortical nuclei NCM, CMM, CLM, and NIf, into the sensorimotor
integration nucleus HVC. B, Two representative examples of dual multiunit recordings from two separate animals taken at baseline.
Multiunit traces from HVC (top) and NCM (bottom) are shown for a 20 s sequence of presentation of both the BOS and REV (playback
waveforms shown in middle). NCM exhibits characteristic auditory-evoked increased firing rates to most sounds, including REV and BOS,
whereas HVCexhibits characteristic BOS selectivity (i.e., limited response to REV). Calibration bar, 15. €, PSTHs from multiunit activity in HVC
duringauditory playback and neuroestrogen manipulationsin NCM. All three PSTHs are from the same experimental animal over the course
of atypical experiment of serial 30 min treatments with aCSF, E2, and aCSF washout in NCM. Each PSTH depicts the summed HVC multiunit
activity over 20 iterations of 6 s of 2 s silence, followed by 2 s of BOS playback (BOS STIM), followed by 2 s of silence. The corresponding
Z-scores are presented above the x-axis for each recording.
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stimuli compared with WN, according to the
following equation (Coleman and Mooney,
2004; Bauer et al., 2008):

~ 2(RS[STIM] — RS[WN]
- J?[STIM] + o’ [WN]’

where RS[STIM] is the average RS for any
stimulus (BOS, REV, CON), RS[WN] is the
comparison average RS for WN, and o is the
variance for each corresponding parameter.
The d" selectivity index helps to account for
distribution variance and is therefore used as a
measure of discrimination between two envi-
ronmental stimuli.

HVC single-unit analyses. To investigate
whether E2-dependent changes in HVC audi-
tory responses occurred at the level of single
neurons, HVC recordings were sorted for
single-unit analysis (procedures as performed by
Remage-Healey et al., 2010b). Large-amplitude
single units (signal/noise ratio >3:1; one to two
units per bird) were identified via waveform spike
sorting (Spike 2; Cambridge Electronic Design).
Single units identified by the offline spike sorting
algorithm were segregated by waveform charac-
teristics and by principle component analysis (see
Fig. 3A). In all cases, single units were verified to
be auditory responsive by inspecting playback
peristimulus time histograms (PSTHs; see Fig.
3B), and only units meeting refractory period cri-
teria were included in the analyses [i.e., the num-
ber of interspike intervals (ISIs) within 1 ms =1%
of the total number of ISIs; average * SEM,
0.69 = 0.33%]. This conservative analysis identi-
fied eight single units from the nine males for
which spike-sorted waveform templates could be
reliably maintained across treatment periods
(aCSF, E2, wash). Z-scores and d' values were
generated for single units and analyzed as above.

Dual CMM-HVC recordings and HVC
microinjections. We performed two additional
experiments to determine the region specificity
of the rapid actions of E2 in NCM, in particular
because there are no direct anatomical connec-
tions between NCM and HVC (Fig. 1 A). First,
dual extracellular recordings were obtained
from HVC and caudomedial mesopallium
(CMM), a secondary auditory region that, like
NCM, provides auditory input into HVC via
two intervening pathways (Fig. 1A). In a sepa-
rate set of adult males (n = 5), dual multiunit
recordings from ipsilateral CMM and HVC
were obtained simultaneously and combined
with reverse microdialysis (retrodialysis) of E2
(30 pg/ml) within ipsilateral CMM (see Fig. 5).
Surgical and recording procedures were as pre-
sented above, with modifications to expose
CMM in addition to HVC.

Second, in a separate set of adult males (n =
4), we delivered E2 directly into HVC via mi-
croinjection (the dorsoventral extent of HVCis
too narrow to permit targeted retrodialysis
with current methods) using a modified pico-
spritzer while recording within HVC (World
Precision Instruments). After establishing sta-
ble multiunit activity in HVC, ~100 nl of aCSF
was delivered to HVC following established
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protocols for small-volume pressure delivery (Remage-Healey and Bass,
2010; Tremere et al., 2010). HVC multiunit activity was recorded for the
10 min after aCSF delivery to establish baseline responses, after which
~100 nl of E2 (30 ug/ml) was delivered to HVC and two subsequent
HVC recordings were collected (0—10 min after E2; 10—20 min after E2).

Dual NCM-HVC recordings in juvenile males. BOS-selective responses
emerge in the HVC of juvenile males by 70-90 d post-hatching (dph;
Nick and Konishi, 2005b) and in the downstream anterior forebrain
pathway by as early as 60 dph (Solis and Doupe, 1997; Sizemore and
Perkel, 2011). During this period, juvenile males gradually refine their
highly variable song, and full “crystallized ” adult song (i.e., highly ste-
reotyped across renditions) only occurs after 90 dph (Korsia and Bottjer,
1991; Brainard and Doupe, 2002; Mooney, 2009), when gonadal andro-
gens are elevated (Schlinger and Brenowitz, 2008). Because of the above
results with adult males, we tested whether the E2-dependent modula-
tion within NCM leads to downstream enhanced HVC BOS selectivity in
juvenile males, before the full maturation of the auditory forebrain net-
work. A set of six males was used to explore this hypothesis, with ages
over the range of the sensorimotor phase of song development (ages: 60,
63, 67,72, 76, and 81 dph). Dual extracellular recordings were obtained
from HVC and NCM, after anesthesia and surgery as outlined above, in
combination with retrodialysis of E2 (30 ug/ml) within ipsilateral NCM.

Statistical analyses. Statistical analyses were performed using Statview
4.5 (Abacus) and R (GNU project). Z-score and d’ values were analyzed
for each brain region using nonparametric repeated-measures Fried-
man’s ANOVA tests (Shapiro-Wilk’s W tests for parametric distributions
were significant at p < 0.05; no multi-way repeated-measures ANOVA
tests exist for nonparametric data). One-way repeated-measures Fried-
man’s tests were computed for each auditory playback stimulus on a
within-subject basis over time for a given treatment sequence (e.g., aCSF,
E2, and wash). When initial Friedman’s tests were found to be significant
for an auditory playback stimulus (e.g., BOS), subsequent Wilcoxon’s
signed-rank post hoc tests (Siegel and Castellan, 1988; Sokal and Rohlf,
1995) were used to test for paired within-subject changes in Z-scores or
d' values from baseline (e.g., aCSF vs E2 treatment periods).

Results

NCM E2 treatment enhances auditory encoding in NCM
Acute, 30 min retrodialysis of E2 (30 ug/ml; n = 9) into NCM
caused a local upregulation of NCM auditory responses to all
stimuli (Fig. 2 A, top), consistent with previously published work
in adult males and females of this species (Tremere et al., 2009;
Remage-Healey et al., 2010b, 2012; Tremere and Pinaud, 2011).
For response strength (Z-score values) in NCM, the nonpara-
metric repeated-measures Friedman’s tests revealed overall signif-
icant effects of E2 treatment for BOS (X? = 7.60; p = 0.022), REV
(X*=10.00; p = 0.007), CON (X* = 6.40; p = 0.041), and WN (X
= 7.60; p = 0.022). The source of this variation was determined by
Wilcoxon’s signed-rank post hoc tests, which revealed that response
strength in NCM was significantly elevated over baseline (aCSF vs
E2) for BOS, REV, CON, and WN (all p < 0.04).

NCM E2 treatment enhances BOS responses in HVC

The same acute, 30 min retrodialysis of E2 (30 pwg/ml; n = 9) into
NCM caused an upregulation of HVC auditory responses only to
the playback of the BOS (Fig. 2 A, bottom). For response strength
(Z-score values) in HVC, the nonparametric repeated-measures
Friedman’s test revealed an overall significant effect of E2 treat-
ment on the response to BOS (X* = 13.50; p = 0.001). In con-
trast, Friedman’s tests showed no effects of E2 treatment on the
HVC response to REV (X* = 0.06; p = 0.972), CON (X? = 2.39;
p = 0.303), or WN (X? = 3.72; p = 0.147). The source of this
variation was determined by Wilcoxon’s signed-rank post hoc tests,
which revealed that response strength in HVC was significantly ele-
vated over baseline (aCSF vs E2) for BOS (p = 0.007) but not signif-
icantly different for REV, CON, and WN (all p > 0.37).
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Figure2.  E2delivered to NCMrapidly enhances neuronal responses toall auditory stimuliin NCM,
but E2 selectively enhances only neuronal responses to BOS in HVC. 4, The Z-score (neuronal response
strength) in NCM is rapidly enhanced by E2 treatment within NCM for all four auditory stimuli (top;
n = 9).In contrast, simultaneous recordings in HVC show that the Z-score in HVCis rapidly enhanced
by E2 treatment within NCM for the BOS stimulus only. Inset, Individual data for all nine birds showing
rapid changes in Z-score values in HVC for the neuronal responses to BOS during aCSF (left), E2 (mid-
dle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graph). B, In this
same experiment, the stimulus selectivity index d” in HVCis rapidly enhanced for the BOS stimulus
only, indicating that HVC exhibits enhanced neuronal selectivity for the BOS stimulus when E2 levels
areacutely elevatedin NCM. Inset, Individual data for all nine birds showing rapid changesin d” values
in HVC for the neuronal responses to BOS during aCSF (left), E2 (middle), and wash (right) treatment
periods (axes are unlabeled but are identical to bar graph). Each time period is 30 min in duration.
*p < 0.05;**p << 0.01for Wilcoxon's signed-rank post hoc tests comparing E2 versus aCSF conditions
ona within-stimulus basis.

Similarly, for the selectivity index d’ (Fig. 2B), the nonpara-
metric repeated-measures Friedman’s test revealed an overall sig-
nificant effect of E2 treatment on the HVC selectivity for BOS
(X? = 12.06; p = 0.002). In contrast, Friedman’s tests showed no
effects of B2 treatment on the HVC selectivity for REV (X* =
1.17; p = 0.549) or CON (X? = 2.11; p = 0.347). The source of
this variation was determined by Wilcoxon’s signed-rank post hoc
tests, which revealed that d’ values in HVC were significantly
elevated over baseline (aCSF vs E2) for BOS (p = 0.007) but not
significantly different for REV and CON (all p > 0.37). There-
fore, although E2 caused a rapid and generalized upregulation of
auditory response strength in NCM, the same modulatory event
was transformed by the time it reached HVC to become specific
for a selective enhancement of the BOS.

HVC single-unit response properties enhanced by NCM

E2 treatment

To investigate whether E2-dependent changes in HVC auditory re-
sponses occurred at the level of single neurons, HVC recordings were
sorted for single-unit analysis (see Materials and Methods and Fig.
3 A, B). Patterns of response for the #n = 8 isolated single units were
very similar to results with HVC multiunit data. E2 retrodialysis in
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Figure 3.  Estradiol in NCM enhances BOS selectivity of single neurons in HVC. 4, Top, Principle component analysis plot for a
typical single auditory unit in HVC (black dots, lines indicate SD) showing clear separation from a second HVC unit (gray dots).
Bottom, Overlay of 100 random spike waveforms from the same single unit shows the corresponding unique distribution of spikes
forthe same unit (calibration bar, 0.2 ms). B, Allidentified HVCsingle units showed significant changes in auditory-evoked activity;
shown hereisaPSTH of a typical unit (top) along with the corresponding song stimulus (bottom). €, Estradiol treatment in NCM did
not produce changes in spontaneous activity in HVC single units. The average instantaneous firing frequency is plotted here for all
individual data for eight single units in this study, showing no significant change with E2 treatment. D, The Z-scores for all
identified single units were rapidly enhanced for BOS in HVC after E2 treatment in NCM. Inset, Individual data for all eight units for
BOS showing rapid changes in Z-scores during aCSF (left), E2 (middle), and wash (right) treatment periods (axes are unlabeled but
are identical to bar graph). E, In this same experiment, the stimulus selectivity index d" in HVCis rapidly enhanced for the BOS
stimulus when E2 levels are acutely elevated in NCM. Inset, Individual data for all identified single units for BOS showing rapid
changes during aCSF (left), E2 (middle), and wash (right) treatment periods (axes are unlabeled but are identical to bar graph).
Each time period is 30 minin duration. *p << 0.05 for Wilcoxon's signed-rank post hoc tests comparing E2 versus aCSF conditions on
a within-stimulus basis. NS, Nonsignificant.

NCM caused a local upregulation of HVC single-unit auditory re-
sponses to the BOS only (Fig. 3). For response strength (Z-score
values) in HVC, the nonparametric repeated-measures Friedman’s
test revealed an overall significant effect of E2 treatment on the re-
sponse to BOS (X* = 10.75; p = 0.004). In contrast, Friedman’s tests
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showed no effects of E2 treatment on the
HVC response to REV (X*> = 1.75; p =
0.417), CON (X = 0.75; p = 0.687),0or WN
(X? = 0.25; p = 0.882). The source of this
variation was determined by Wilcoxon’s
signed-rank post hoc tests, which revealed
that response strength in HVC was signifi-
cantly elevated over baseline (aCSF vs E2)
for BOS (p = 0.01) but not significantly dif-
ferent for REV, CON, and WN (all p >
0.21).

Similarly, for the selectivity index d’
(Fig. 3E), the nonparametric repeated-
measures Friedman’s test revealed an
overall significant effect of E2 treatment
on the HVC selectivity for BOS (X* =
13.07; p = 0.001). In contrast, Friedman’s
tests showed no effects of E2 treatment on
the HVC selectivity for REV (X* = 0.27;
p = 0.875) or CON (X* = 3.47; p =
0.177). The source of this variation was
determined by Wilcoxon’s signed-rank
post hoc tests which revealed that d” values
in HVC were significantly elevated over
baseline (aCSF vs E2) for BOS (p = 0.01)
but not significantly different for REV and
CON (all p > 0.21). Therefore, unsurpris-
ingly, the enhanced representation of BOS
in HVC was attributable to specific modu-
lation of the activity of single HVC neurons.

There was no significant change in
baseline firing frequency (i.e., in the ab-
sence of auditory stimulation) in HVC be-
tween aCSF versus E2 NCM retrodialysis
conditions. The mean *= SEM instanta-
neous firing frequency in HVC for aCSF
versus E2 conditions was unchanged at
the level of multiunit spontaneous activity
(309.5 £ 61 vs 338.9 £ 58 Hz, respec-
tively; p = 0.83 for paired t test), as well as
at the level of single-unit spontaneous ac-
tivity (163.3 £ 50 vs 141.9 = 30 Hz, re-
spectively; p = 0.74 for paired t test; Fig.
3C). This suggests that E2-dependent
modulation transformed the auditory in-
put(s) to HVC and did not directly alter
the intrinsic membrane properties of the
HVC neurons we sampled (as reported
previously, spontaneous activity is also
unchanged in NCM during E2 treatment;
Remage-Healey et al., 2010b). However,
this hypothesis remains to be tested with
intracellular recordings before conclu-
sions can be made about the nature of the
modulation at the level of HVC.

No enhancement of HVC BOS
representation in juvenile males

Because of the above results collected in adult males, we tested
whether the E2-dependent modulation within NCM led to
downstream enhanced BOS selectivity in juvenile males (before
song crystallization and maturation of the HVC-RA circuit,
60—81 dph). In contrast to adults, however, the same dose of E2
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Figure 4.  Estradiol in NCM does not alter HVC auditory responses in juvenile male zebra

finches. 4, At left is a sagittal schematic identical to Figure 1A showing the retrodialysis probe
coupled to the extracellular electrode in NCM and a second extracellular electrode in HVC. At
rightis an example of HVC multiunit activity showing clear auditory-evoked activity in a juvenile
male; shown here is a PSTH of a typical response (top) along with the corresponding song
stimulus (bottom). Unlike adult males, E2 treatment in NCM did not cause rapid changes in
Z-score values (B) or d” values for BOS (€) in the HVC of juvenile males (60 — 81 dph). Individual
data are presented for all six birds showing no consistent change in BOS response strength (B;
Z-score values; axes are unlabeled but are identical to bar graph) and BOS selectivity (C; d’
values). Other abbreviations are as defined in the legend to Figure 1.

(30 pg/ml; n = 6) produced no significant changes in auditory-
evoked activity in juveline HVC (Fig. 4). For response strength
(Z-score values) in HVC, the nonparametric repeated-measures
Friedman’s tests showed no significant effect of E2 treatment on
the responses to BOS (X* = 4.33; p = 0.115), REV (X* = 0.33;
p =0.846), CON (X* = 0.33; p = 0.846), or WN (X*> = 0.33;p =
0.846). Therefore, the rapid modulation of HVC auditory pro-
cessing by E2 in NCM very likely depends on a developmental
maturation of the auditory pathway.

No enhancement of HVC BOS representation by E2 treatment
in either CMM or HVC

One explanation for the rapid actions of E2 delivered to NCM on
downstream response properties in HVC in adults could be rapid
diffusion of E2 through the caudal forebrain to have a direct effect
on HVC. We performed two separate experiments to test this
possibility and thereby determine the region specificity of the
rapid actions of E2 in NCM. First, dual extracellular recordings
were obtained from HVC and CMM, an adjacent secondary au-
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Figure5. Estradiolin (MM does not alter HVCauditory responsesin adult males. 4, A sagittal
schematic similar to Figure 1A showing the retrodialysis probe coupled to the extracellular
electrode in (MM and a second extracellular electrode in HVC. B, Although CMM exhibits strong
auditory-evoked activity (average Z-scores are positive for all stimuli during all treatment con-
ditions), E2 treatment within CMM has no significant effect on auditory responsesin either CMM
(top) or HVC (bottom), demonstrating the region specificity of rapid E2 actions within nearby
NCM. Insets, Individual data for all five birds for BOS showing no changes in Z-score values for
CMM (top) and HVC (bottom; axes are unlabeled but are identical to bar graphs). €, Individual
data for all five birds showing no change in BOS selectivity (index d") in HVC during E2 manip-
ulations in CMM. Other abbreviations are as defined in the legend to Figure 1.

ditory region that (like NCM) provides indirect input into HVC
(Fig. 5A). Dual extracellular recordings revealed that the same
dose of E2 (30 ug/ml; n = 5) delivered to CMM did not have
significant effects on auditory processing within CMM or up-
stream in HVC, despite the similar HVC proximity of CMM as
that of NCM. For response strength (Z-score values) in CMM
(Fig. 5B, top), the nonparametric repeated-measures Friedman’s
tests showed no significant effect of E2 treatment on the re-
sponses to BOS (X* = 2.80; p = 0.246), REV (X? = 0.40; p =
0.819), CON (X? = 3.60; p = 0.165), or WN (X* = 3.60; p =
0.165). For corresponding response strength in HVC (Fig. 5B,
bottom), the nonparametric repeated-measures Friedman’s tests
showed no significant effect of E2 treatment on the responses to
BOS (X? = 1.60; p = 0.449), REV (X? = 1.20; p = 0.549), CON
(X* = 2.80; p = 0.246), or WN (X* = 2.80; p = 0.246). Thus,
elevated E2 levels in nearby CMM did not cause rapid changes in
CMM activity nor did they mimic the rapid actions of NCM E2
on downstream HVC processing.
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Figure 6.  Estradiol delivered directly to HVC does not alter HVC auditory responses in adult
males. A, A sagittal schematic similar to Figure 1A showing the HVC microinjection site coupled
to the extracellular electrode in HVC. B, Auditory response strength (Z-score values) in HVCare
unchanged after E2 treatment within HVC, further demonstrating the region specificity of rapid
E2 actions within nearby NCM. Inset, Individual data for all four birds for BOS showing no
changes in Z-score values (axes are unlabeled but are identical to bar graph). , Individual data
for all four birds showing no change in BOS selectivity (indexd”) in HVC during E2 manipulations
in HVC. Other abbreviations are as defined in the legend to Figure 1.

Second, E2 delivered directly into HVC produced no changes
in the auditory response properties of HVC itself (Fig. 6). For
response strength (Z-score values) in HVC (Fig. 6 B), the non-
parametric repeated-measures Friedman’s tests showed no sig-
nificant effect of local HVC E2 treatment on the responses to BOS
(X*=4.50; p = 0.105), REV (X* = 1.50; p = 0.472), CON (X* =
2.00; p = 0.368), or WN (X? = 1.50; p = 0.472). Similarly, the
selectivity index d" was unchanged for BOS after delivery of E2
(Fig. 6C; X* = 1.500; p = 0.472). These results are in direct
contrast with those presented above in which E2 is delivered into
NCM (Fig. 2A,B). Together, experiments with E2 delivery to
CMM and HVC indicate that the modulation of HVC response
properties by the actions of E2 in the auditory forebrain appear to
be specifically localized to NCM and not dependent on passive
diffusion of E2 from NCM (or CMM) into HVC itself.

Local inhibition of NCM aromatase diminishes neuronal
selectivity in HVC

To test whether endogenous estrogen production within NCM
has consequences for HVC auditory selectivity, we retrodialyzed
the potent aromatase inhibitor FAD (100 um; n = 5) into NCM
while recording from HVC. The same dose of FAD has been
shown previously via retrodialysis delivery to suppress local E2
levels, auditory processing, as well as behavioral song preferences
in NCM (Remage-Healey et al., 2008, 2010b). For response
strength (Z-score values) in HVC (Fig. 7C, top), the nonparamet-
ric repeated-measures Friedman’s test revealed an overall signif-
icant effect of FAD treatment on the response to BOS (X* = 8.40;
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p = 0.015). In contrast, Friedman’s tests showed no effects of
FAD treatment on the HVC response to REV (X* = 1.60; p =
0.449), CON (X? = 0.40; p = 0.819), or WN (X* = 0.40; p =
0.819). However, the Wilcoxon’s signed-rank post hoc test
showed a trend but no significant change for Z-scores in response
to BOS during FAD retrodialysis relative to the preceding base-
line period (Z = 1.753; p = 0.051 for FAD vs aCSF).

Inhibiting estrogen production in NCM with FAD had clear
effects on stimulus selectivity in HVC. For the selectivity index d’
(Fig. 7C, bottom), the nonparametric repeated-measures Fried-
man’s tests revealed an overall significant effect of FAD treatment
on the HVC selectivity for BOS (X* = 6.40; p = 0.041) and no
effects of FAD treatment on the HVC selectivity for REV (X* =
0.40; p = 0.819) or CON (X? = 5.20; p = 0.074). The source of
this variation was tested by Wilcoxon’s signed-rank post hoc tests,
which revealed that d’ values in HVC were significantly reduced
relative to baseline (aCSF vs FAD) for BOS (p = 0.04) but not
significantly different for REV and CON (all p > 0.50). There-
fore, the auditory selectivity for BOS in HVC was significantly
and specifically suppressed when endogenous estrogen produc-
tion was blocked within the NCM.

A membrane-impermeable estrogen mimics rapid effects on
HVC selectivity
To test for possible rapid E2 actions at putative neuronal mem-
brane receptors, the membrane-impermeable biotinylated E2
(E6biotin; Fig. 7B) was retrodialyzed into NCM in a separate set
of adult males (30 ug/ml; n = 5) while recording from HVC. For
response strength (Z-score values) in HVC (Fig. 7D, top), the
nonparametric repeated-measures Friedman’s test revealed an
overall significant effect of E6biotin treatment on the response to
BOS (X* = 6.40; p = 0.041). In contrast, Friedman’s tests showed
no effects of E6biotin treatment on the HVC response to REV (X*
= 1.20; p = 0.549), CON (X7 = 0.40; p = 0.819), or WN (X> =
1.60; p = 0.449). The source of this variation was tested by Wil-
coxon’s signed-rank post hoc tests, which revealed that response
strength was significantly elevated above baseline (aCSF vs
E6biotin) for BOS (p = 0.04) but not significantly different for
REV (p = 0.07), CON (p = 0.99), and WN (p = 0.71).
Similarly, for the selectivity index d" (Fig. 6 D, bottom), the
nonparametric repeated-measures Friedman’s test revealed an
overall significant effect of E6biotin treatment on the HVC selec-
tivity for BOS (X* = 8.40; p = 0.015). In contrast, Friedman’s
tests showed no effects of E6biotin treatment on the HVC selec-
tivity for REV (X* = 2.80; p = 0.246) or CON (X* = 0.40; p =
0.819). The source of this variation was determined by Wilcox-
on’s signed-rank post hoc tests, which revealed that d’ values in
HVC were significantly elevated above baseline (aCSF vs
E6biotin) for BOS (p = 0.04) but not significantly different for
REV and CON (all p > 0.27). Therefore, the rapid actions of E2 in
NCM on downstream HVC BOS selectivity were fully mimicked
by the cell-membrane-specific estrogen E6biotin.

Discussion

Here, we show that local and acute estrogen signaling in the au-
ditory forebrain transforms downstream auditory response
properties of neurons in a sensorimotor nucleus and that these
actions appear to be mediated by a membrane-bound estrogen
receptor. Although E2 caused a rapid and generalized upregula-
tion of auditory responses to all stimuli in the auditory NCM, the
same modulatory event was markedly transformed by the time it
reached sensorimotor HVC, enhancing the representation of
BOS exclusively. This transformation was also evident in the
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actions of estrogens in NCM appear to depend on acute membrane-mediated actions. 4, Schematic of dual NCM—HVC electrophys-
iology recordings (identical to Fig. 1A) used for retrodialysis delivery of the aromatase inhibitor FAD and the cell-membrane-
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HVC itself produced no changes in HVC

response properties to song stimuli. Together, these findings indi-
cate that E2 acts within NCM to indirectly modulate HVC response
properties rather than diffusing and acting directly on the
HVC microenvironment. The nature of this indirect, transyn-
aptic, and rapid modulation by E2 has now become an active
area of interest.

The region specificity of rapid E2 actions in NCM is consistent
with the distribution of the estrogen-synthesis enzyme aromatase
in the caudal forebrain of zebra finches. The NCM is highly en-
riched with aromatase mRNA and protein expression, whereas
other nuclei in the ascending auditory pathway (such as Field L,
CMM, and NIf) are essentially devoid of aromatase (Saldanha et
al., 2000; Saldanha and Coomaralingam, 2005; Jeong et al., 2011).
NCM also exhibits predominant expression of two estrogen re-
ceptors, ERB (Saldanha et al., 2000; Saldanha and Coomaral-
ingam, 2005; Jeong et al., 2011) and GPR30 (Acharya and Veney,
2012), that could mediate rapid and local neuroestrogen signal-
ing. NCM therefore occupies a critical node that enables
estrogen-dependent modulation of the network of ascending au-
ditory signals into HVC. It is noteworthy that HVC itself contains

no aromatase cell bodies but does contain terminal boutons that
are aromatase positive (Saldanha et al., 2000; Peterson et al.,
2005), and it remains to be determined whether this population is
independently controlled (with respect to rapid estrogen signal-
ing and auditory modulation) from the abundant terminal aro-
matase in NCM (Remage-Healey et al., 2011).

The HVC of juvenile male songbirds exhibits increasing BOS
selectivity as the song learning period unfolds (Volman, 1993;
Nick and Konishi, 2005a), and the neuronal selectivity for tutor
songs in the song system wanes by ~70 dph in favor of BOS (Solis
and Doupe, 1997; Yazaki-Sugiyama and Mooney, 2004; Nick and
Konishi, 2005b). Our data show that the ability of NCM neuroes-
trogens to drive enhanced neural representations of BOS in HVC
does not strictly parallel the developmental emergence of baseline
HVC selectivity for the BOS. Rather, the E2-dependent modula-
tion by NCM is only evident in adult males (>120 dph), after
song crystallization has occurred, and this modulation is absent
in juvenile males (<90 dph). These findings indicate that audi-
tory inputs to the HVC undergo a maturation process in the late
juvenile period that is necessary for modulatory signals from
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NCM to be transmitted to HVC. This maturation may be coin-
cident with and/or dependent on elevated gonadal androgens
that permanently alter the response properties of song system
nuclei during the transition to adulthood (White et al., 1999).

Estrogens can transform information flow

Transynaptic communication of steroid actions from one brain
region to another have been documented previously across long-
term timescales (i.e., actions that occur within days to weeks of
estrogen treatment). For example, estradiol can exert transynaptic
effects on cortical BDNF release via actions on afferent inhibitory
neurons (Blurton-Jones and Tuszynski, 2006), on cholecystokinin
expression in the medial amygdala via actions in the bed nucleus of
the stria terminalis (Micevych et al., 1996), and on seasonal firing
patterns in premotor robust nucleus of the arcopallium (RA) via
actions in sensorimotor HVC (Meitzen et al., 2007).

This study now demonstrates that estrogens can exert tran-
synaptic actions on a rapid, modulatory timescale (i.e., within
minutes) by altering the neural representation of song stimuli
between auditory and sensorimotor nuclei in the songbird brain.
This mode of action is reminiscent of how classical neuromodu-
lators can influence information flow between brain circuits. Do-
pamine fluctuations in ventral forebrain can initiate locomotor
sequences via modulating the input to spinal pattern generators
(Grillner, 2003), and similarly, in prairie voles the coupling of
forebrain dopamine and neuropeptide signaling is considered
crucial for maintaining conditioned partner preferences via
downstream motor nuclei (Young and Wang, 2004). In the song-
bird forebrain, dopamine signaling in the striatum can alter au-
ditory responses in a cortical nucleus via intervening thalamic
nuclei (Leblois et al., 2010), and this transynaptic modulation is
thought to occur via changing ISIs of inhibitory input onto the
thalamus. To the extent that rapid neuroestrogen signaling iden-
tified in the current study shares similarities with transynaptic
modulation by catecholamines, it is noteworthy that rapid estro-
gen modulation within NCM causes a shift in ISIs and burst firing
of NCM neurons (Remage-Healey et al., 2010b). Based on this
model, intervening neural substrates between NCM and HVC
should therefore exhibit changes in spike timing and/or synaptic
drive in response to neuroestrogen manipulations in NCM.

An in-depth examination of the candidate transynaptic fac-
tors that mediate this effect now becomes necessary to fully un-
derstand the significance of the rapid actions of E2 on the
ascending auditory forebrain pathway. Because NIf (Fig. 1A)
provides the primary BOS-selective input into HVC (Janata and
Margoliash, 1999; Coleman and Mooney, 2004), it is likely that
the selective enhancement of BOS in HVC is dependent on the
intermediary nucleus NIf. This prediction is also supported by
anatomical evidence in which HVC receives substantial input
from NIf and no reported direct input from NCM (Fortune and
Margoliash, 1995). Altering activity within NIf also produces
changes in HVC response properties; in particular, catecholamines
delivered to NIf can shift HVC BOS selectivity (Cardin and Schmidt,
2004). Together, these observations provide testable predictions in
which the rapid, transynaptic modulation of HVC firing properties
via E2-dependent actions in NCM occur via modulation of NIf.
Importantly, despite our observation that E2 does not actin CMM to
modulate HVC response properties, the CMM/CLM complex likely
also plays a vital role in the transformation of information between
the broadly tuned NCM and the BOS-selective structures NIf and
HVC (Bauer et al., 2008; Keller and Hahnloser, 2009; Jeanne et al.,
2011).
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The NCM E2-dependent transition into a more highly selec-
tive state in HVC resembles the changes in HVC and RA response
properties that have been observed during transitions in behav-
ioral arousal. A current model proposes that individual HVC
neurons experience shifts in the balance of excitatory and inhib-
itory input, which leads to changes in BOS selectivity at the cel-
lular level (Rauske et al., 2003). Intracellular recordings in HVC
show that alterations in BOS selectivity arise from shifting net-
work dynamics within the HVC “microcircuit” of projection
neurons and interneurons (Mooney, 2000; Mooney and Prather,
2005). We therefore predict that the rapid E2-mediated transfor-
mation in NCM is likely to use similar mechanisms to shift BOS
selectivity in HVC via indirect modulation of afferent neural sub-
strates, such as NIf. In other systems, steroids have been shown to
act locally in brain circuits to rapidly influence the release of
classical neurotransmitters, such as catecholamines and acetyl-
choline (Zheng, 2009), which can in turn enhance signal/noise
ratios in sensory cortex. The ultimate outcome of estrogen-
enhanced stimulus selectivity in a sensorimotor structure, such as
HVC, may be improved feedback sensitivity and/or perception.
This hypothesis is consistent with the recent observations that
local suppression of estrogen production in NCM causes a dis-
ruption of song preference behavior (Remage-Healey et al.,
2010b; Tremere and Pinaud, 2011). This study therefore offers a
promising new look at how estrogens may rapidly enhance infor-
mation transfer between sensory and motor structures and pro-
vides experimental insight into the improvements in cognition
associated with the actions of estrogens in the forebrain (Frick,
2012; McEwen et al., 2012).
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