Downloaded from http://rspb.royalsocietypublishing.org/ on November 21, 2018

PROCEEDINGS B

rsph.royalsocietypublishing.org

)

Research

updates

Cite this article: Bell BA, Phan ML, Meillere
A, Evans JK, Leitner S, Vicario DS, Buchanan
KL. 2018 Influence of early-life nutritional
stress on songbird memory formation.

Proc. R. Soc. B 285: 20181270.
http://dx.doi.org/10.1098/rspb.2018.1270

Received: 7 June 2018
Accepted: 31 August 2018

Subject Category:
Neuroscience and cognition

Subject Areas:
ecology, neuroscience, cognition

Keywords:
vocal learning, developmental stress, auditory,
IEG, electrophysiology, zebra finch

Author for correspondence:
A. Meillere
e-mail: alizee.meillere@deakin.edu.au

Electronic supplementary material is available
online at https://dx.doi.org/10.6084/m9.
figshare.c.4226336.

THE ROYAL SOCIETY

PUBLISHING

Influence of early-life nutritional stress on
songbird memory formation

B. A. Bell', M. L. Phan', A. Meillére2, J. K. Evans?, S. Leitner?,
D. S. Vicario! and K. L. Buchanan?

Department of Psychology, Rutgers University, Piscataway, NJ, USA
2School of Life and Environmental Sciences, Deakin University, Geelong, Victoria, Australia
SDepartment of Behavioural Neurobiology, Max Planck Institute for Omithology, Seewiesen, Germany

=/ MLP, 0000-0002-2548-1408; AM, 0000-0002-1323-1954; SL, 0000-0002-9482-0362;
KLB, 0000-0002-6648-5819

In birds, vocal learning enables the production of sexually selected complex
songs, dialects and song copy matching. But stressful conditions during
development have been shown to affect song production and complexity,
mediated by changes in neural development. However, to date, no studies
have tested whether early-life stress affects the neural processes underlying
vocal learning, in contrast to song production. Here, we hypothesized that
developmental stress alters auditory memory formation and neural proces-
sing of song stimuli. We experimentally stressed male nestling zebra
finches and, in two separate experiments, tested their neural responses to
song playbacks as adults, using either immediate early gene (IEG) expression
or electrophysiological response. Once adult, nutritionally stressed males
exhibited a reduced response to tutor song playback, as demonstrated by
reduced expressions of two IEGs (Arc and ZENK) and reduced neuronal
response, in both the caudomedial nidopallium (NCM) and mesopallium
(CMM). Furthermore, nutritionally stressed males also showed impaired
neuronal memory for novel songs heard in adulthood. These findings
demonstrate, for the first time, that developmental conditions affect auditory
memories that subserve vocal learning. Although the fitness consequences of
such memory impairments remain to be determined, this study highlights
the lasting impact early-life experiences can have on cognitive abilities.

1. Introduction

The ability to learn affects all aspects of animal behaviour and yet the fitness
implications of learning abilities are virtually unknown. Studies are focused
on the functional significance [1] or the underlying mechanisms [2] of learning,
but we know very little about either the ecological significance or the evolution-
ary implications of learning ability. Imitative vocal learning occurs in only a few
taxonomically diverse groups and is thought to have arisen independently
through convergent evolution [3]. In songbirds, vocal learning allows for the
production of complex songs that have evolved as a result of sexual selection
[4,5]. Under current sexual selection theory, sexual signals are hypothesized
to be costly to produce or to maintain [6,7], but the cost of producing complex
songs remains unclear [8].

Vocal learning abilities have associated fitness benefits, thought to be
mediated through the influence of early-life conditions on neural development
[9,10]. For instance, song sparrows (Melospiza melodia) that learn more effective
copies of tutor songs attract more female copulation solicitation displays [11].
The ‘developmental stress hypothesis’ [12—-14] suggests that early developmen-
tal stress may detrimentally affect the development of brain structures
controlling song learning and production, and therefore, vocal learning abil-
ities. Empirical studies have confirmed the direct effects of early-life stress on
both the songbird brain morphology [14-16] and its functional outputs, in
terms of song complexity and copy accuracy [13,17,18], with consequences
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for female mate choice [11,19,20]. However, it is still not clear
from these studies what the causal links are between develop-
mental stress and impaired song production: do males which
experience early developmental stress fail to produce such
complex songs because they lack the neural mechanisms to
produce the song? Or does early developmental stress
affect the process of initial song learning, even before motor
production?

In songbirds, both vocal learning and production are
mediated by a series of interconnected brain nuclei known
as the ‘song-control system’ [21-23]. To date, studies investi-
gating the effect of developmental stress on song have almost
exclusively focused on changes in neural morphology
[14-16], overlooking the functional mechanisms underlying
vocal learning per se. Yet, differences in brain anatomy do
not necessarily result in differences in song learning abilities.
For instance, Gahr et al. [24] showed that individuals with
distinct volumes of song control nuclei, such as the nucleus
HVC (proper name) and the robust nucleus of the arcopal-
lium (RA), can produce similar songs through differential
gene expression patterns within these brain areas. Therefore,
while there is good evidence for condition-dependent neural
development and vocal learning [13-18], the underlying
mechanisms remain untested.

Early in life, males learn their songs through a two-step
process of vocal imitation: a ‘sensory’ phase of learning
(listening to and memorization of tutor song) and a ‘sensori-
motor’ phase (practice vocalizations) [4,21]. In addition to
the classical song-control system, essential for song production
and sensorimotor learning, there are specific regions in the
caudal pallium which are involved in the perception and pro-
cessing of auditory information, including the caudomedial
nidopallium (NCM) and the caudomedial mesopallium
(CMM) [21,23]. Both NCM and CMM show stronger neuronal
activation in response to conspecific song than to other
sounds, as seen in both immediate early gene (IEG) expression
studies (e.g. [25]) and electrophysiological activity recordings
(e.g. [26]). The evoked auditory responses show stimulus-
specific adaptation (SSA; decrements in neural activity and
IEG expression) to repeated presentation of conspecific song,
which is maintained for days after passive exposure [26,27].
Importantly, neural responses in NCM and CMM adapt
more rapidly to playback of novel songs than familiar songs,
a property that can be tested to provide a neural index of
long-term memory formation [26,28]. In songbirds, although
IEG response to song exposure, and therefore memory for-
mation, is known to vary with age, sex and social context
[29,30]; to date, there have been no tests of the role of early
developmental conditions in auditory memory formation.

In this study, we hypothesized that early developmental
stress affects auditory memory formation and neural proces-
sing of song stimuli, as a basis for learning throughout
adulthood. We evaluated this hypothesis in zebra finches
(Taeniopygia guttata) reared under different dietary con-
ditions (stressed and control) in two separate experiments
assessing neural responses to song playback in the NCM
and CMM: by measuring IEG expression (experiment 1)
and electrophysiological response (experiment 2). Specifi-
cally, we tested the hypotheses that developmental stress
(i) affects the ability of individuals to memorize tutor song,
and (ii) may have long-term effects on neural function,
causing deficits in the formation of new auditory memories
in adulthood.

2. Methods

(a) General husbandry (experiments 1 and 2)
Domesticated zebra finches were housed at Deakin University
(experiment 1) and Rutgers University (experiment 2), in breed-
ing cages (118 x 50 x 50 cm) in temperature-controlled rooms.
All pairs were allowed a choice of partner before breeding (n =
21 pairs in experiment 1, n = 12 pairs in experiment 2). Photo-
period was held at 14L:10 D throughout the experiments.
Birds were offered a nest-box and a variety of nesting materials,
and cages contained seed ad libitum, automatic drinkers, shell
grit, fresh cucumber, boiled egg and two perches. Once egg
laying had commenced, breeding pairs were randomly assigned
to either a control or stressed diet. Birds allocated to the control
diet were allowed seed ad libitum, but no fresh greens or egg.
Birds allocated to the stressed diet received a restricted amount
of seed daily (scaled to number and age of nestlings) mixed
with three times the volume of ground rice husk, which has no
nutritional value [15]. The dietary treatments were started at 5
days post-hatch (dph) and every offspring was marked for indi-
vidual identification and weighed daily from this time. Once
birds had fledged, they were then individually colour banded.
At 30 dph, offspring were moved to the ad libitum control diet
and were physically separated from their parents, although
kept within visual and acoustic contact, using mesh cage divi-
ders. Offspring were weighed every 10 days until 60 dph, and
then placed in single-sex groups.

(b) Experimental designs (experiments 1 and 2)

The two experiments differed in their design. In experiment 1,
parents were allowed to breed twice, with the dietary treatment
being imposed in a balanced manner across breeding attempts.
Siblings, therefore, acted as their own controls, across breeding
attempts. In experiment 2, nestlings were cross-fostered at
5 dph. Cross-fostering was completed by moving half of each
brood into the nest of another family, with similar age and
number of offspring as their own, but of the opposite experimen-
tal condition. This allowed for control of heredity and genetic
influences.

In both experiments, when subjects reached adulthood
(=90 dph), we assessed their neural responses to song playback.
In experiment 1, we quantified ZENK and Arc expression in the
NCM and CMM in response to tutor and novel song playbacks to
assess the degree to which tutor song was memorized in adult
males. In experiment 2, we measured the neuronal responses to
relevant song stimuli (i.e. tutor, familiar and novel songs)
through electrophysiological recordings in NCM and CMM in
order to assess the memory for (i) tutor song and (ii) passively
familiar trained stimuli.

(c) Brain collection, histology and
immunohistochemistry (experiment 1)

Before brain collection, male offspring from each nest (1(sresseq) =
15, 1(controly = 16) were randomly assigned to playback treatment
groups for playback of either a novel male song or their tutor
song. Where brothers were available, one was allocated to each
of the different playback treatments and any additional males
were then randomly assigned. The brains of all male offspring
aged 80-99 (mean 87) dph were collected following song play-
back in the dark (see the electronic supplementary material).
Briefly, after 3h of dark acclimatization, the male was then
played 1h of song playback. The playback consisted of 16s
repeats of stimulus song followed by 16 s of silence, played in
a loop. All playback stimuli were in the .wav format (sampling
rate: 44.1 kHz, standardized amplitude: 80-90 dB). Thirty min-
utes after the end of the playback, males were euthanized, and
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the brains were collected, flash frozen, weighed and then stored
at —80°C. One-half (left side) of each brain was sectioned into
30 pm parasagittal sections. Each section was mounted onto
Superfrost Plus microscope slides (Menzel Glaser, Braunschweig,
Germany). In situ hybridization of these slides detected ZENK
and Arc mRNA expression in the brain sections using cRNA
probes labelled with **S-CTP. This technique followed a pre-
viously described protocol for the androgen receptor mRNA
[31]. The cloning and characterization of the zebra finch ZENK
and Arc genes have been described previously (see [32,33]; Gen-
Bank accession numbers: ZENK: AF026084; Arc: AY792623).
These slides then underwent 35S film autoradiography and
developed in a Kodak cassette for 14 days. Developed and
fixed film then underwent densitometry calculations to estimate
the intensity of gene expression from optical density (IMAGEJ
software; see the electronic supplementary material). Overall,
20 and 24 male offspring brains were successfully imaged for
Arc and ZENK expression, respectively.

(d) Electrophysiological recordings (experiment 2)
When males reached 90dph, 13 subjects (7(stressed) = 6,
T(control) = 7) underwent surgical preparation for the neuronal
activity recordings; surgical and electrophysiological recording
procedures are described in detail in the electronic supplemen-
tary material. One day later, the birds were passively exposed
to playback of the songs of eight zebra finches unknown to
the subject (200 repetitions, blocked, 8 s inter-stimulus interval
(ISI)) which would then serve as ‘familiar’ stimuli for sub-
sequent neural recordings. In brief, 20 h after presentation, the
awake bird was comfortably restrained in a plastic tube, and
the head pin clamped to a stereotaxic apparatus located in a
soundproof booth. To record neuronal activity, a multi-electrode
microdrive (Eckhorn, Thomas Recording, Giessen, Germany)
was used to lower 16 tungsten micro-electrodes (Type ESI2ec,
impedance: 2—-4 M(), Thomas Recording) bilaterally into the
brain, targeting areas NCM and CMM (16 electrodes total,
four in each area in each hemisphere). Experimental sets of
song stimuli were played through a speaker placed 30 cm in
front of the subjects while recording multi-unit neural responses
(amplified: x19000, band-pass filtered: 0.5-5kHz; Sprike2
software, CED, Cambridge, UK). Stimulus sets included the
‘familiar’ songs, eight completely ‘novel” songs, and the sub-
ject’s ‘tutor’ songs (equated for loudness: 75dB average;
sampling rate: 44.4 kHz). Song stimuli were presented for 25
repetitions each, in a shuffled order (8 s ISI).

Analyses of electrophysiological data were conducted on
multi-unit responses collected in NCM and CMM (see the elec-
tronic supplementary material for details). To quantify the
strength of the response for a particular song (tutor or familiar)
compared to novel song (i.e. response selectivity), relative
response strength (RRS) was calculated at each recording site
by subtracting the absolute response magnitude (ARM) to
each of the relevant stimuli (tutor or familiar) from the ARM
to novel stimuli, and dividing by the average of both ARMs to
normalize for the response of the site [34]. In addition, we calcu-
lated the adaptation rate of neural responses to familiar song
stimuli at each site, using the slope of decline in neuronal
responses between trial 6 and 25, and dividing this rate by the
ARM to normalize for the level of response of the site [28].
Stimuli that are novel show a higher rate of adaptation than
stimuli that are familiar (i.e. remembered; [26,28]). Thus, to
quantify the strength of the 20 h memory’, we calculated a fam-
iliarity index (FI) at each site as the ratio of the adaptation rate
for novel song to that for familiar song [28]. RRS and FI
values from recording sites within the same auditory brain
area were pooled for statistical analyses (average RRS and FI
in NCM or CMM).

(e) Statistical analyses

Statistical analyses were conducted in R v. 3.3.3 [35], using the
package ‘Ime4’ for the main statistical mixed-effects models.
We tested the effect of dietary treatment on nestling growth
rates (experiments 1 and 2) using mixed-effects models, with
‘body mass’ (repeated measures) as the dependent variable,
and ‘treatment’ (stressed or control), ‘sex’ (male or female),
‘age’ (in days) and its quadratic term ‘age” and two-way inter-
actions involving treatment as fixed effects. We included a
random intercept and a random slope effects for individual iden-
tity (ID) in the models, and given the specific design of each
experiment, also included brood ID nested within pair ID (exper-
iment 1) or both natal and foster nest IDs (experiment 2) as
random factors (see the electronic supplementary material). We
then tested the effects of developmental stress on IEGs
expression in response to song playbacks in adult males (exper-
iment 1) using mixed-effects models. Models included ‘Arc or
ZENK expression” as the dependent variable, experimental ‘treat-
ment group’ (four-level factor: ‘control diet/tutor song’, ‘control
diet/novel song’, ‘stressed diet/tutor song’, ‘stressed diet/novel
song’), brain ‘area’” (NCM or CMM) and their interaction as fixed
effects, and individual ID nested within brood ID as random fac-
tors. When needed, post-hoc comparisons of least square means
with adjusted p-values (Bonferroni correction) were performed.
Finally, we tested whether developmental stress affected the
strength of the neuronal response to tutor song and the ability
of birds to memorize recently heard songs ("20h memory’) in
adulthood (experiment 2). We used mixed-effects models with
mean ‘RRS” or ‘FI' as the dependent variable, developmental
‘treatment’ (stressed or control), ‘area” (NCM or CMM) and
their interaction as fixed effects and individual ID as a random
factor. All models were fitted using restricted maximum-likelihood
(REML) estimation and degrees of freedom (d.f.) were estimated
according to the Kenward—-Roger approximation.

3. Results

(a) Effects of experimental diet manipulation on
nestling growth

In both experiments, nestlings showed a nonlinear rate of
mass gain (figure 1a,b), and importantly, their growth pat-
terns were affected by the dietary treatment (significant
effects of ‘treatment x age’ and ‘treatment x age® inter-
actions; table 1a,b). Specifically, at the start of the treatment
(5 dph), there was no difference in body mass between con-
trol and stressed nestlings (mixed-effects models at age 5,
‘treatment’ effect: Fj 555, =2.66, p=0.109 and F;g75=
0.32, p=0.587, in experiment 1 and experiment 2, respect-
ively). During early-life dietary restriction (i.e. before
fledging), stressed nestlings exhibited a slower growth than
control nestlings, particularly between 5 and 13-14 dph
(figure 1a,b). As a result, stressed nestlings were significantly
lighter than controls from 10 to 17 dph in experiment 1
(models run for each day separately, ‘treatment’ effect: all
p < 0.042 at ages 10-17; figure 1a) and from 9 to 29 dph in
experiment 2 (all p <0.041 at ages 9-29; figure 1b). How-
ever, although dietary restriction initially reduced the
growth of stressed nestlings, they compensated. Conse-
quently, by 18 (experiment 1) and 30 dph (experiment 2),
nestlings in the stressed group had caught up, reaching
similar body masses to those of controls, (p>0.05,
figure 1a,b) and treatment groups showed similar weights
throughout adulthood (all p > 0.220 at ages 40, 50 and 60 dph
in both experiments).
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Figure 1. Relationship between body mass (mean =+ s.e.) and age for nestling
zebra finches reared on a control (ad libitum) or stressed (restricted) diet, in
experiment 1 (a) and experiment 2 (b). Control and stressed subjects began
and ended the nutritional stress paradigm at similar weights. However,
during early-life deprivation, stressed nestlings weighed significantly less than
controls (table 1 and text for details). An asterisk * indicates days when stressed
nestlings were significantly lighter than controls. (Online version in colour).

(b) Effects of developmental stress on tutor song

neuronal memory
(i) As measured by song-induced immediate early gene

expression (experiment 1)
Adult body mass and brain mass did not differ between treat-
ment groups (mixed-effects models, body mass: Fs527 =
0.93, p=0.445, brain mass: F31977 = 1.50, p = 0.245). How-
ever, there were significant effects of treatment group on
IEG expression. Specifically, Arc expression levels were
affected by both treatment group (Fs 1250 = 6.40, p = 0.007)
and brain area (Fj1900=63.06, p <0.001). Overall, Arc
expression levels were higher in CMM than in NCM
(figure 2a). However, there was no effect of the interaction
between brain area and treatment group (‘treatment
group x area’ interaction: F3 1600 = 2.06, p = 0.146), indicating

that the effects of treatment group on Arc expression did not
depend on the brain area: across the NCM and CMM,
post-hoc comparisons between treatment groups revealed
that in control birds, tutor song playback elicited a significant
increase in Arc expression relative to novel song playback
(t11.8a=23.77, p.adj=0.013; figure 2a). In addition, Arc
expression levels were significantly greater in control birds
experiencing tutor song than in stressed subjects hearing
either tutor (t1597 = 3.22, p.adj = 0.025) or novel (1597 = 3.80,
p.adj = 0.008) songs (figure 2a). All other comparisons were
not significant (all p.adj > 0.875; figure 2a). ZENK expression
levels were only affected by treatment group (mixed-effects
models, F31480=5.72, p=0.008), and post-hoc comparisons
between treatment groups showed that ZENK expression fol-
lowed similar patterns as for Arc expression, with highest
expression levels in the control birds that experienced tutor
song playback (figure 2b; post-hoc tests: t1160 = 3.73, p.adj =
0.014 relative to control birds/novel song; ti9.7=3.02,
p.adj=0.033 relative to stressed birds/tutor song; tig43 =
3.20, p.adj = 0.023 relative to stressed birds/novel song; all
other comparisons, p.adj > 0.910). Furthermore, there was no
effect of brain area (F3 2300 = 0.04, p = 0.844) or the ‘treatment
group x area’ interaction (Fz 2000 = 0.38, p = 0.771) on ZENK
expression, indicating that levels were similar overall in
CMM and NCM and that the observed differences in ZENK
expression between treatment groups did not depend on the
brain area (figure 2b).

(i) As measured by electrophysiological response to songs

(experiment 2)

Control and stressed birds significantly differed in the
strength of their neuronal response to tutor song, as
measured through electrophysiological recordings in NCM
and CMM (tutor RRS: mixed-effects model, treatment
effect: Fyq17 =12.42, p=0.005). Specifically, control males
showed stronger neuronal responses (i.e. increased electro-
physiological activity) to tutor song than novel song,
resulting in mean RRS values (novel-tutor) lower than 0,
while males that had experienced early-life nutritional
stress did not (figure 3a). Furthermore, there was no effect
of brain ‘area’ (F;12 =3.52, p =0.090) or the ‘treatment x
area’ interaction (F; 11 = 1.68, p = 0.222) on tutor RRS, indi-
cating that the observed differences in tutor song selectivity
between control and stressed birds did not differ across
NCM and CMM (figure 3a).

(c) Effects of developmental stress on 20 h memory in

adulthood (experiment 2)
In adulthood, neuronal responses in NCM and CMM are
weaker and adapt more slowly to playback of recently
heard (=2 days) familiar songs than to novel songs [26].
Therefore, for recently heard songs that are remembered,
RRS is expected to be greater than 0, and FI to be greater
than 1. The measured RRS and FI values for familiar songs
showed that nutritionally stressed males had impaired 20 h
neuronal memory (figure 3b,c). Specifically, there was a sig-
nificant main effect of developmental condition on mean
familiar RRS (mixed-effects model, ‘treatment’ effect: F; 11 =
11.77, p = 0.006), with control birds showing higher familiar
RRS values than stressed birds (figure 3b). There was, how-
ever, no effect of brain ‘area’ (Fy 1, = 2.81, p=0.120) or the
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Table 1. Results of mixed-effects models testing the effect of dietary treatment on nestling mass gain in experiment 1 (a) and experiment 2 (b). (Full models [}

included treatment (stressed versus control), age (centered at day 5), age’, sex and treatment x age and treatment x age’ interactions as fixed effects and
individual ID as random factor. Model (a) also included brood ID nested within pair ID as random factors. Model (b) also included natal and foster nest IDs as
random factors. Since the effect of sex was not significant in experiment 1 (F; 7516 = 0.00, p = 0.951), sex was removed from model (a).)

fixed effects estimate s.e.

(a) experiment 1 (n = 1685 observations on 65 nestlings)

intercept 5.665 0.232
age 0.617 0.014
age? - T 0.0004
treatment gyessed) —0.185 0.352
treatment gyesseq) X age —0.077 0.022
treatment gresseq) X age ° 0.004 0.0006

(b) experiment 2 (n = 410 observabti(‘)ns on 19 nestlings)

intercept 4.646 1.049
SeX[male] - - 1079 Y
age 0.673 0.046
agezl . R e s
treatment gessed) —1.516 1.298
treatment gyesseaq) X age —0.175 0.058
treatment greseq) X age’ 0.007 0.0017

‘treatment x area’ interaction (F;i1=0.004, p=0.950) on
familiar RRS. The mean FI for familiar song was affected
by both developmental condition (F;1="7.08, p=0.022)
and brain area (Fy1, = 4.97, p = 0.046). Specifically, familiar
FI indices were overall higher in the NCM than in the
CMM (figure 3c). However, there was no effect of the inter-
action between brain area and treatment (‘treatment x area’
interaction: F; 11 = 1.65, p = 0.225), indicating that the effects
of developmental condition on 20 h memory did not depend
on the brain area: across the NCM and CMM, familiar FI indi-
ces were higher in control than stressed birds (figure 3c),
indicating that memory for recently heard familiar songs
was stronger in controls than in individuals that were
subjected to early-life nutritional stress.

4. Discussion

Our study demonstrates, for the first time to our knowledge,
that the auditory neural response to a learned sound stimulus
is detrimentally affected by developmental stress. These
results suggest that early-life stress, through impoverished
nutrition, leads to impaired sensory learning of tutor’s
song, as well as impaired memory for new songs heard in
adulthood in a songbird species. Consistent with this
interpretation, Schmidt et al. [36] recently showed that
early-life stress alters the neural response to song in females,
such that control females showed distinct differences in their
response to conspecific and heterospecific songs while
stressed females did not. Similar to our study, their results
suggest that developmental stress can reduce the ability of
the brain to discriminate between different auditory signals
[36]. In our study, importantly, the results, in terms of both
growth trajectories and neuronal activation by song, were
remarkably consistent between our two separate experiments.

df. F p
1,336.11 272008 <0.001
1, 1553.25 1777.53 <0001
1, 63.60 027 0.608
1, 336.11 12,07 <0001
1, 1553.25 38.84 <0.001
1,800 1141 0010
1,108.38 409.07 <0.001
1,377.16 192.66 <0.001
1,16.50 136 0.260
1,108.39 9.19 0003
1,377.15 17.07 <0.001

In accordance with other studies on zebra finches and other
bird species (e.g. see [37,38]), early-life nutritional restriction
resulted in delayed growth in the stressed nestlings of both
experiments. We further demonstrated the effect of devel-
opmental stress on tutor song memory by testing the
expression of two different IEGs (Arc and ZENK) in forebrain
auditory areas (experiment 1). Previous studies have estab-
lished that IEG expression in the NCM in response to tutor
song correlates with song learning performance in the adult
zebra finch, suggesting that the forebrain auditory areas are
implicated in tutor song memory [28,39,40]. The results of
our experiment showed that males with developmental
stress experience exhibited weaker responses (i.e. reduced
IEG expression) to playback of their tutor’s song than con-
trols. This suggests that the process of memorization of the
tutor song template [21,28] has not occurred as effectively
in individuals challenged by limited food resources in early
life. Further, recordings of electrophysiological activity of
neurons in NCM and CMM (experiment 2) replicated these
effects, in addition to testing the effect of early-life develop-
mental stress on auditory memory in adulthood, in a 20h
memory paradigm. Overall, the results of electrophysiological
recordings of NCM and CMM responses to tutor song play-
back supported the IEG data, indicating impairments in tutor
song memory after early-life nutritional stress. Furthermore,
stressed birds showed poorer memories for passively familiar
stimuli in adulthood than controls, suggesting that nutritional
stress during early development may cause organizational or
functional effects that impair auditory learning far beyond
the time of the stress, perhaps even throughout a subject’s
entire lifespan.

Here, the sensitive period for song learning (neural devel-
opment and ‘sensory’ phase of song memorization in
particular; [29]) started during the period of nutritional
restriction. Zebra finches are ‘close-ended’ learners, which
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Figure 2. IEG expression levels (mean =+ s.e.) for Arc (a) and ZENK (b) in
the NCM and CMM in response to playback of tutor or novel songs in adult
males raised under either control or stressed conditions. (a) n = 5 for all
treatment groups, (b) n = 6 for control/tutor song, n =5 for control/
novel song, n =5 for stressed/tutor song and n = 8 for stressed/novel
song. Significant differences between treatment groups are symbolized:
*p < 0.05, **p << 0.01. IEG expression after tutor song playback was
higher in controls than stressed subjects (see text for details). (Online version
in colour).

means that their song learning process only occurs during a
limited developmental period [4]. Therefore, although they
may be able to compensate later in life for certain detrimental
effects of developmental stress, e.g. on their morphology,
they may not show the same resilience in terms of vocal
learning. Our findings provide strong support for the devel-
opmental stress hypothesis [12—-14], which suggests that the
effects of early-life stress on song occur through detrimental
effects on brain development and song learning, which
cannot be compensated for later in life. Previous studies
have documented the effects of developmental stress on
adult brain morphology, song output and song copying accu-
racy (e.g. [13-18] see also [41] for a review), as well as male
song attractiveness and mate choice decisions [19,20], but our
study provides an experimental demonstration that the

mechanisms underlying vocal learning per se, and auditory
memory formation in particular, are condition-dependent.
Some species, referred to as ‘open-ended’ learners, can
learn new songs in adulthood [4], and might, consequently,
have a greater ability to compensate for the effects of devel-
opmental stress on song learning. Future studies should,
therefore, usefully assess how developmental conditions
affect auditory memory in these species, to improve our
understanding of the evolution of birdsong, and possibly
to provide a model system for exploring compensatory
neural mechanisms.

The proximate causes of the memory impairments (for
either tutor or familiar trained songs) observed in birds that
were nutritionally restricted during development remain to
be determined. Two hypotheses could indeed explain our
findings. First, males with developmental stress experience
could have not formed a memory of the song because they
initially failed to perceive the auditory stimulus (e.g. through
hearing or attentional deficits). Alternatively, developmental
stress could have affected brain development and the
neural processes underlying auditory memory formation
and/or storage (e.g. altered synaptic plasticity or other pro-
cesses). In our study, the first hypothesis seems unlikely, as
neuronal responses to playbacks of pure tones (i.e. synthetic
stimuli) measured through electrophysiological recordings
in NCM and CMM (experiment 2) were similar between
stressed and control birds (see the electronic supplementary
material). This suggests that hearing abilities were not
impaired in nutritionally stressed males, and thus, that differ-
ences in neural responses to learned acoustic stimuli between
the two treatment groups were most likely owing to effects on
auditory memory processes. However, we cannot exclude the
possibility that early-life stress may have impacted birds’
attention during the period of memorization of the tutor
song, reducing input, and therefore tutor song memory.
Further investigations would therefore be useful to fully
disentangle the two hypotheses.

By affecting their imitative vocal learning abilities [14,18],
the observed impairments in tutor song memory after early-
life nutritional stress could have important implications
for developing birds (e.g. affecting their ability to attract
a mate, hold a territory, integrate into the population
[4,5,42]). However, the implications of such variation in audi-
tory memory formation for individual social interactions,
dialect recognition and larger population processes remain
to be tested. Furthermore, our results not only provide evi-
dence that developmental stress affects tutor song memory,
and thus probably song learning abilities, but also alters
auditory learning long after the stress has abated. As
adults, these birds may be unable to remember identity
information which may be essential for territory acquisition
or local dialect copying. For instance, individuals with
early-life stress experience may find it more difficult to
settle into a territory, respond appropriately to known neigh-
bours [4,5] or recognize conspecific songs [36], affecting
individual resource defence, social integration and ultimately
lowering fitness.

Although the exact mechanisms through which early-life
nutritional stress affects auditory memory formation and/or
storage (e.g. trade-offs in resource allocation, action of gluco-
corticoids), and the fitness consequences of such memory
impairments require further investigations, our data provide
new evidence demonstrating the effects of developmental
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Figure 3. Mean (+s.e.) tutor RRS (a), familiar RRS (b) and familiar FI (c) in the NCM and CMM of adult males raised under either control or stressed conditions.
Significant difference between control and stressed birds are symbolized: *p << 0.05, **p << 0.01. Male subjects showed impaired neuronal memory for tutor song (a)
and recently heard songs (b,¢). (a) Tutor RRS scores were significantly lower in control than stressed subjects (scale reversed, mixed-effects model: p = 0.005), and only
control birds had RRS << 0 (indicating response selectivity for tutor song). (b,c) Familiar RRS and FI indices were significantly higher in control than stressed subjects
(RRS: p = 0.006, FI: p = 0.022) and only control birds had FI > 1 (indicating memory of the recently heard song). (Online version in colour).

stress on cognitive abilities [43]. Our study indeed reports the
effects of developmental conditions on memory formation in
a vocal learning context. Similarly, evidence for condition
dependency of other learning abilities have also been
described [10]. For instance, early-life stress has been shown
to detrimentally affect the hippocampus and associated cog-
nitive functions, such as spatial learning and memory, in
birds [44,45], but also in mammals [46-48]. Altogether,
these findings emphasize that the neural processes under-
lying the ability to learn, particularly those implicated in
memory formation (whether it is used for vocal, spatial learn-
ing or individual recognition), probably have commonalities,
which may be impacted by early-life conditions to produce
long-term impacts on general cognitive abilities. However,
it remains unclear whether developmental stress detri-
mentally affects general learning mechanisms per se or
selectively impacts specific brain areas, and thus specific
cognitive functions (e.g. see adaptive priorities in brain
development hypothesis [49,50]). In this context, future
studies investigating how early-life stress affects simul-
taneously different brain areas and neural mechanisms
involved in different learning contexts (e.g. spatial and
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