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Abstract

The steroid hormone estradiol plays an important role in reproductive development and behavior
and modulates a wide array of physiological and cognitive processes. Recently, reports from
several research groups have converged to show that estradiol also powerfully modulates sensory
processing, specifically, the physiology of central auditory circuits in songbirds. These
investigators have discovered that (1) behaviorally-relevant auditory experience rapidly increases
estradiol levels in the auditory forebrain; (2) estradiol instantaneously enhances the responsiveness
and coding efficiency of auditory neurons; (3) these changes are mediated by a non-genomic effect
of brain-generated estradiol on the strength of inhibitory neurotransmission; and (4) estradiol
regulates biochemical cascades that induce the expression of genes involved in synaptic plasticity.
Together, these findings have established estradiol as a central regulator of auditory function and
intensified the need to consider brain-based mechanisms, in addition to peripheral organ
dysfunction, in hearing pathologies associated with estrogen deficiency.
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1. Introduction: changing signals, changing senses

The neural systems that we use to perceive the world are, by necessity, extraordinarily
plastic. The processes by which external stimuli are encoded, represented and interpreted
change dynamically in order to emphasize stimuli that are the most behaviorally relevant
and minimize responses to those that are not. Which stimuli are behaviorally relevant is in
many cases learned, and sensory systems revised accordingly — for example by increasing
the neural space devoted to the representation of a stimulus (for reviews, see
[29,52,91,160,216]) or the magnitude of the neural response to that stimulus [75,87,181].

Many signals contain information for which the behavioral relevance changes through time.
A mating call, for example, contains information that is relevant to a receiver in
reproductive condition. Outside a breeding context, the same call may have a different
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meaning. For example, in the winter a female sparrow listening to male song is almost
certainly the receiver of an aggressive display, not courtship [13]. Sensory systems are thus
presented with a quandary: similar signals can have different meanings in different contexts.
In the case of a mating call, the meaning can be predicted by the receiver’s reproductive
condition and is therefore connected to the hormonal milieu. The processing of external
signals may therefore be modulated according to internal cues, independently of learning,
via hormones.

Beach [17] noted that social signals, which can take the form of courtship displays,
aggressive threats, or hungry offspring, act as triggers for behavioral responses, and that
hormones raise and lower the threshold for performing those responses. The same social
signal, in other words, may elicit very different kinds of behavior depending on the
receiver’s hormone level. In midshipman fish (Porichthys notatus) and many species of
frogs, for example, females exhibit phonotaxis in response to males’ courtship vocalizations
only when gravid [27,67]. Females that have already released their eggs do not respond to
the sounds, suggesting that phonotaxis in these species may depend on reproductive
condition and therefore have a hormonal basis.

Even in species with presumably more complex responses to social signals, reproductive
state can alter those responses. Female rhesus monkeys looked longer at photos of
conspecific males during the periovulatory period, whereas at other times they preferred to
look at photos of females [103]. A large literature in humans also indicates that women’s
preferences for male attributes change over the course of the menstrual cycle. Women
looking at photos of male faces preferred more masculine and symmetric features during the
time of peak fertility than outside it [90,107,143,144,170]. This phenomenon is not limited
to the visual modality — in fact, during peak fertility, women also prefer lower voices
[59,159] and the body odors of more dominant males [74]. There is little doubt that
hormonal modulation of responses to social signals is widespread among vertebrates, and
that it occurs in a variety of sensory systems.

The neural substrates involved in steroid-dependent social responses are well-studied and
usually include one or more brain regions collectively referred to as a “social behavior
network” (for reviews, see [70,138]). These regions, which include the medial extended
amygdala and several hypothalamic areas such as the medial preoptic area and ventromedial
nucleus, are interconnected, contain sex steroid receptors, and are implicated in a variety of
social behaviors including sexual behavior, aggression, and parenting. Sociosexual signals,
such as conspecific vocalizations or pheromones, regulate neural activity and/or induce gene
transcription in neuronal populations of many of these regions. The modulation of those
responses by steroid hormones, however, is not well-studied. In songbirds, there good
evidence that the transcription of immediate early genes (IEGS) is modulated across the
entire network by hormones: both the magnitude and selectivity of genomic responses to
song are increased by treatment with estradiol [118]. In male ferrets, however, the response
to pheromones is not altered in any node of this network by castration or testosterone
replacement [95]. Rather, in this model, responses to such signals appear to be modulated by
steroids more peripherally, in the olfactory bulb itself. Indeed, a growing literature supports
the hypothesis that in many species, from fish to birds to humans, steroids may alter sensory
processing, thus affecting the way sensory signals are perceived.

Beach himself argued that hormones affect the periphery and thus the sensations that are
experienced [17]. Over the last 50 years, it has become clear that hormones have profound
effects on sensory systems, to the extent that detection thresholds and discrimination can be
altered. In both rats and humans, for example, the ability to detect odors is greater during
periods of high estradiol than during other phases of the reproductive cycle, and estradiol
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treatment improves olfactory sensitivity in ovariectomized rats and postmenopausal women
[35,36,149]. Estrogen receptors can be found in the olfactory periphery [16], cochlea
[122,139,182,191], dorsal root ganglia [190], and retina [19,98,218], and are likely to impact
sensory processing at every level in the brain. In other words, sex steroids affect the way we
perceive the world.

2. The songbird as a model for estrogen-dependent behaviors
2.1. Why songbirds?

Since the pioneering work of Marler (e.g., [121]) songbirds are among the most popular
models for studying the development and neural control of communication. Their songs,
which function primarily in contexts of courtship and aggression (for review, see [38]),
serve as an ideal social stimulus for playback studies in a laboratory setting. One can test,
for example, how and when song is learned, which features are important for song learning
or mate choice, and how song interacts with other cues, such as photoperiod or social
context, to affect physiology. Playback studies have also allowed us to delineate the brain
circuits involved in auditory processing, which are highly similar to that of mammals in their
general anatomical organization (see below). Because the behavioral and neural responses to
song are well-studied, songbirds represent excellent models with which to study the effects
of hormones on those responses. Much of Marler’s early work was conducted on white-
crowned sparrows (Zonotrichia leucophrys), and common seasonally breeding models now
include the east coast congener of the white-crowned sparrow, the white-throated sparrow
(Zonotrichia albicollis) and its cousins the dark-eyed junco (Junco hyemalis). Some
researchers focus on European starlings (Sturnus vulgaris), which, because of their status as
an invasive pest species in the US, are more convenient to collect in the field than sparrows.
None of these species breed in captivity, however, which necessitated including the
domesticated canary (Serinus canaria), a finch similar to wild sparrows with regard to its
behavior and reproductive biology.

All of the above species, including canaries, synchronize their reproductive development
each year to changing day length. Although other cues, such as temperature and food
availability, can affect the timing of reproduction in these species, the length of the day is a
primary cue that cannot normally be overridden. When birds of these species are held in
captivity on short days, their ovaries and testes regress. Plasma levels of gonadal steroids
decrease dramatically — in some species to non-detectable levels [219]. As long as the days
remain short, the birds can be maintained in this state for many months. Because the
secretion of endogenous gonadal steroids can be suppressed in this way without the need for
surgery or drugs, manipulation via administration of exogenous hormone is relatively
straightforward. Breeding levels of gonadal steroids can be achieved using subcutaneous
implants of testosterone or estradiol [119,135,184], which allow the normal expression of
many steroid-dependent reproductive behaviors including song, other courtship displays,
and nest-building, with the gonads in a regressed state. Alternatively, endogenous levels of
gonadal steroids can be manipulated by increasing the day length; many researchers have
looked at seasonal effects simply by comparing long-day versus short-day birds. The neural
effects of such manipulations can be profound; one of the earliest demonstrations of
hormone-induced neuroplasticity in adult vertebrates was a comparison of the size of song
control nuclei in spring versus fall canaries [141].

Seasonal breeders have proven useful for understanding how relatively slow, large-scale
changes in steroid levels can affect brain structure and function. In some cases we are more
interested in rapid effects, and for these it is more convenient to work with songbirds that
can breed at any time of year. Zebra finches (Taeniopygia guttata) are inexpensive and
highly social, making them easy to maintain in a laboratory setting. Unlike female sparrows
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and canaries, female zebra finches do not sing, making this species ideal for studies of
sexually dimorphic behavior and its neural control. For these and many other reasons, the
zebra finch has emerged as by far the most popular model for the study of songbird
neurobiology and behavior. Their genome was recently sequenced, making them also a
model for behavioral genetics and genomics [152,215]. Although they can breed
continuously in the lab, it is possible to manipulate the reproductive state of females by
water deprivation [146] or isolation from males [211]. It is important to note however that
even in single-sex groups, reproductive state can vary unpredictably [145] and
administration of exogenous estradiol can result in supraphysiological levels. Ovariectomy
in songbirds is technically challenging and does not lower plasma levels of estradiol [1];
some investigators have made use of aromatase inhibitors [213]. In general, when
interpreting the results of hormonal manipulation in female zebra finches it is important to
consider whether the levels that are achieved, be they high or low, are within a physiological
range or relevant to the animal.

2.2. Estradiol-dependent courtship displays

The concept of a hormone-dependent behavioral response is perhaps no better exemplified
than by the copulation solicitation display (CSD), which is performed by female sparrows,
canaries, and blackbirds in response to hearing male song. During the display, the bird raises
her tail and head, quivers her wings, and gives a trill-like vocalization [177]. Like
phonotaxis in midshipman fish and frogs, CSD is strongly dependent on reproductive state
and is performed only by females with sufficiently elevated levels of estradiol [178]. Also
like phonotaxis, CSD can be elicited in laboratory-housed females in response to an audio
recording of male courtship vocalizations and has been used as an index to quantify both the
attractiveness of the signal and the responsiveness of the receiver. In wild-caught sparrows
and blackbirds, CSD behavior was directly related to the dose of estradiol [135,178], cf.
[105]. In canaries, the latency to perform the display was increased by treatment with
fadrozole, a selective inhibitor of aromatase (estrogen-synthase) [105]. No female of any
species has been observed to perform CSD when not in breeding condition or otherwise
treated with estradiol, even when presented with song that would, in the breeding season, be
highly stimulatory [96,118,119,135]. In other words, the behavioral response to exactly the
same auditory stimulus changes dramatically according to plasma estradiol level. This
change in behavior suggests that estradiol affects the perception of either the song itself or of
the behavioral context in which the song is heard. Our research on the effects of estradiol on
auditory responses, outlined in the following sections, has addressed this phenomenon at the
genomic, electrophysiological and pharmacological levels.

2.3. Effects of hormones on auditory preferences and discrimination

When studying behavioral responses to sensory stimuli, it is crucial to understand whether
the experimental paradigm tests for effects on detection, discrimination, or preferences.
Imagine a study, for example, in which female rats at different points in the estrous cycle are
presented with the urine of a castrated and an intact male. The females in estrus choose to
spend more time investigating the urine from the intact male, but those in other phases of the
cycle spend equal time with the two samples. What do these results indicate? Can we
conclude that the females that are not in estrus cannot discriminate between the two
samples? Or perhaps they can discriminate between them but simply do not have a
preference? Perhaps they cannot detect the odor of urine at all? The design of this study does
not allow us to decide among these conclusions. More importantly for our purposes here, if
the non-estrus females can discriminate between the odors but simply have no preference for
one or the other, then we cannot necessarily infer an effect of reproductive phase on
olfactory processing per se, only on the relative valence of the stimuli.
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In female songbirds, behavioral song preferences are typically quantified using CSD to
assay the attractiveness of song stimuli [177]. Because CSD requires breeding levels of
plasma estradiol, testing behavioral preferences in birds with low estradiol levels is not
possible with this type of assay. Four recent studies in zebra finches were done using assays
of behaviors that are less likely to be affected by estradiol independently of stimulus:
orienting to a sound or spending time in proximity to its source. Svec and Wade [196]
reported that females preferred high quality to low quality song regardless of estradiol
treatment, but in that study the untreated females had intact ovaries and likely normal
plasma estradiol levels. Vyas and colleagues [212] showed that whereas untreated females
showed a preference for high quality over low quality song, aromatase inhibitors blocked
that preference. When Remage-Healey et al. [163] administered aromatase inhibitors to
males, there was a trend toward the suppression of preferences for the bird’s own song.
Tremere and Pinaud [206] found that local antagonism of estrogen receptors in a central
auditory area (the caudomedial nidopallium; NCM, see below), and consequently
interference with the physiological action of estradiol, largely abolished behavioral
preferences to tutor songs. The latter finding demonstrates compelling evidence that
estradiol may affect preferences by acting directly in the auditory system. Interestingly,
estradiol appeared to shape the behavioral responses to learned songs selectively. Phonotaxis
of male zebra finches towards female calls, which are similar acoustically in both
complexity and frequency range to songs syllables, was not affected by blockade of estrogen
receptors or inhibition of aromatase in NCM [206].

In frogs, phonotaxis depends strongly on estradiol [39] and it is possible that even the
orienting responses and phonotaxis measured in the zebra finch studies detailed above
depended on estradiol such that a lack of preference may be more related to a lack of
motivation to respond at all than to an equal attraction to both stimuli. In frogs, the
selectivity of the behavioral response goes down, not up, with estradiol treatment; as the
estradiol dose increases, females are more likely to respond to any male call, even a low-
quality one [114]. This phenomenon has not been demonstrated in songbirds, however.
Searcy and Capp [178] reported that in female redwing blackbirds (Agelaius phoeniceus),
CSD responses remained selective for high quality song even with increasing doses of
estradiol.

Surprisingly few investigations of the effects of gonadal steroids on auditory detection or
discrimination have been conducted from a purely behavioral perspective in songbirds. In
only two studies have gonadal steroids been manipulated, and only one of those studies was
conducted in a seasonal breeder. Reeves and colleagues [162] showed that administration of
testosterone to non-breeding male song sparrows (Melospiza melodia) did not improve
discrimination between two conspecific songs. Males with regressed testes and low
endogenous testosterone reached criterion on a song discrimination task just as quickly as
did their testosterone-treated, photostimulated counterparts. A previous study in zebra
finches [46] showed similarly that testosterone treatment did not facilitate discrimination
between conspecific songs, but it did facilitate discrimination between the bird’s own song
and that of a familiar conspecific. The latter study was a follow-up to a finding that, in two
other studies from the same authors that year, the acquisition of a song discrimination task
took longer in winter than in summer in both male and female zebra finches [45,47].
Although zebra finches are not strictly seasonal breeders, a moderate amount of testicular
growth can be induced by photostimulation [20] and it is therefore possible that seasonal
effects may be related to gonadal steroid levels even in this species. Because of the small
number of studies, however, it remains unclear whether testosterone affects auditory
discrimination in songbirds. The effects of estradiol, either on discrimination or detection,
have never been tested behaviorally in males or females of any species.
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In behavioral studies that test specifically for discrimination, animals are trained to attend to
the test stimuli. This training, however, itself increases the salience of the signals in a way
that may mask or interfere with effects of hormones. In order to investigate the effects of sex
steroids on auditory processing without affecting the way in which the signals are processed,
it is for the moment best to look inside the auditory system in untrained animals.

3. Seasonality, estradiol, and the auditory system

3.1. The peripheral auditory system

As is the case in several other vertebrates [122,182,191], the effects of sex steroids on the
auditory system in birds begin at the periphery. Noirot and colleagues [139] demonstrated
that the hair cells of the inner ear of zebra finches contain estrogen receptor-a and aromatase
and that these two molecules colocalize. Estrogen and androgen receptors have been
detected in the inner ear of a seasonal breeder, the white-crowned sparrow (Y. Wang,
unpublished, as cited in [31]). Cochlear sensitivity to sex steroids may to lead to seasonal
plasticity in peripheral auditory function. Auditory brainstem responses, which represent
activity generated by the auditory nerve and brainstem, change seasonally in a variety of
songbirds including Carolina chickadees (Poecile carolinensis), tufted titmice (Baeolophus
bicolor), white-breasted nuthatches (Sitta carolinensis), and white-crowned sparrows
[31,111,112]. Any consideration of steroid effects on central auditory processing, therefore,
must take into account the possibility that input arriving from the periphery is already
affected by hormones.

3.2. The central auditory pathway

The anatomical and, to a large extent, functional organization of the central auditory
pathways in songbirds largely resembles those found in other vertebrates, including
mammals (Fig. 1). Auditory input in songbirds is transduced in the cochlea and ascends
through an array of pontine, mesencephalic and thalamic nuclei before it reaches auditory
forebrain areas. In brief, auditory input is conveyed to the songbird analogue of the
mammalian cochlear nuclei (nucleus angularis [NA] and nucleus magnocellularis [NM]).
Although NA and NM have not been studied in detail in songbirds, significant research in
non-oscine avian species (i.e., chick and the barn owl) has shown that these structures
encode information regarding sound intensity and the temporal properties of acoustic
stimuli, respectively [61,133,195,197,225]. NM provides bilateral input to nucleus laminaris
(NL), an auditory brainstem area thought to be the avian analogue of the mammalian medial
superior olive [26], and responsible for computing interaural time differences required for
sound spatial localization [33,142,225]. We emphasize that spatial tuning, and its neural
bases, have not yet been studied in songbirds and may differ from other avian species. In
fact, recent anatomical evidence suggests that whereas brainstem projections carrying time
and level information, which are segregated in the barn-owl midbrain, appear to be
integrated in the zebra finch midbrain [101,102]. NL and NA provide bilateral input to the
superior olivary nuclei and to nucleus MLd of the intercollicular complex, the avian
homologue of the central nucleus of the inferior colliculus (IC) in mammals. In birds and
mammals, processing at the level of the IC is not only associated with the neural
representation of sound intensity and perhaps location, but also with the shaping of
frequency tuning required for auditory discrimination [97,157,183,221-224,226]. MLd
neurons send direct projections to the diencephalic nucleus Ovoidalis (Ov), the avian
homologue of the ventral medial geniculate nucleus in mammals [28,93], and a structure
thought to play a central role in both frequency and temporal tuning of acoustic signals (Fig.
1).
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The distribution of estrogen-producing (aromatase-positive) and estrogen-sensitive
(estrogen-receptor positive) cells has not yet been systematically mapped in sub-
telencephalic auditory structures in oscine songbirds. It is clear, however, that the co-chlear
nuclei, MLd and Ov in the zebra finch are devoid of aromatase- and estrogen-receptor-
expressing cells [62,63]. Despite the lack of estrogen receptors in MLd, systemic estrogen
manipulations appear to alter auditory-driven physiological responses of MLd neurons
(Vyas and Woolley, unpublished observations), suggesting that estradiol may either
modulate the encoding of auditory signals in the cochlea, or in areas that providing
descending modulatory inputs to MLd.

Projections from thalamic nucleus Ov target the forebrain, more specifically a pronounced
caudomedial lobe where most auditory areas are located (Fig. 1). At the core of this lobe lies
the thalamo-recipient field L of the nidopallium, which receives input from Ov and has been
proposed to be the analogue of cortical layer IV of the mammalian primary auditory cortex
[130,207]. Processing in field L appears to be related to both encoding and decoding of
spectro-temporal information, as revealed by electrophysiological studies carried out in both
anesthetized and awake songbirds [30,136,222,224]. Field L provides input to caudomedial
nidopallium (NCM) which, in turn, exchanges significant reciprocal connectivity with the
caudomedial mesopallium (CMM) [28,93,94,130,207]. Based on the general anatomical
organization of these projection systems, it has been proposed that NCM may be analogous
to the supragranular layers of the mammalian auditory cortex [127,131,207]. Studies
involving activity-dependent gene expression methods as well as electrophysiological
measurements indicate, however, that NCM and CMM exhibit properties more congruent
with those observed in the mammalian auditory association cortex [155,198,199,205]. Field
L, CMM and NCM send efferent projections to other telencephalic areas including those
that originate descending auditory connectivity, as is also observed in the mammalian
central auditory pathways, which include the shelf region underlying HVC (HVC shelf) and
the area surrounding song nucleus RA (RA cup) [130]. Although a significant literature
exists on the anatomical and functional organization of field L and NCM, less is known
about CMM. It is generally accepted, however, that each of these auditory forebrain areas
plays distinctive and central roles in the perceptual processing and discrimination of
behaviorally-relevant communication signals and in associative learning involving acoustic
cues [23,65,127,131].

The distribution of estrogen-sensitive and -synthetic cells has been studied in more detail in
the auditory forebrain than in subcortical auditory regions. Aromatase-positive cells are
exclusively located in NCM and are concentrated primarily in a crescent-shaped domain in
the caudal aspect of this area [153,173,205]. NCM neurons also express both types of
estrogen receptors: ERa is expressed at moderate levels in the dorsal-caudomedial extent of
this auditory area ([63] and Maney, unpublished observations), whereas ERp is expressed at
relatively high levels and in a seemingly homogenous distribution [173,205]. Although other
auditory forebrain areas, including CMM and Field L, appear to be devoid of cells that are
positive for aromatase- or estrogen-receptor, a small cluster of neurons in the RA cup, a well
defined auditory area, do appear to express estrogen receptors [63]. Overall, the distribution
of aromatase and estrogen receptors suggests that within the central auditory system of
songbirds, only NCM is clearly capable of both synthesizing and responding to estradiol.
Estrogen-dependent modulation of neuronal responses in other auditory areas may be driven
primarily by the sensitivity of the cochlea [139] or by descending input from estrogen-
sensitive areas.

3.3. Induction of plasticity-associated genes in auditory areas

The identification and study of brain regions activated by auditory experience in the
vertebrate brain has been facilitated by the quantification of IEG expression, which is
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commonly studied in intact, freely-behaving animals (for reviews, see [80,92,127,156]). In
songbirds, several of the telencephalic areas involved in auditory processing were confirmed
as auditory structures in part by their expression of the IEG zenk, also called zif-268, egr-1,
krox-24 and NGFI-A. Males listening to conspecific songs show robust induction of zenk
mMRNA and/or its protein product (ZENK) in CMM, the caudolateral mesopallium (CLM),
Field L (subfields L1 and L3), NCM, and the cup and shelf regions surrounding the robust
nucleus of the arcopallium (RA) and HVC (proper name) song nuclei, respectively, which
constitute auditory areas [125,127,129,130]. Both CMM and NCM show greater ZENK
responses to conspecific song than to other sounds, suggesting that these areas exhibit
selectivity towards conspecific communication signals (see below).

Biochemical analysis and cellular assays of gene expression have revealed a number of
molecules, including ZENK, that are regulated in NCM by song [40,41,127,130-
132,137,209]. These studies and, more recently, unbiased high-throughput proteomics
methods indicate that the song-induced molecular changes in NCM are primarily driven by
the mitogen-activated protein kinase (MAPK) pathway [40,108,154,209], a biochemical
cascade repeatedly implicated in phenomena related to synaptic plasticity including those
supporting learning and memory formation [194,202]. Induction of these genes likely
represents the initiation of processes related to experience-dependent synaptic remodeling
(for reviews, see [41,127,150,151]). When input from a salient sensory signal stimulates a
neuron at the same time as modulatory input relaying contextual information, IEGs initiate
possibly hundreds of downstream effects, via multiple intracellular pathways, that may
collectively facilitate the formation of an association between stimulus and context [41,193].
Thus, IEGs are thought to play an important role in memory consolidation, particularly in
cases of novel or otherwise behaviorally relevant stimuli.

The concept of behaviorally relevant stimuli is key to understanding the selectivity of the
IEG response in the auditory forebrain. Social factors known to affect the magnitude of the
behavioral response, such as song complexity, dialect, or familiarity to the listener, also
affect the ZENK response ([66,120,186,200], cf. [51,220]). The ZENK response to a song
can be enhanced by experimentally increasing its salience, for example by pairing it with
foot shocks or a novel visual stimulus [87,100]. The response is also related to the
attractiveness of the signal; in female canaries, song syllables known to be highly attractive
elicit greater ZENK responses in CMM than less “sexy” syllables [106]. Female European
starlings show greater ZENK induction in NCM when listening to long-bout song [66],
which is thought to be more attractive to them than short-bout song [55]. Finally, the
magnitude of ZENK induction in NCM is proportional to the number of CSDs given in
response to a song stimulus [120], suggesting again that ZENK induction is related to
behavioral relevance, not simply novelty. Because of the close association between the
behavioral relevance of a stimulus and the ZENK response to that stimulus, factors that
affect the former can be expected to affect the latter.

3.4. Estradiol-induced selectivity of the ZENK response in NCM

Of the factors that can affect the behavioral relevance of conspecific song, estradiol is one of
the most important. In seasonal breeders, estradiol clearly modulates the behavioral response
to song and appears to alter the song’s context or meaning; estradiol could therefore affect
the ZENK response in NCM. Remarkably, as discussed above, a large fraction of NCM
neurons express the estrogen-synthetic enzyme aromatase and estrogen receptors (ERao and
ERp) indicating that this auditory area is the site of an intriguing and robust overlap between
sensory and neuroendocrine systems. The first study in which the ZENK response was
compared across seasons was conducted by Duffy et al. [53] in female European starlings.
They found that that the ZENK response to conspecific song was identical in reproductively
active and non-active females. In that study, therefore, the magnitude of the ZENK response
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to song was not modulated by reproductive state. Because the control sound was silence, it
was still unknown whether reproductive state could affect the magnitude of the response to
song relative to the response to other sounds — in other words, whether estradiol could affect
the selectivity of the ZENK response.

Working with white-throated sparrows, Maney et al. [117] showed that in this seasonal
breeder, the selectivity of the ZENK response depends on estradiol. Non-breeding females
were held on short days and treated with estradiol or placebo for 7 days. Half of the birds in
each treatment group were then exposed to conspecific song, and the others heard synthetic
tone sequences that were matched to the song stimuli with regard to the frequencies,
amplitude, duration, number of onsets and offsets, and total sound energy. In estradiol-
treated females, the ZENK response was selective for song over tones not only in NCM but
also in CMM and the auditory midbrain (MLd). In the birds not treated with estradiol,
however, the ZENK response to song did not differ from that to tones in any of these
regions. These results suggest that in females, ZENK induction in the auditory system is
selective for song only when plasma estradiol exceeds non-breeding levels and that
estradiol-dependent plasticity of auditory centers may be related to learning or attention
processes during the breeding season.

Maney et al. [117] noted that the effect of estradiol on the selectivity of ZENK induction in
the auditory forebrain was not attributable simply to song-induced increases in the number
of labeled cells. Hearing song induced similar ZENK responses in both estradiol-treated and
blank-implanted birds (see also [53]). Rather, estradiol affected selectivity by reducing the
ZENK response to frequency-matched tones, which elicited lower numbers of ZENK-
positive cells in estradiol-treated birds than in the other groups. This pattern suggests
estradiol-dependent modulatory input to the auditory forebrain that sharpens the response to
behaviorally relevant signals by inhibiting the response to non-relevant stimuli.

A non-selective, high IEG response in non-breeding individuals has also been described in
male zebra finches during song learning. In that species, whereas the ZENK response is
selective for conspecific song in adults, at 30 days after hatching the responses to
heterospecific and conspecific song do not differ and are as high as the adult response to
conspecific song [192]. As is the case in female white-throated sparrows [117], selectivity of
the ZENK response in male zebra finches arises not from an increase in the response to
conspecific song but from a decrease in the response to sounds other than conspecific song.
The development of this selectivity coincides with a rise in testosterone levels during song
learning (e.g., [85]); in white-throated sparrows, it is induced by hormonal treatment that
mimics adult breeding levels. Together, these results suggest that steroid hormones could
induce selectivity in the auditory forebrain during both gonadal maturation and seasonal
recrudescense. This selectivity could therefore wax and wane every year in the white-
throated sparrow as well as other seasonally breeding songbirds such as the canary and the
European starling.

3.5.NCM is a big place

NCM, the largest and best-studied region in the auditory fore-brain, is bounded dorsally and
medially by the ventricular zone and overlying hippocampus, and rostrally by the
mesopallial lamina and Field L (Figs. 2 and 3). Its lateral boundary is more difficult to
define, but the region is thought to extend ~1.2 mm from the midline in zebra finches and a
correspondingly larger area in larger songbirds. The distribution of song-induced zenk
expression extends laterally to the level of the song nuclei HVC and caudally to the level of
RA [125]. Most studies of ZENK induction in NCM have been conducted using sections cut
in the parasagittal plane and focus on an area roughly half a millimeter from the midline
(reviewed in [201]).
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Throughout most of NCM, responses to sound are organized tonotopically [166,198], and
the ZENK response to song is generally more robust in the dorsomedial aspect than the
ventro-lateral aspect ([9,66,113,120,148,185,187,201,210], cf. [54]). Some researchers
studying NCM have treated it as a single entity, sampling from a portion or randomly
chosen portions within it (e.g., [24,25,53,126,189,217]). Gentner and colleagues [66]
introduced the practice of dividing NCM into dorsal and ventral domains by bisecting it
orthogonally to its dorso-ventral axis. Since that time, the majority of published studies have
followed this convention (e.g., [9,10,54,81,113,117,124,148,187,188,204,208]). Despite
numerous reports that dorsal and ventral NCM differ in their sensitivity to and selectivity for
a variety of experimental stimuli, these domains do not appear to have a cytoarchitectonic,
neurochemical, or hodological basis.

Pinaud et al. [153] argued that based on connectivity, electrophysiological responses and
neurochemical markers, NCM could be divided into rostral and caudal domains. They
demonstrated that in zebra finches, immunoreactivity for calbindin is concentrated along the
caudal boundary of NCM, as is the expression of aromatase. Work by Maney and colleagues
has shown that the caudomedial aspect of NCM is particularly rich in tyrosine hydroxylase-
immunopositive fibers [123,174], receptors that bind the avian homologues of vasopressin
and oxytocin (C.H. Leung, unpublished data), and estrogen receptors [21,62,63]. This region
is located adjacent to the ventricular zone [2], and thus may contain or regulate the
migration of newly generated neurons. Overall, the caudomedial border of NCM appears to
be distinct, hodologically and neurochemically, from the more rostral and lateral regions.

Sanford and colleagues [174] sought to map the effects of estradiol on ZENK induction in
order to determine whether some domains are more sensitive to estradiol treatment than
others. They quantified sound-induced ZENK induction in distinct subregions, or domains,
of NCM (Fig. 2)in non-breeding female white-throated sparrows treated systemically with
estradiol or placebo. Surprisingly, estradiol-dependent selectivity of the ZENK response was
limited primarily to the rostral domains of NCM. In the caudomedial domains, song induced
more ZENK expression than did tones regardless of hormone treatment. They concluded
that that estradiol-dependent plasticity in NCM is localized primarily to rostral NCM, the
activity and selectivity of which may be seasonally regulated.

Maney and colleagues [117] quantified ZENK expression in a relatively caudal and lateral
area, dorsal to the rostral-most aspect of RA (see cINCM, Fig. 3). We present here an
analysis of the ZENK responses that occurred more rostrally and medially, in areas of NCM
more commonly studied, in the animals from that experiment. Fig. 3 shows the ZENK
immunostaining in the auditory fore-brain in a female white-throated sparrow that was
listening to male song. Note in Fig. 3 that the ZENK induction is heterogeneously
distributed within the auditory lobule, forming clusters of labeled cells particularly along the
medial edge. These clusters were first described by Sanford et al. [174] and appear as a band
on the caudal edge of sections cut in the parasagittal plane. Analysis of the labeling in this
area revealed that song induced a greater ZENK response than tones in both the estradiol-
and placebo-treated animals. This result is consistent with the findings of Sanford et al.
[174], who reported estradiol-independent selectivity in cNCM (Fig. 2). In the most medial
portions of this area (see mcNCM, Fig. 3, and [174]), estradiol significantly increased the
response to song in this area. Also consistent with their findings, the present analysis in
coronal sections shows that laterally, selective responses disappear in animals with low
plasma levels of estradiol (see rdNCM, cINCM, Fig. 3 and Table 1). Thus, we show here
that the findings of Sanford et al., namely the phenomenon of estradiol-dependent selectivity
in the inner core of NCM, but not along the caudomedial edge, can be observed in coronal
sections. Since the rostral portion of this interesting edge is easily lost when brains are cut in
the parasagittal plane [125,174], it is perhaps preferable to study it in coronal sections where
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it remains fully connected to the rest of the telencephalon. Table 1 summarizes the effects of
estradiol treatment in the domains of NCM that have been studied to date, and incorporates
data from material generated by Maney et al. [117] and Sanford et al. [174].

3.6. Estradiol is necessary and sufficient to induce ZENK and other MAPK-dependent

genes

The second major finding of Sanford and colleagues [174] was that estradiol treatment
increased ZENK expression in NCM in birds that were not exposed to sound at all. This
result was consistent with previous observations by Tremere and colleagues [205], who
showed that infusions of estradiol into the NCM of awake, sound-isolated zebra finches
markedly induced the expression of MAPK-dependent genes, including zenk, in NCM
neurons. In other words, estradiol upregulates plasticity-associated gene expression, even in
the absence of auditory stimulation, to levels that were quantitatively indistinguishable from
levels in the NCM of song-stimulated control animals. Sanford and colleagues [174]
demonstrated this phenomenon in the rostral regions of NCM. In aNCM, an under-studied
region immediately dorsal to Field L2, the ZENK response to estradiol was so great that it
appeared to mask sound-driven responses. The region responds to both song and tones in
placebo-treated birds but not in estradiol-treated birds ([174]; Fig. 3). Overall, Sanford and
colleagues reported that estradiol treatment induced ZENK expression in the rostral areas of
NCM, which were the same areas in which the treatment enhanced selectivity for
conspecific song (Table 1).

Some authors have argued that gonadal hormones increase constitutive activity in brain
regions associated with social behavior and may thus promote context-appropriate social
responses by biasing the system toward certain behaviors over others [50,72,86,168].
Estradiol may therefore prime the auditory system to respond differently to sound during the
breeding season by biasing responses to acoustic cues that become more behaviorally
relevant at that time of year. High constitutive levels of IEG expression in NCM may be
related to learning; young male zebra finches show high levels of ZENK expression, even in
the absence of sound stimulation, during the period of song memorization [192]. Plasma
testosterone is high during this period, suggesting that this hormone, or perhaps its
conversion to estradiol, may play a role in the sound-independent ZENK expression in
juvenile zebra finches.

In addition to their finding that local infusion of estradiol induces MAPK-dependent genes
in NCM, Tremere and colleagues [205] reported two other important findings. First, they
found that unilateral blockade of estrogen receptors markedly decreased the song-induced
expression of these genes, including zenk. This finding demonstrated that endogenous
estradiol acts locally to induce the zenk response and that it is not only sufficient, but also
necessary for that response. Second, they found that local inhibition of aromatase suppressed
the expression of these plasticity-associated genes to negligible levels while leaving
contralateral song-induced expression intact. The latter finding provides additional
compelling evidence not only that estradiol acts locally, but that it is synthesized locally. In
the following sections we consider the growing literature on brain-derived estradiol and its
role in the processing of acoustic communication signals.

4. The brain as a source of estradiol

4.1. The brain makes its own sex steroids

The effects of estradiol on auditory processing and selectivity need not be limited to the
breeding season or to breeding individuals. Evidence accumulated over the last two decades
shows clearly that the brain itself, in addition to the gonads, serves as a primary source of
sex steroids. Conclusive evidence supporting these findings derived from key contributions
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from multiple research groups [11,147,172,175,179]. Thorough reviews on the topic of
brain-generated steroids have been published in the past few years and, therefore, this topic
will not be extensively covered here (for example, see [110]).

The brain can synthesize both testosterone and estradiol either from steroid precursors that
arrive from the periphery or de novo from cholesterol [109]. The brain is not reliant,
therefore, on the gonads for a supply of steroids that can alter central auditory function.
NCM in particular, especially the caudal domain, is rich in cells that express the estrogen-
synthetic enzyme aromatase [153]. This population of neurons is neurochemically
heterogeneous, comprised of both inhibitory and excitatory cells, and is directly engaged by
auditory experience [88]. Remage-Healey and colleagues [164] demonstrated via in vivo
micro dialysis that estradiol concentrations increased rapidly in NCM in male zebra finches
as they listened to song or interacted with females. An aromatase inhibitor administered into
NCM decreased estradiol levels [164]. Singing itself, or possibly hearing oneself sing, also
alters estradiol synthesis; in male zebra finches that sang for 30 min, aromatase activity
increased in synaptic terminals of the caudal telencephalon [165]. The levels of aromatase
mRNA did not change, suggesting that estradiol levels are regulated rapidly by post-
transcriptional activation of aromatase.

4.2. Brain-derived estradiol alters behavior

As reviewed above in Section 2.3, systemic aromatase treatment of male zebra finches
tended to reduce behavioral preferences for the bird’s own song [163]. When the aromatase
inhibitors were administered directly into the auditory forebrain, the suppression of those
preferences was robust and significant [163]. These results suggested that estradiol
generated in NCM as a function of auditory experience rapidly regulates auditory-based
behaviors. Further support for this hypothesis was provided by Tremere and Pinaud [206],
who showed that local blockade of estrogen receptors in NCM interferes with behavioral
preferences to tutor songs in adult zebra finches. This effect was mediated by estradiol
generated in NCM, given that local inhibition of aromatase with fadrozole or ATD
suppressed behavioral preferences to the same degree as blockade of estrogen receptors.
Remarkably, male preference towards female calls was affected neither by estrogen receptor
blockade nor by aromatase inhibition in NCM, suggesting that local estradiol appears to
shape behavioral responses to learned song selectively.

4.3. Interactions between brain-derived and gonadal steroids

The aromatase-positive neurons in NCM are concentrated in the caudal domain (cNCM) in
zebra finches [153] and in white-throated sparrows (D.L. Maney, unpublished observations).
Because estradiol concentrations increase in NCM after song but not other sounds [164] and
because estradiol alone can induce zenk expression [205] (see below), it is possible that the
selective ZENK response observed by Sanford et al. [174] in cNCM is regulated by the
aromatase-positive neurons in that area. Such a scenario could explain why the ZENK
responses in cNCM remain selective for song over tones even when plasma estradiol levels
are low. In cNCM, high plasma estradiol may be unnecessary for selective ZENK responses
because estradiol can be synthesized locally. In contrast, the more rostral domains of NCM,
which have lower levels of aromatase, may rely on estradiol from the plasma for selective
responses (Table 1). In zebra finches, aromatase inhibitors readily suppress both mIPSCs
and ZENK responses in rostral NCM [205], suggesting that although estradiol is primarily
synthesized in caudal NCM, in this species it significantly impacts rostral NCM presumably
by readily and robustly diffusing to this region. More research is needed to determine
definitively whether the distribution of aromatase differs between species as well as whether
and how it is transported. It is possible that seasonal breeders have evolved mechanisms by
which plasma steroids can act in concert with brain-derived steroids. In such animals,
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steroids synthesized in the brain are thought to help maintain steroid-dependent behaviors
during the non-breeding season when plasma levels are low [158,176]. Selective ZENK
responses in cNCM may be an example of this phenomenon.

5. Brain-generated estradiol affects auditory neuronal physiology

5.1. Estradiol generated in NCM regulates hearing-driven neurophysiological responses

The fact that estradiol levels rapidly, robustly and selectively increase in NCM as a result of
auditory experience suggests that local production of this steroid hormone may directly
modulate auditory-driven responses in the NCM of awake songbirds. Tremere and
colleagues [205] directly tested this possibility by recording auditory-driven
neurophysiological responses in awake, restrained zebra finches during bilateral,
intracerebral pharmacological manipulations directed at estrogen-associated circuits in
NCM. They found that local infusions of estradiol markedly increased hearing-evoked
discharge rates of NCM neurons in a dose-dependent manner (Fig. 4A). In contrast, firing
rates of NCM neurons decreased, also in a dose-dependent way, when estrogen receptors
were locally blocked or when aromatase was inhibited in NCM (Fig. 4B, C). These findings
have been recently independently reproduced via the combination of in vivo microdialysis
and multi-unit recordings in the anesthetized zebra finch [163]. Remarkably, the disparate
effects of estradiol, tamoxifen (TMX) and ATD on NCM neuronal discharge rates reported
by Tremere and colleagues were virtually instantaneous, suggesting that non-genomic
mechanisms are at play.

5.2. Estradiol acts through a non-genomic mechanism involving GABAergic
neurotransmission

In addition to studying the instantaneous effects of estradiol on the physiology of NCM
neurons, Tremere and colleagues explored their biophysical basis. Given that estradiol
affected NCM’s neuronal responses on a rapid timescale (seconds), the authors hypothesized
that this neurohormone exerted its effects through a non-genomic mechanism, likely through
the modulation of local neurotransmission. To address this possibility directly, whole-cell
patch-clamp recordings were obtained from NCM slices and the effects of estradiol,
antagonism of the estrogen receptors, or inhibition of aromatase on excitatory and inhibitory
synaptic transmission were determined [205]. By pharmacologically isolating miniature
spontaneous inhibitory post-synaptic currents (mIPSCs), the authors found that estradiol had
a profound effect on local GABAergic transmission (Fig. 5). Specifically, estradiol
significantly suppressed the frequency of mIPSCs but had no effect on the amplitude of such
events. In contrast, local aromatase inhibition or blockade of estrogen receptors increased
the frequency but failed to affect the amplitude of mIPSCs. The fact that estradiol affected
the frequency but not the amplitude of mIPSCs indicated that this neurohormone shaped
NCM'’s neuronal physiology through a pre-synaptic mechanism. This mechanism putatively
involves an estradiol-mediated change in the probability of GABA release onto NCM
neurons. Importantly, as indicated above, Tremere and colleagues also assessed whether
estradiol affected the synaptic physiology of excitatory NCM circuitry. Surprisingly, it was
found that bath application of estradiol, antagonism of estrogen receptors, or aromatase
inhibition affected neither the frequency nor the amplitude of miniature excitatory post-
synaptic currents (MEPSCs), suggesting that estradiol selectively modulates inhibitory
(GAB-Aergic) synaptic neurotransmission in NCM. More generally, the findings of Tremere
and colleagues provided the first demonstration that brain-generated estradiol modulates
auditory-driven responses, in real-time, in the awake vertebrate brain by suppressing the
strength of local inhibitory transmission via a pre-synaptic, non-genomic mechanism.
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5.3. Estradiol enhances the information that NCM neurons carry about the stimulus to
facilitate the neural discrimination of songs

Although Tremere et al. [205] directly demonstrated that estradiol generated in NCM
regulates the gain of auditory-driven responses in the awake songbird, the functional
relevance of this estrogenic modulation was not yet known. In other words, what does
estradiol offer NCM neurons in terms of auditory processing capabilities and/or
computational power? To address this problem, Tremere and Pinaud [206] combined multi-
electrode neurophysiological recordings in the NCM of awake zebra finches with bilateral
local pharmacological manipulations, and used information theoretical methods and
machine learning algorithms to analyze their neural data. More specifically, Tremere and
Pinaud used these approaches to determine how much information NCM neurons carry
about stimulus structure and to determine how well NCM cells can discriminate among
different songs. The authors found that local blockade of estrogen receptors, and
consequently the effects of estradiol, markedly decreased the information transmitted about
song stimuli. As a result, this pharmacological manipulation significantly impaired a
neuron’s ability to discriminate among different songs. Tremere and Pinaud [206] also
determined that it is the local production of estradiol that shapes the efficiency with which
songs are encoded and discriminated by NCM neurons. Local inhibition of aromatase
suppressed these phenomena to levels indistinguishable from those observed after blockade
of estrogen receptors in NCM. Interestingly, local infusions of exogenous estradiol in NCM
significantly enhanced auditory coding efficiency and, consequently, the neural
discrimination of songs by NCM neurons. Remarkably, the local effects of estradiol,
blockade of estrogen receptors and inhibition of aromatase were long-lasting, persisting for
several after local pharmacological manipulations were interrupted [206]. Finally, it was
shown that the optimization of auditory coding driven by estradiol is not merely explained
by increased discharge rates elicited by this neurohormone on auditory-driven responses, but
rather it was found that estradiol modulates the neural coding of songs by shaping both rate
and the temporal coding [206]. These data provided the first demonstration that one of the
main functional consequences of estradiol’s modulation of NCM’s neuronal physiology is to
enhance the information that these central auditory neurons carry about stimulus structure,
such that the neural discrimination of song stimuli is optimized [206].

5.4. Brain-derived estradiol does not affect selectivity

Tremere and co-workers [205] tested whether estradiol selectively modulates the auditory
processing of songs or whether this neurosteroid affects the neural responses to song and
non-song stimuli equally. To this end, an array of artificial stimuli, consisting of songs that
were degraded in both spectral and temporal domains, were presented and
electrophysiological responses recorded. They found that local infusions of estradiol,
blockade of estrogen receptor, or suppression of the local production of estrogens in NCM
affected the auditory processing of song and non-song stimuli equally. These findings
suggested that although estradiol may not acutely regulate the selectivity of song-driven
responses in NCM in real-time, it perhaps serves a more fundamental purpose: to regulate
the gain of auditory-evoked responses in the NCM of awake animals irrespective of the
behavioral relevance of the acoustic cues.

The finding that estradiol does not alter the selectivity of electrophysiological responses in
NCM at first glance may appear to contradict the findings of Maney and colleagues that
estradiol treatment is required for selective ZENK responses in non-breeding females
[117,174] The apparent discrepancy is not actually in the findings but rather in the use of the
term “selectivity”. For the electrophysiologist, selectivity refers to a single neuron (or
ensemble of neurons) firing more robustly to stimulus A over stimulus B. Such a result
cannot be achieved with ZENK mapping, especially because the ZENK response is engaged
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by estradiol in the absence of a sound stimulus [174,205]. Whereas estradiol does not appear
to modulate the selectivity of auditory-driven neurophysiological responses in NCM neurons
[205], it does appear to interact with the biochemical/molecular cascades that derive from
that activity [174,205]. For example, estradiol may prime co-regulators of the ZENK
response that, when engaged by song but not non-song stimuli, lead to differential induction
of ZENK. In this case, estradiol may not necessarily impact the selectivity of the neural
activity, but may directly influence the outcome of that process. Moreover, at least some of
the processes responsible for estradiol-dependent selectivity of the ZENK response in NCM
may actually occur outside this area, in other brain regions. In other words, selective ZENK
responses in NCM may represent an end result of estradiol- and stimulus-dependent input
arriving from outside NCM. Below we outline evidence that estradiol-dependent selective
responses in the auditory forebrain may be mediated by catecholaminergic innervation.

6. Catecholamine systems as mediators of estrogenic effects

The caudal domain of NCM is rich in catecholaminergic (CA) fibers that form basket-like
structures around the aromatase cell bodies, completely surrounding them [5]. Clearly, CA
innervation may be important for the regulation of estradiol synthesis and for auditory
processing in general. Dopamine (DA) and norepinephrine (NE) are widely understood to
shape the response properties of sensory networks involved in selective attention (for
reviews, see [8,84]) and context-dependent modulation of forebrain plasticity
[12,32,37,42,43,48]. In songbirds, CA projections to the forebrain have been hypothesized
to affect the auditory processing of song (e.g., [4,6,7,22,32,104,115,169]). Noradrenergic
denervation of the forebrain reduces behavioral and neural responses to song as well as
behavioral and neural selectivity for sexually stimulating song [6,113,212]. Modulation of
catecholaminergic systems is therefore likely to affect the auditory processing of conspecific
song as well as the resulting behavioral responses.

The anatomical relationship between CA fibers in NCM and the aromatase neurons suggests
that CAs could modulate estradiol synthesis in the brain [5]. The converse, that CA systems
are themselves sensitive to sex steroids, is also likely true. In male zebra finches,
catecholamine levels and turnover in the auditory fore-brain are regulated by both androgens
and estrogens [14]. LeBlanc and colleagues [104] reported that estradiol treatment of female
white-throated sparrows increased the number of tyrosine hydroxylase (TH)-
immunoreactive cells in the ventral tegmental area (VTA), a major source of DA in the
forebrain, and in the locus coeruleus (LoC), the primary source of NE. Both of these
brainstem CA cell groups, which likely project to the auditory forebrain [3,5,128,167],
contain estrogen receptor [116] and therefore could be directly affected by estradiol
treatment. Recently, Matragrano et al. [123] tested the hypothesis that the heterogeneous
effects of estradiol treatment on ZENK expression and selectivity in the auditory system are
mediated by CA innervation. Of the eight regions of the auditory system they looked at,
estradiol significantly increased immunoreactivity for CA synthetic enzymes only in the
regions previously demonstrated by Sanford et al. [174] to be sensitive to estradiol (Table
1). The caudal domain of NCM, in which ZENK expression was unaffected by estradiol
treatment, showed no estrogen-dependent modulation of either TH or dopamine -
hydroxylase (DBH). The strong anatomical match between the estradiol’s effects on the
ZENK response and on CA innervation suggests that the two might be related.

How might CA input affect auditory selectivity? If the CA cells that project to auditory areas
themselves fire in response to song, the ensuing catecholamine release may cause or
modulate subsequent activity. Gale and Perkel [64] recently demonstrated that in male zebra
finches, TH-immunoreactive cells in the VTA fire in response to sound and, in fact, are
highly selective for conspecific song. LeBlanc et al. [104] reported that in estradiol-treated
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female white-throated sparrows, hearing song induces ZENK expression not only in the
VTA but also in the LoC, substantia nigra, and periaqueductal gray, and that these responses
are selective for song only in birds with physiological breeding levels of plasma estradiol.
This effect was particularly striking in the LoC; in estradiol-treated birds, the ZENK
response to song was threefold higher than the response to tones, but in blank-implanted
birds the responses to song and tones were identical. Although LeBlanc and colleagues
[104] reported that the ZENK response in CA cell groups of the brainstem was not localized
in TH-positive cells, other authors have reported co-localization of IEG expression and TH
in these cell groups after presentation of song or other social stimuli [22,71,140].
Experiments are currently underway to determine whether levels of catecholamines or their
metabolites change rapidly in NCM in response to hearing song, and whether those changes
depend on plasma estradiol.

The CA cells in the brainstem need not be actively firing during song in order to play a
neuromodulatory role in estradiol-dependent auditory selectivity. Some CA terminals may
release transmitter in a non-synaptic, or paracrine fashion, which may alter the responsivity
or spontaneous firing activity in forebrain neurons (for review, see [18]). Such changes,
which may be sustained over prolonged periods [161], may enable forebrain areas to
respond differently to the same input depending on the behavioral state of the animal (e.g.,
season or social context), without changes in the selectivity of CA neurons themselves.
Seasonal changes in catecholamine-based neuromodulation may enable auditory systems of
female songbirds to respond selectively to male song during the breeding season and to
respond less selectively outside it.

7. Evolution of estrogen-dependent sensory processes

In this review we have shown evidence that in songbirds, the steroid hormone estradiol
modulates the processing of a behaviorally relevant signal, conspecific song. We have
argued that in seasonally breeding sparrows estradiol affects auditory selectivity for this
signal, which presumably increases in behavioral relevance during the breeding season. We
have also shown, however, that estradiol modulates the processing of conspecific song in
zebra finches, which show neither sex differences nor seasonal changes in plasma estradiol
levels. In fact estradiol affects many sensory processes, such as nociception in quail [58] and
speech understanding in humans [79], for which the connections to reproduction are not
obvious. Why might a hormone associated with reproductive behavior alter sensory
processing so broadly?

We believe that sensitivity to estradiol may be an evolutionarily ancient property common to
all sensory systems. Estradiol and proteins that bind it can be found in a wide range of
species, including unicellular organisms [60,171], and application of estradiol can alter their
behavior [99]. The earliest steroid receptors, which evolved more than 600 million years ago
prior to the split between deuterostomes and protostomes, functioned as estrogen receptors
[203]. Estrogen-mediated signaling mechanisms are therefore among the most ancient forms
of intercellular communication. The most primitive of sensory systems, for example the
external chemoreceptors in unicellular organisms, make use of the same compounds and
transduction mechanisms used for internal cell signaling in multicellular organisms [34].
The molecules important for communication in unicellular systems evolved into the
neuromodulators and receptors of vertebrate sensory systems; for example, the vertebrate p-
adrenergic receptor shares ancestry with an external chemoreceptor for a mating factor in
yeast [68]. Given the age of estrogens and their receptors, it is possible that the role of these
molecules in sensory processing predates their role in reproduction! Thus, although it is
possible that sensitivity to reproductive hormones is a relatively new adaptation in some
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sensory systems, it is unlikely that every instance of steroid modulation of sensory systems
is related to the tuning of that system to reproductive signals.

8. Broader implications for estradiol’s regulation of auditory processing

The link between sensory processing and hormonal regulation was clearly demonstrated
over 30 years ago in the olfactory system, in which the perception of species-specific
olfactory cues were shown to be markedly affected by sex hormones (for review, see [134]).
However, it has also been widely accepted that primary, “cortically-represented” sensory
systems, including vision and audition, are not modulated by steroid hormones. In the
auditory system in particular, this dogma has permeated scientific wisdom despite over three
decades of sporadic reports in the literature suggesting a link between steroidal hormones,
especially estradiol, and hearing function. For instance, auditory processing was shown to be
marginally but significantly more efficient in women than in men, a phenomenon that has
now been reproduced by an array of research groups employing varied methodological
approaches. Likewise, auditory-event related potentials (ERPs) and hearing thresholds have
long been known to oscillate across the menstrual cycle in women: whereas higher plasma
estrogen levels are associated with lower thresholds and more robust ERPs, lower plasma
estrogen levels are associated with higher thresholds and more variable ERPs [49,89,214].
Such findings were amongst the earlier work that suggested a sensory—endocrine interaction
in the auditory system. This literature was further supported by clinical studies that
demonstrated significant hearing pathologies in women with Turner’s syndrome, who are
deficient in estrogens [73,83]. Although these findings collectively suggest that a steroid
hormone may modulate hearing function, it remained unclear where such interaction
occurred in the auditory system — peripherally, centrally or both — and whether gonadal or
brain-derived hormones were at play (but see below).

As in humans, periodic findings in experimental models have suggested that steroid
hormones may influence hearing function. For example, progressive hearing loss leading to
early deafness has been recently described for mice that are deficient for ERn [180].
Ovariectomized non-human primates and rodents displayed significant distortions in the
normal profile of auditory brainstem responses; interestingly, such distortions could be
rescued by estrogen replacement therapy [44,69]. As with the human findings discussed
above, it is unclear at this point whether peripheral or centrally-generated hormone is related
to these changes in sensory processing, whether the locus of action is in the peripheral organ
or within the central nervous system, or whether these phenomena are causally linked at all
in these experimental models. Over the past 3 years, as discussed in the sections above,
research carried out in songbirds has suggested that brain-generated estradiol has a profound
and local effect on the cellular biology and physiology of central auditory neurons. If sex
hormone-dependent regulation of auditory processing is shown to be a general phenomenon
across vertebrates, including humans, a number of translational issues will be raised, some
of which we consider here. First, hearing impairments are overwhelmingly studied in the
context of peripheral organ (cochlear) dysfunction. The data discussed above suggest that
deficiency in estradiol levels largely impair central auditory function. It is, therefore, highly
conceivable that hearing impairments associated with estrogen deficiency may be a process
that occurs entirely, or at least partially, in the brain. This novel way of considering hearing
dysfunction goes against the generally accepted view that sex hormones may influence
hearing function by affecting the functionality and/or integrity of the cochlea
[15,44,57,69,76-78,82]. We do not reject the view that estrogens may influence peripheral
organ function, but rather emphasize the need to seriously consider phenomena in the central
nervous system as a mechanistic source of hearing impairments. Second, conditions
associated with significant hormonal shifts in humans, including menopause, contraceptive
regimens, hormonal supplements, chemotherapeutic strategies involving anti-estrogenic
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compounds (e.g., tamoxifen), as well as genetic conditions such as Turner’s syndrome, have
been reported to alter hearing function. Studying the modulation of auditory processing by
steroid hormones may therefore impact a variety of human health issues [56,57,78,82].
Third, for decades research in both humans and experimental models has established in
detail how age-associated processes and an array of stressors profoundly affect both
peripheral and central estrogen levels, all of which could modulate hearing function.

We strongly underscore that these suggestions are highly fragile and will rely on future
research aimed at establishing causal interactions between neurosteroids and central auditory
circuits in mammals, including humans. However, the sensory—neuroendocrine interactions
so clearly demonstrated in the songbird brain to date, as discussed above, have further
influenced the study of how steroid hormones regulate cellular biological processes,
contextualized how sensory systems operate and, more generally, have initiated discussions
on the potential use of hormonal replacement therapy to recover attributes of hearing
function degraded by estrogen insufficiency.
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Fig. 1.

Schematic of a parasagittal view of the zebra finch brain depicting the principal structures of
the main auditory pathway. Abbreviations: CN, cochlear nuclei; DM, dorsal medial
mesencephalic nucleus; E, entopallium; H, hyperpalium; Hp, hippocampus; L2, field L2a;
LaM, lamina mesopallialis; LL, lateral lemniscal nuclei; M, mesopallium; mAreaX, medial
area X of the striatum; mMAN, medial magnocellular nucleus of the anterior nidopallium;
MLd, dorsal lateral mesencephalic nucleus; N, nidopallium; NCM, caudomedial
nidopallium; Ov, ovoidalis; st, striatum; v, ventricle; sO, superior olive. Modified from
[154].
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Fig. 2.

Domains of the auditory forebrain as defined by Sanford et al. [174] and Matragrano et al.
[123]. Areas delineated by hatch marks are defined by cytoarchitecture and neurochemistry
([123,174]; see text), whereas the borders depicted by dashed lines are more arbitrary
[66,174]. The border between aNCM and Field L2b, which appears more laterally [207], has
not been characterized in sparrows. Abbreviations: CMM, caudomedial mesopallium; NCM,
caudomedial nidopallium; aNCM, apical NCM; rdNCM, rostrodorsal NCM; ryNCM,
rostroventral NCM; cNCM, caudal NCM. Rostral is to the right.
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Fig. 3.

The ZENK response in the auditory forebrain of a white-throated sparrow as seen in coronal
sections spanning approximately 4 mm. Each section is 450 pm thick with the exception of
the one containing cNCM, which is 1650 um thick. Photomicrographs depict ZENK
immunolabelled material [117]. Graphs illustrate the effects of estradiol treatment on ZENK
immunoreactivity in females listening to silence, tones, or conspecific song. In some cases
(cINCM, mcNCM, rdNCM, and CMM) data collected from the material used in other
published studies [117,174] have been combined. Data for rvNCM are not shown but are
summarized in Table 1. *Significantly different from silence; ““significantly different from
both silence and tones; Tsignificantly different from the same stimulus group in the blank
condition. Alpha = 0.05. Abbreviations, see Table 1.
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Fig. 4.

Brain-generated estradiol rapidly increases discharge rates of NCM neurons. (A) Effects of
exogenous infusions of estradiol to a single-unit in NCM. Shown is the spectrogram of a
stimulus (a conspecific song segment; top panel), time-aligned with a spike raster plot
(middle panel) and the peri-stimulus time histogram (bottom panel) for an NCM neuron,
both before (left) and during (right) estradiol infusions. Note that estradiol dramatically
increases the firing rate of this representative neuron, and that this effect occurs virtually
instantaneously. (B) Blockade of estrogen receptors with tamoxifen (TMX) significantly
decreases song-induced discharge rates of NCM neurons. The raster plots shown on (B)
derive from the responses of a single NCM neuron before (left) and during (right) TMX
infusions. (C) Estradiol locally produced in NCM markedly increases song-driven discharge
rates. Shown is the response profile of a single NCM neuron before (left) and during (right)
blockade of local estradiol production with the aromatase inhibitor ATD. Note that song-
driven responses are largely abolished in the absence of local estradiol. From [205].
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Fig. 5.

Estradiol suppresses the strength of local inhibition via a pre-synaptic, non-genomic
mechanism. (A) Shown is a 1-min trace obtained from an NCM neuron via whole-cell
patch-clamp recordings, depicting miniature inhibitory post-synaptic currents (mIPSCs) that
were pharmacologically isolated. (B) Changes in mIPSC properties are shown in a
representative neuron before (top trace) and during (bottom trace) application of estradiol to
the recording bath. (C and D) Estradiol significantly decreases the frequency (C), but not the
amplitude (D) of mIPSCs, suggesting that this steroid hormone influences inhibitory
transmission through a pre-synaptic mechanism. Diamonds depict values obtained for each
recorded cell that contributed to the mean (bars). (E) Blockade of estrogen receptors with
tamoxifen significantly impact mIPSC properties. Shown are traces obtained from a
representative neuron before (top trace) and during (bottom trace) application of TMX to the
recording bath. (F and G) TMX increases mIPSC frequency (F) but does not alter the
amplitude of these events (G). (H) Representative traces obtained from a control neuron (top
trace) and from a neuron treated with ATD (bottom trace). Inhibition of aromatase activity
with ATD significantly increases the frequency of mIPSCs (1), but not their amplitude (J). “p
< 0.0001. From [205].
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Table 1

The effects of 7-9 days of estradiol treatment on (A) ZENK expression in the absence of sound playback; (B)
selectivity of the ZENK response (“increase” indicates a higher response to song than to tones in estradiol-
treated birds only); (C) density of fibers immunoreactive for tyrosine hydroxylase (TH) or (D) dopamine beta
hydroxylase (DBH). In some regions, the ZENK expression (A and B) has been reanalyzed using combined
material from previously published studies [117,174]; see also Fig. 3. Data on catecholaminergic fiber density
(C and D) are summarized from previously published data [104,123]. In some regions there is a good match
regarding the effects of estradiol on the four variables measured. In rvNCM, for example, estradiol increases
ZENK, selectivity, TH- and DBH-immunoreactivity, whereas in cNCM, estradiol has no effect on any of these
variables. Interesting exceptions include aNCM, where estradiol has a profound effect on ZENK induction but
does not increase selectivity, and Ov, where estradiol affects selectivity but not TH- or DBH-IR.

Region (A) ZENK expression  (B) ZENK selectivity for song over tones  (C) TH-IR fiber density (D) DBH-IR fiber density

CMM No change Increase Increase Increase
aNCM Increase No change Increase Increase
rvNCM Increase Increase Increase Increase
rdNCM Increase Increase No change Increase
mcNCM  No change No change n.d. n.d.
cNCM No change No change No change No change
cINCM No change Increase Increase n.d.

MLd No change Increase Increase Increase
Ov No change Increase No change No change

Abbreviations: CMM, caudomedial mesopallium; NCM, caudomedial nidopallium; aNCM, apical NCM; rvNCM, rostroventral NCM; rdNCM,
rostrodorsal NCM; mcNCM, medial caudal NCM; cNCM, caudal NCM; cl NCM, caudolateral NCM; MLd, auditory midbrain; Ov, nucleus
ovoidalis.

n.d. = Not determined.
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