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Sex steroid hormones have long been known to influence a variety of 
behaviors, including reproduction, aggression, mood and learning (Fillit et al., 
1986; McEwen, 2002; Ostlund et al., 2003; Craft et al., 2004; McCarthy, 2008). 
Whereas many of these behaviors are influenced by hormones produced in the 
gonads, it is clear that steroids produced in the brain can dramatically influence 
brain function and, consequently, behavior. A striking example of how brain-
generated steroids (neurosteroids) influence central nervous system function 
is a newfound role for the classic female hormone estrogen (17ß-estradiol, E2) 
in the processing sensory information, in particular hearing function. In this 
review we specifically focus on recent work from our research group that was 
presented in the latest IAPO meeting, along with select works by other groups. 
Collectively these recent findings have defined how, and the extent to which, E2 
produced by central auditory neurons influence the functionality of brain circuits 
supporting auditory function and ultimately impact auditory-based behaviors. For 
more complete descriptions and discussions on the role of E2 on central auditory 
processing, see (Maney and Pinaud, 2011; Pinaud and Tremere, 2012).

The notion that E2 could modulate hearing function has evolved steadily 
over the past 30 years. Some of the earliest indications of E2’s importance in 
sensory processing stem from changes in hearing thresholds tied to the menstrual 
cycle (Davis and Ahroon, 1982; Walpurger et al., 2004). Additionally, patients 
with Turner’s syndrome, who are deficient in estrogens, and declines in E2 
levels that naturally occur with ageing, have been previously shown to correlate 
strongly with deficits in hearing function (Gungor et al., 2000; Hederstierna et 
al., 2009). A connection between circulating E2 levels and hearing performance 
is now well established for humans as well as several animal models including 
rodents, monkeys, songbirds, frogs and fish (Maney and Pinaud, 2011; Pinaud and 
Tremere, 2012).

Despite the clear connection between circulating E2 levels and hearing 
function, it has only been recently that roles for brain-derived E2, distinct from the 
gonadal hormone, have been elucidated. We summarize below the main findings 
that have transformed the view of E2 as a circulating hormone implicated in 
peripheral gain control of auditory processing, to a neuromodulator that is locally 
generated and governs the flow, resolution and retention of acoustic information 
in auditory forebrain areas.

The discovery that E2 is a brain-derived neuromodulator of central auditory 
function was made in a well-established model of vertebrate audition, the zebra 
finch (Taeniopygia guttata). A key station in the ascending auditory pathway in 
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this species is the caudomedial nidopallium (NCM), a region that is the songbird 
analogue of the mammalian auditory association cortex. Cells in the NCM of 
awake animals vigorously respond to auditory stimulation, with a preference 
for same-species (conspecific) communication signals relative to heterospecific 
songs or artificial stimuli (Mello et al., 1992; Chew et al., 1996; Velho et al., 
2005; Pinaud and Terleph, 2008). Importantly, NCM exhibits high expression of 
the estrogen synthetic enzyme aromatase (a.k.a., estrogen synthase), as well as 
estrogen receptors, suggesting that neurons in this auditory area may both produce 
and respond to estrogens locally (Bernard et al., 1999; Metzdorf et al., 1999; 
Saldanha et al., 2000; Pinaud et al., 2006; Tremere et al., 2009; Jeong et al., 2011). 
Consistent with this view, auditory experience rapidly and selectively increases 
E2 levels in NCM (Remage-Healey et al., 2008). The functional relevance of this 
experience-dependent increase in local E2 levels has only recently started being 
unraveled. Our group carried out extracellular recording coupled with bilateral 
pharmacological manipulation in awake-restrained zebra finches, to determine 
E2’s effects on the activity of NCM neuronal responses.

Neurons in NCM respond robustly to playbacks of conspecific songs. We 
found that infusions of E2 in NCM increased the firing rates of isolated units, in 
a	dose-dependent	fashion	(range	of	67.9-145.3%)	(Tremere et al., 2009; Tremere 
and Pinaud, 2011). Importantly, the temporal kinetics of the effects of E2 in the 
neurophysiology of NCM neurons was very rapid (seconds) and consistent with 
the rapidity of classic neuromodulators. Subsequent studies from an independent 
group revealed similar results in the anesthetized preparation (Remage-Healey et 
al., 2010).

Further evidence indicating that E2 directly modulates central auditory 
processing was revealed when we locally infused tamoxifen (TMX), an estrogen 
receptor modulator that acts as an antagonist in NCM, or ICI 182780 (ICI), a 
classic and selective estrogen receptor antagonist. Antagonism of the estrogen 
receptor with TMX reduced the auditory-evoked firing rates in a concentration 
dependent	manner	(range	48.4-71.4%)	(Tremere et al., 2009). Similar results were 
obtained when ICI was infused in NCM. Specifically, blockade of the estrogen 
receptors	with	ICI	decreased	discharge	rates	of	NCM	neurons	by	36.4%	relative	
to pre-infusion levels (Tremere and Pinaud, 2011).

The findings above indicate that E2 directly and locally modulates the 
physiology of NCM neurons. It is unclear, however, whether E2 that affects 
NCM neuronal responses derives from gonadal or local sources. To address this 
problem, we blocked the ability of NCM neurons to produce E2 by infusing a 
selective aromatase inhibitor 1,4,6-Androstatrien-3,17-dione (ATD) into NCM. 
The outcome of this pharmacological manipulation is that production of E2 in 
NCM was suppressed, while the gonadal production of steroids was intact. We 
found that blockade of the local production of E2 in NCM largely suppressed 
auditory-evoked neuronal responses (Tremere et al., 2009). In particular ATD 
treatment decreased the firing rate of NCM neurons in a dose-dependent manner 
(range:	 43.9-78.3%).	Similar	 results	were	 also	obtained	when	 the	non-steroidal	
aromatase inhibitor fadrozole was infused into NCM (Tremere and Pinaud, 2011). 
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These results demonstrated that E2 locally produced in NCM robustly influence 
the neurophysiological response properties of this auditory area.

What mechanisms allow for E2 to affect the physiology of sensory 
neurons so rapidly? Notably, the so-called “classic genomic response of 
E2”, whereby activated estrogen receptors modulate gene expression through 
transcriptional regulation, is unlikely to be at play, as such mechanisms are 
significantly slower than our observed effects. We, therefore, hypothesized that 
E2’s effects in the physiology of NCM were likely mediated via a modulation 
of fast neurotransmission, as has been reported for other brain areas such as the 
hippocampus (reviewed in Woolley, 2007).

NCM is heavily populated with inhibitory neurons and receives heavy 
GABAergic input with the post-synaptic inhibitory effects mediated overwhelmingly 
through GABAA receptors (Pinaud et al., 2004; Pinaud and Mello, 2007; Pinaud et 
al., 2008). Moreover, inhibition via GABAA receptor activity is a vital component 
of encoding and temporal organization song-evoked spike rates of NCM neurons 
(Pinaud et al., 2008). The dense juxtaposition of inhibitory elements and the 
prevalence of E2 signaling in NCM suggested a functional relationship between 
the two systems in this auditory area. To determine whether E2 affects inhibitory 
transmission in NCM, we carried out whole-cell patch-clamp recordings in an 
NCM slice preparation that was previously developed by our group (Pinaud et al., 
2004; Pinaud et al., 2008; Tremere et al., 2009). When E2 was applied to NCM 
slices,	we	observed	 a	 52%	mean	decrease	 in	 frequency	of	miniature	 inhibitory	
post-synaptic currents (mIPSCs), but no change in the amplitude of these events 
(Tremere et al., 2009). 

Blockade of estrogen receptors with TMX, or inhibition of the local 
production of E2 with ATD, revealed the opposite effects observed for E2 on 
mIPSC properties (Tremere et al., 2009). More specifically, TMX and ATD 
increased	the	frequency	of	mIPSCs	by	41.2%	and	43%	respectively.	Application	
of TMX in slices pre-treated with ATD induced no changes in mIPSC properties 
relative to the ATD condition alone, indicating that there is no secondary effect 
of TMX. Finally, using the same methods, we found that E2 exerts no effect on 
the properties of pharmacologically isolated miniature excitatory post-synaptic 
currents (mEPSCs). These results indicate that E2 enhances auditory-evoked 
responses by selectively suppressing local inhibitory transmission carried by 
GABAA receptors. Moreover, because E2 affected the frequency, but not amplitude 
of mIPSCs, it suggests that these effects are pre-synaptic and likely involved 
an effect of E2 on GABA release probability onto NCM neurons. Finally, these 
results suggest that E2 may set basal inhibitory tone for processing acoustic 
communication cues, a possibility that is currently being studied in our laboratory.

Together, the findings described above indicate that brain-generated 
E2 enhances the discharge rates of neural responses presumably through a 
mechanism that involves disinhibition of GABAA mediated transmission, pre-
synaptically. However, what is the functional consequence of E2’s modulation of 
NCM neuronal physiology? To address this issue, we recently implemented and 
utilized computational and information theoretical tools to quantify information 
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handling by NCM neurons (Tremere and Pinaud, 2011). By computing the mutual 
information between stimuli and neural responses, we found that E2 increases 
the information that neurons in NCM carry about stimulus structure. In contrast, 
blockade of estrogen receptors, or suppression of the local production of E2 in 
NCM markedly decreased information rates in the awake brain (Tremere and 
Pinaud, 2011). These findings suggest that information coding of NCM neurons 
is enhanced by locally-derived E2. 

We also implemented and used a decoding method based on a linear classifier 
to quantify how well NCM neurons discriminate across acoustic stimuli based on 
their neural responses. We found that whereas E2 enhances the performance of our 
decoder, blockade of estrogen receptors and suppression of the local production 
of E2 in NCM significantly decrease its performance (Tremere and Pinaud, 2011). 
Collectively, these findings indicate that E2 is beneficial to neural coding; it 
enhances the information carried about stimulus structure to enhance the neural 
discrimination of songs in the NCM of awake animals.

Finally, our group became interested in understanding if the E2-mediated 
enhancement of the neural discrimination of acoustic stimuli translates into 
enhanced performance of auditory discrimination at the behavioral level. To 
this end, freely-behaving animals were subjected to bilateral pharmacological 
manipulations and exposed to an auditory discrimination task (Tremere and 
Pinaud, 2011). We found that bilateral blockade of estrogen receptors and 
suppression of the ability of NCM neurons to produce E2 severely disrupts 
auditory discrimination at the behavioral level (Tremere and Pinaud, 2011).

In summary, our results demonstrated that E2 produced by central auditory 
neurons enhance the gain of auditory neuronal responses in a timescale that 
is relevant for sensory processing. This rapid neuromodulatory effect of 
E2 is mediated via a non-genomic mechanism that involves suppression of 
local GABAergic transmission, pre-synaptically. Finally, one of the functional 
outcomes of E2’s effects is to enhance the information that NCM neurons carry 
about stimulus structure to optimize the neural and behavioral discrimination of 
acoustic communication signals. 

Recent findings have revealed that the auditory cortex of mice, monkeys 
and humans are heavily populated with estrogen-producing and estrogen-sensitive 
neurons (Yague et al., 2006; Yague et al., 2008; Tremere et al., 2011). These 
observations suggest that the modulation of central auditory neurophysiology 
by locally-generated E2 may be a feature shared across vertebrates, and not a 
specialization of the songbird auditory forebrain.

In summary, the findings discussed above reveal that estradiol produced in 
the auditory forebrain, distinct from the gonadal estrogen, acutely and rapidly 
influences the response and computational properties of central auditory neurons 
on a timescale that is relevant for sensory processing. Such a role positions this 
steroid as a novel neuromodulator of hearing function and opens discussions 
on the use of estrogen therapy to modulate hearing function and dysfunction, a 
possibility that should be explored in future research.
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