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Songbirds use learned vocalizations to
communicate with conspecifics; predom-
inantly to defend their territory and at-
tract mates (Eens, 1997). Interestingly, in
some songbirds, including European star-
lings (Sturnus vulgaris), the brain regions
underlying song production and percep-
tion undergo dramatic physical changes
throughout the year. Seasonal transitions
from nonbreeding to breeding condi-
tions, along with marked changes in ste-
roid hormone levels, accompany these
anatomical changes. For instance, the
caudomedial nidopallium (NCM), which is
functionally homologous to mammalian
auditory association areas (Yanagihara
and Yazaki-Sugiyama, 2016), increases in
volume during the breeding season (De
Groof et al., 2009).

Steroid hormones, including testoster-
one and 17�-estradiol, act centrally in the
songbird telencephalon (Riters et al., 2001)
and may contribute to seasonal changes in
song substrates. Traditionally, estradiol
and other steroid hormones were thought

to function solely via actions at nuclear
receptors, ultimately affecting gene tran-
scription (Schumacher, 1990). However,
accumulating evidence suggests a more
rapid, membrane-mediated effect of es-
tradiol in the CNS (Remage-Healey et al.,
2011). For example, intracerebral intro-
duction of exogenous estradiol rapidly
increased responsivity of auditory neu-
rons in NCM (Tremere et al., 2009), and
acute blockade of estradiol synthesis in
the brain decreased burst firing in NCM
(Remage-Healey et al., 2010). Having pre-
viously demonstrated (De Groof et al.
2013) that NCM responsivity to different
auditory stimuli changes seasonally, De
Groof et al. (2017) asked whether the role
of estradiol in auditory processing changes
depending upon the season/photoperiod
and breeding condition.

Wild-caught, adult male European star-
lings underwent fMRI while listening to au-
dio recordings of songs or pure tones during
three seasons: winter (December, non-
breeding), early spring (March, breeding),
and summer (May/June, nonbreeding). Af-
ter the first imaging session in December,
light/dark cycles were adjusted weekly to
mimic natural changes in photoperiodic-
ity. During each imaging session, the au-
thors compared NCM responsivity before
(baseline) and after blocking estradiol

synthesis using systemic injections of
vorozole, an aromatase inhibitor that sub-
stantially reduces levels of estradiol within
30 min (Cornil et al., 2006). The authors
found that estradiol depletion reduced
NCM responsivity to auditory stimuli.
Furthermore, this effect was more pro-
nounced in the early spring (breeding
season). In the third fMRI session (May/
June), the researchers confirmed that es-
tradiol was indeed the factor giving rise
to differences in NCM activity between
baseline and estradiol-depleted condi-
tions. To do this, they followed the es-
tradiol depletion session with a systemic
injection of estradiol, and then replayed
the stimuli while recording NCM activ-
ity. They found that administration of
exogenous estradiol increased respon-
sivity of the NCM/Field L/and caudo-
medial mesopallium (CMM) auditory
complex bilaterally, but in a manner
that was stimulus-type-specific.

De Groof et al. (2017) used three types
of auditory stimuli varying in signal content
andcontext: species-specificwarbling(SPEC),
which is a part of the vocalizations of all male
starlings; individual warbling (INDIV),
which consists of syllables specific to indi-
vidual conspecifics; and pure tones (PT),
a control stimulus. SPEC and INDIV
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stimuli differ in salience depending
upon the season and social conditions.
For instance, during the nonbreeding sea-
son, one function of singing behavior is
social cohesion within a large flock (Eens,
1997): birdsong can be a social marker
used to indicate belongingness to a group
(Feekes, 1977). Indeed, birds with the
same dialectal variants of song, indicative
of similar geographic origin, tend to group
together in large roosts (Hausberger et al.,
2008). However, during the breeding sea-
son when levels of circulating steroid hor-
mones are high (Tramontin et al., 2003)
singing is used in mate attraction (Gent-
ner and Hulse, 2000) and territory defense
(Eens, 1991). If estradiol plays a role in
regulating NCM responsivity to songs and
is higher during the breeding season than
the nonbreeding season, one would ex-
pect that blocking estradiol would result
in a greater decrement in NCM responsiv-
ity, relative to baseline, during the breed-
ing season.

Interestingly, in addition to seasonal
changes in responsivity, the authors showed
seasonal changes in hemispheric lateral-
ization of BOLD responses. Relative to
baseline conditions, estradiol depletion
substantially decreased neural activation
during the breeding season (March)
within the left NCM/Field L/CMM audi-
tory complex, but not in the right hemi-
sphere (De Groof et al., 2017). This is
consistent with previous findings in the
zebra finch that the left NCM plays a larger
role in auditory discrimination than the
right NCM (Remage-Healey et al., 2010).
Lateralization of function in NCM/Field
L/CMM may underlie finely-tuned pro-
cessing of conspecific vocalizations, which
in turn affects social behavior. The au-
thors speculate that seasonal changes in
the degree of hemispheric lateralization of
BOLD response may be mediated by sea-
sonal changes in aromatase distribution
within the forebrain. To test this, they
measured bilateral aromatase activity in
these same birds in January, six months
after the final fMRI session. They looked
for hemispheric differences in aromatase
activity in NCM, CMM, and the hypotha-
lamic preoptic area. They did not find any
hemispheric differences in aromatase ac-
tivity and suggested that this may be due
to the fact that the assay was performed in
the nonbreeding season, when lateraliza-
tion of the BOLD response was not pres-
ent. Future studies might be constructed
such that a subset of birds is tested during
breeding conditions to determine whether
hemispheric differences in aromatase activ-

ity are present at the time of lateralized
BOLD levels.

Previous work showed that hemi-
spheric lateralization of activity in NCM
varies as a function of the auditory envi-
ronment (Yang and Vicario, 2015). In
their study, Yang and Vicario (2015) used
two measures to quantify electrophysio-
logical population recordings in NCM in
response to auditory stimuli: absolute re-
sponse magnitude, which is the strength
of neural responses, and adaptation rate,
the rate of decline in responding to re-
peated presentation of a stimulus. Control
birds housed individually were exposed to
a playback of a conspecific auditory envi-
ronment (zebra finch aviary sounds) for
2, 4, or 9 d. Response magnitudes were
higher and adaptation rates were faster in
the right hemisphere (Yang and Vicario,
2015). However, adult male zebra finches
exposed exclusively to playbacks of a het-
erospecific auditory environment (canary
aviary sounds) for the same durations dis-
played a marked reversal of hemispheric
lateralization in response to zebra finch
songs, with higher response magnitudes
and faster adaptation rates in the left
hemisphere. One interpretation of this re-
sult is that the degree of hemispheric lat-
eralization in NCM is influenced by the
demands of the environment. As the envi-
ronment changes, organisms must adapt,
and this applies not only to overt behav-
iors, but to perceptual processes as well.
Behavioral flexibility across breeding sea-
sons requires perceptual plasticity. Male
starlings sing at a high rate throughout
the year, demonstrating that song can
have different meanings depending upon
the exact content and context (Feekes,
1977; Feare, 1984; Eens, 1997). During the
breeding season, starlings reside in small
groups of mating pairs, dramatically
changing the auditory environment from
the large flocks of the nonbreeding sea-
son (De Groof et al., 2013). In breeding
conditions, it may be more important to
identify individuals by their auditory
signature permitting discrimination be-
tween rivals, mates, and other ecologically
relevant identities. Therefore, increased
left-dominance of estradiol-modulated
NCM activity during the breeding season,
specifically in response to INDIV but not
SPEC stimuli, may increase the efficiency
with which starlings process conspecific
vocalizations, perhaps providing a selec-
tive advantage.

In summary, the study by De Groof et
al. (2017) revealed that estradiol modu-
lates neural activity with respect to photo-
period in the songbird auditory forebrain

and demonstrated that aromatase inhibi-
tion and the resultant decrease in estradiol
levels can have large effects on auditory
processing, even in the presence of stable
levels of testosterone. Despite the close in-
terrelationship between estradiol and tes-
tosterone, this study suggests that the two
may have independent effects within the
auditory forebrain, perhaps because of
localization of receptors on different neu-
ronal populations. Future studies can fur-
ther assess the independent characteristics
of steroid actions in sensory processing,
and assess the role of steroid hormones in
seasonally dependent changes in neural
activation. Finally, these findings pro-
vide a neuroanatomical map for future
studies endeavoring to understand the
functional importance of subregions of
the NCM.
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