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Memory in the making: localized brain
activation related to song learning
in young songbirds
Sharon M. H. Gobes*:’, Matthijs A. Zandbergen and Johan J. Bolhuis

Behawvioural Biology and Helmholtz Institute, Utrecht University, Utrecht, The Netherlands

Songbird males learn to sing their songs from an adult ‘tutor’ early in life, much like human infants learn to
speak. Similar to humans, in the songbird brain there are separate neural substrates for vocal production
and for auditory memory. In adult songbirds, the caudal pallium, the avian equivalent of the auditory
association cortex, has been proposed to contain the neural substrate of tutor song memory, while the
song system is involved in song production as well as sensorimotor learning. If this hypothesis is correct,
there should be neuronal activation in the caudal pallium, and not in the song system, while the young
bird is hearing the tutor song. We found increased song-induced molecular neuronal activation, measured
as the expression of an immediate early gene, in the caudal pallium of juvenile zebra finch males that were in
the process of learning to sing their songs. No such activation was found in the song system. Molecular
neuronal activation was significantly greater in response to tutor song than to novel song or silence in
the medial part of the caudomedial nidopallium (NCM). In the caudomedial mesopallium, there was sig-
nificantly greater molecular neuronal activation in response to tutor song than to silence. In addition, in the
NCM there was a significant positive correlation between spontaneous molecular neuronal activation and
the strength of song learning during sleep. These results suggest that the caudal pallium contains the neural
substrate for tutor song memory, which is activated during sleep when the young bird is in the process of
learning its song. The findings provide insight into the formation of auditory memories that guide vocal
production learning, a process fundamental for human speech acquisition.
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1. INTRODUCTION
Songbirds learn their songs from an adult conspecific
‘tutor’ through a process that has parallels with human
speech acquisition (Doupe & Kuhl 1999; Bolhuis &
Wynne 2009). In both cases, there is a sensitive period
for auditory learning, and vocal learning proceeds
through a transitional sensorimotor phase that is called
‘babbling’ in human infants and ‘subsong’ in songbirds.
In songbirds, during auditory learning an internal rep-
resentation of the tutor song is formed that has been
called a ‘template’ (Konishi 1965). During the sensori-
motor phase, the young bird starts to vocalize, and it is
thought that its song output is matched with the template
that was formed in the memorization phase. Eventually,
the bird will sing a crystallized song that resembles the
song of the tutor to a certain degree. Nottebohm
(1981) made the distinction between auditory memory
and what he called ‘the conversion of that memory into
a motor program’. In the case of age-limited learners
such as the zebra finch, crystallized song does not
change substantially during adulthood.

A network of interconnected forebrain nuclei, known
as the ‘song system’, is necessary for vocal learning and
song production during the sensorimotor phase and in
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adulthood (Nottebohm ez al. 1976; Bottjer er al. 1984;
Scharff & Nottebohm 1991). In Nottebohm’s (1981)
terms, the song system is involved in learning of the
motor program. In contrast, brain regions outside the
song system, in the nidopallium and mesopallium, are
involved in secondary auditory processing (Mello ez al.
1992; Mello & Clayton 1994) and they have been
suggested to contain the neural substrate for tutor song
memory acquired in the memorization phase (Bolhuis
et al. 2000, 2001; Terpstra et al. 2004; Phan er al. 2006;
London & Clayton 2008). In adult zebra finch males,
molecular neuronal activation in the caudomedial nido-
pallium (NCM) in response to tutor song is related to
the strength of song learning (Bolhuis ez al. 2000, 2001;
Terpstra et al. 2004; Phan ez al. 2006). In addition, lesions
to the NCM of adult male zebra finches impaired
recognition of the tutor song (Gobes & Bolhuis 2007).
The males’ own song production was not affected by
the lesions, suggesting a dissociation between regions in
the brain that contain a neural representation of the
bird’s own song (BOS), or ‘motor program’, and are
involved in song production, and those involved in song
perception and memory, which contain a neural represen-
tation of the tutor’s song, or ‘template’ (Gobes &
Bolhuis 2007). Taken together, these findings in adults
are consistent with the suggestion that the NCM contains
the neural substrate for tutor song memory (Bolhuis &
Gahr 2006).

If this hypothesis is correct, neurons in the NCM are
expected to be activated in juvenile males that are learning
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the song of their tutor. To test this hypothesis, we investi-
gated molecular neuronal activation, measured as the
expression of the immediate early gene (IEG) ZENK
(an acronym of Zif-268, Erg-1, NKFI-A and Krox-24),
of juveniles in response to tutor song, novel song or
silence. Although IEG expression is not a necessary con-
comitant of neuronal firing (Mello & Jarvis 2008), it has
proved to be a useful indicator of neuronal activation
when different treatment groups are compared, especially
in the context of perception and learning. We measured
molecular neuronal activation in the caudal pallium,
specifically the NCM and caudomedial mesopallium
(CMM). We also measured molecular neuronal activation
in two nuclei of the posterior pathway of the song system:
HVC (abbreviation used as a proper name) and the
robust nucleus of the arcopallium (RA). Finally, we
measured molecular neuronal activation when the juve-
niles were asleep, as it has been suggested that sleep
plays a crucial role in avian learning and memory
(Gobes & Bolhuis 2008; Jackson ez al. 2008; Shank &
Margoliash 2009).

2. MATERIAL AND METHODS

(a) Subjects

Fifty-seven male zebra finches were obtained from the central
animal facility (GDL) of Utrecht University. Birds were
maintained on a 15:9 light:dark cycle, lights on at
06.00 h. All birds were kept in breeding cages with their
parents and siblings until 47 days post-hatching (dph). At
47 dph, all sons from a clutch were taken to a different
room and kept in communal cages (60 x 40 x 40 cm).
Mean age at the day of the experiment was 56 days (range
54—59 dph; s.d. 1.8). In zebra finches, the memorization
phase occurs between approximately 25 and 65 days after
hatching, during which 10 days of exposure to a song tutor
has been shown to be sufficient to acquire an adult song
(Eales 1985, 1989; Roper & Zann 2006). In this species,
the sensorimotor learning phase is thought to start around
30 days after hatching, and the song crystallizes when the
bird is about 90 days old (Immelmann 1969; Johnson ez al.
2002). Thus, all experimental birds were in the middle of
the process of learning the song of the biological father up
to the time of removal from their parents. Experimental pro-
cedures were in accordance with European law and approved
by the Animal Experiments Committee of Utrecht University
(DEC 06/296).

(b) Experimental procedures

Before stimulus exposure, the birds had been in a sound-
proof chamber for two nights and one full day. After the
second night, subjects were exposed to one of the three treat-
ments: a recording of the song of the father (‘tutor song’,
TUT), a recording of the song of a novel zebra finch male
(‘novel song’, NOV) or silence (SIL; see electronic
supplementary material for details on stimulus construction).
For the main experimental group (group A; n = 19 birds:
SIL =6, TUT = 6, NOV = 7), on the day of the experiment,
the lights were automatically turned on at 06.00 h and off at
08.00 h. Stimulus presentation started at 11.00 h and lasted
approximately 1h. The birds were sacrificed at 12.30 h,
30 min after the end of the last stimulus presentation.
Between 08.00 and 12.30 h, the birds were kept in darkness
to stop them from vocalizing and so to prevent their own
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vocalizations evoking molecular neuronal activation. Data
from three animals in group A could not be collected
because of technical failure (see electronic supplementary
material). A second group of birds (group B; n=20:
SIL=7, TUT =7, NOV =6) was treated identically to
the main experimental group except that the lights remained
switched on between 06.00 h and 12.30 h. These birds were
thus exposed to the same auditory stimuli as the main exper-
imental group, but they also continued to vocalize when the
lights remained on after 08.00 h. This group made it possible
to investigate effects that were attributable to the birds’ own
vocalizations. Birds in group B that did not vocalize them-
selves (n =5) were added to group A for analysis. A third
group of birds (group C; n=18: SIL=6, TUT =6,
NOV = 6) was treated identically to the birds in the second
group (i.e. exposed to auditory stimuli at 11.00 h with lights
on) with the exception that they were not sacrificed 30 min
after the end of the last stimulus presentation. This third
group of birds was kept with the lights on until 21.00 h,
after which the lights were turned off and the birds were
allowed to sleep for 3 h. These birds were sacrificed at
00.00 h (midnight), 12 h after the end of the last stimulus
presentation. Owing to technical failure with sectioning,
data for the NCM of one animal in group C could not be
collected.

The stimulus songs were broadcast through a speaker
(Vifa MG10SD, Redovre, Denmark) with a flat frequency—
response curve between 0.1 and 15 kHz. A Hypex PC ampli-
fier (Hypex Electronics BV, Groningen, The Netherlands)
and Windows MEDIA PLAYER controlled the sound pressure
level at 65 dB mean SPL at 30 cm from the speaker. Video
and sound recordings were made throughout the experiment
(see the electronic supplementary material for details on
monitoring behaviour) to ensure that birds were awake
during stimulus presentation and sleeping at night-time,
and to monitor singing behaviour during the day. During
stimulus exposure, all birds were awake.

(¢) Immunocytochemistry

At 12.30 h (30 min after the end of exposure to the stimulus
set) or 00.00 h (12 h after the end of exposure to the stimulus
set), the experimental subjects were anaesthetized with
0.06 ml Natriumpentobarbital (intramuscular; Nembutal,
Ceva Sante Animale, Libourne, France) and subsequently
perfused with phosphate-buffered saline (PBS), followed by
fixation with 4 per cent paraformaldehyde in PBS (see the
electronic supplementary material for details on tissue collec-
tion). Immunocytochemistry for Zenk was done in three
runs, including parasaggital sections of the left hemisphere
of all animals in one experiment (main experiment, lights-
on experiment, night experiment). The protocol used for
immunocytochemistry is described in a previous report
(Gobes er al. 2009).

(d) Image analysis

Quantification of Zenk-immunopositive cells was performed
for NCM and CMM on 150 x 200 um images of three sec-
tions at the medial position (between 260 and 440 pm from
the midline; see the electronic supplementary material for
representative photomicrographs) and three sections at the
lateral position (between 740 and 920 pm from the midline)
at regular intervals (every second section for medial and
every fourth section for lateral). For the NCM, a counting
frame was placed at the extreme caudal pole of the
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Figure 1. Juveniles have learned song characteristics from their father. Spectrograms of song motifs of (a,c,e) some fathers
(tutors) and (b,d,f) their respective sons. A representative example is shown of one bird in each group. Scale bar, 100 ms.

nidopallium (Terpstra ez al. 2004). For the CMM, the frame
was placed adjacent to the ventricle and the lamina mesopal-
lialis. Distance from the midline was assessed by calculating
the number of serial sections and this location was verified
using the atlas of Vates er al. (1996), an unpublished atlas
of the zebra finch brain by A. M. den Boer-Visser (which
was also used in previous studies; Terpstra er al. 2004,
2006) and a stereotaxic atlas that is available online
(Nixdorf-Bergweiler & Bischof 2007). For three sections
containing the HVC, as well as for the RA, the photomicro-
graphs were taken in the centre of the nucleus. Digital
photographs were taken using a Leica DFC 4206 camera
and the Leica APPLICATION SUITE program on an Axioskop
(Zeiss, Germany) with 20x objective. Image analysis was
carried out with a PC-based system equipped with the
KS400 v. 3.0 software (Carl Zeiss Vision, Oberkochen,
Germany). A program was developed in KS400 to quantify
immunoreactive cells semi-automatically, which is described
in detail in a previous report (Gobes et al. 2009). Counts of
three sections per region per animal were averaged for further
statistical analysis. Image analysis was performed ‘blind’ as to
the experimental history of the subject.

(e) Behavioural analyses

Sound recordings were analysed to quantify the amount of
singing for each bird, while the fidelity of tutor song imitation
was determined using SOUND ANALYsIS Pro (Tchernichovski &
Mitra 2004; see the electronic supplementary material for
additional information on sound analysis and similarity
measurements). For the birds that were sacrificed at midnight,
we analysed video data to quantify the time a bird had been in
deep sleep and the time a bird was awake/in REM-sleep
during the 3h prior to sacrifice (see the electronic
supplementary material for additional details of the behavioural
measures of sleep).

(f) Statistical analysis

All data were first normalized to the mean levels of Zenk
expression in the appropriate silent control group because
the sampled regions had different basal expression levels and
we were interested in Zenk induction (‘fold-change’) resulting
from the exposure. We conducted repeated-measures analysis
of variance (ANOVA) to examine the effects of playback
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stimulus on the Zenk response in the different brain regions.
When appropriate, brain regions were analysed separately
using one-way ANOVAs with Bonferroni-corrected post hoc
tests. Data were analysed using SPSS 15.0.0.

3. RESULTS

(a) Song learning

The juvenile males had already copied parts of the song of
their father, but their songs were still different from those
of adults. That is, the songs of the juveniles recorded in
the morning prior to the stimulus exposure shared signifi-
cantly more characteristics with the song of the father
than with the songs of novel, unrelated males (similarity:
58.5+4.1% (s.e.m.) with the tutor and 44.9 + 2.8%
with unrelated males; 7;; = 2.5, p < 0.05), indicating
that the juveniles had memorized (part of) the song
from their father before they were separated (see
figure 1 for representative examples from each group).
There were no significant differences in similarity
scores between the three groups (A, B, C: F, 45 = 0.68,
p > 0.05) nor between birds exposed to different stimuli
(TUT, NOV, SIL: F,45=0.15, p > 0.05). In addition,
1h exposure to the song stimuli did not significantly
alter similarity scores (SIL: z = 0.1, p > 0.05; TUT:
tio= 1.2, p > 0.05; NOV: 13 = 1.4, p > 0.05), indicating
that 1 h of exposure on the experimental day did not
affect song learning. In comparison, the mean similarity
of songs of adult zebra finch males (90 dph, » = 39) in
our laboratory (separated from their father after the mem-
orization phase at 67 dph) had a mean similarity score
with the tutor song of 67.3 + 3.1%. There was a signifi-
cant difference between the similarity scores of the
juveniles and adult males in our colony (z = 44 juveniles
raised with their biological father, separated at 47 dph
and similarity score determined between 54 and 59 dph
[similarity: 55.5 + 2.4%] and »n = 39 adults; zg; = 3.02,
p<0.01). In addition, the juveniles in the main
experiment had not copied the songs of their tutors
with similar accuracy as the adult birds in our labo-
ratory (n= 12 juveniles and n =39 adults; 740 = 3.84,
P < 0.0001). Our findings indicate that the juveniles in
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Figure 2. Zenk expression in the NCM and CMM is induced
by tutor song. Mean Zenk expression normalized to control
levels (+s.e.m.) in (a) the NCM, (b) the CMM and (¢) the
song system for groups of juvenile male zebra finches
exposed to tutor song (black bars, n = 7), novel song (grey
bars, n = 8) or silence (white bars, n = 6). The number of
Zenk-positive nuclei per square millimetre for each subject
was divided by the mean number of Zenk-positive nuclei
per square millimetre of the silent control group. Significant
effects of exposure to auditory stimuli (compared with silence),
as well as significant differences between song-exposed groups,
are indicated with an asterisk.

this study were still in the process of learning songs when
compared with adults.

(b) A neural dissociation in song-induced
molecular neuronal activation

Visual inspection of the sections showed that there was
song-induced expression of Zenk (the protein product
of the IEG ZENK) in the two secondary auditory regions
(NCM and CMM) but not in the two song system nuclei
HVC and RA (robust nucleus of the arcopallium) of
juveniles that did not vocalize themselves (figure 2; data
of group A combined with five birds from group B
that had not sung during and after stimulus exposure).
This impression was confirmed by a repeated-measures
ANOVA with two functional divisions of the sampled
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forebrain regions as a main factor: the secondary auditory
regions (NCM and CMM) and the song system nuclei
(HVC and RA). That is, there was a significant inter-
action between the factors Functional division and
Stimulus (F,,;3=7.64, p <0.01, n=21). Subsequent
ANOVAs revealed a significant effect of Stimulus
(F2,18 = 10.05, p < 0.01, n=21) in the secondary audi-
tory regions, but not in the song system (F ;5= 0.46,
p>0.05, n=21).

(¢) Localized learning-related molecular neuronal
activation in the secondary auditory regions

On the basis of previous findings (Terpstra et al. 2004),
we sampled Zenk expression in the secondary auditory
regions NCM and CMM at two levels: medial and lateral.
A repeated-measures ANOVA with the factors Region
(CMM and NCM), Medial-lateral (as within-region
levels) and Stimulus revealed significant main effects
of Region (F;,15 = 4.84, p < 0.05, n = 21), medial-lateral
(FI,IS = 493, p < 005, n= 21) and Stimulus (F2,18 =
10.05, p < 0.01, n=21). There was a significant inter-
action between the factors Region and medial-lateral
(F1,8=8.51, p<0.01, n=21). We continued with
separate analyses of the different sub-regions.

A one-way ANOVA for the medial NCM revealed a
significant effect of Stimulus (F, 0= 15.59, p < 0.001,
n = 21). Post hoc tests showed that there was significantly
greater Zenk expression in the NCM of juveniles that had
been exposed to tutor song (p < 0.0001) and novel song
(p = 0.019) when compared with the silent control group
(figure 2a). The difference in Zenk expression in the
medial NCM between juveniles that were exposed to
tutor or novel song was also significant (p = 0.037) and
apparent in the fold-change in Zenk expression, which
was 57 per cent greater in the TUT group (fold-change
of 4.53 compared with silence) than in the NOV group
(fold-change of 2.89 compared with silence). There
were no such effects in the lateral NCM (F, o = 1.79,
p>0.05, n=21).

In the CMM, one-way ANOVAs revealed a significant
effect of Stimulus (medial CMM: F, 5o = 7.63, p < 0.01,
lateral CMM: F, 5o = 3.991, p < 0.05; n = 21). Post hoc
tests revealed significant differences between the tutor
group and the silence group (medial: p = 0.003; lateral:
p=0.04; see figure 2b). There were no significant
differences between the tutor and the novel group
(medial: p=0.199; lateral: p = 0.260), nor the novel
group and the silence group.

(d) Singing induced molecular neuronal activation
in the song system in juveniles

As shown previously, the act of singing drives Zenk
expression in HVC and RA of the developing songbird
brain (Jin & Clayton 1997; Whitney ez al. 2000) as it
does in adults (Jarvis & Nottebohm 1997). The second
group of juvenile males (group B; see §2) was exposed
to tutor song, novel song or silence. Birds in the main
experiment (group A) were kept in darkness to prevent
them from singing. In contrast, birds in group B were
kept in light. Out of 20 birds that were kept with the
lights on, 15 sang during the last 2 h prior to sacrifice.
The birds that had not sung themselves showed the
same pattern of Zenk expression as the birds in the



main experimental group (group A), which were kept in
darkness. For this reason, IEG data from these five
birds (two NOV, two TUT, one SIL) in group B were
combined with the data from group A. None of these
five birds showed up as an outlier when compared with
the normalized data of group A. For the birds that did
sing, the total amount of singing did not differ between
stimulus groups (F,,;2 =0.25, p > 0.05, »=15) and
was thus independent of the stimulus to which they had
been exposed.

There was no significant effect of Stimulus (tutor song,
novel song or silence) on Zenk expression (F,,, = 0.35,
p>0.05, n=15) in the song system nuclei HVC and
RA of birds that had been singing themselves. Zenk
expression in RA, and not in HVC, was significantly
greater in these subjects than in the birds that had not
been singing (134 = 3.16, p < 0.001, n=21 for silent
and n = 15 for singing), suggesting that the expression
of Zenk in RA is induced by the act of singing, and not
by hearing song. There was no significant correlation
between the amount of singing in the 2 h prior to sacrifice
and Zenk expression in RA and HVC, when looking
across all animals or within stimulus groups (p > 0.05
for all groups and regions). Visual inspection of the
expression of Zenk in the secondary auditory regions
showed that there was high expression in all singing
birds, independent of exposure to auditory stimuli.
ANOVA confirmed that there were no effects of Stimulus
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in the secondary auditory regions (NCM and CMM) of
birds that had been singing themselves (p > 0.05 in all
regions). In addition, there was no significant correlation
between the amount of singing and Zenk expression in
the auditory regions in any of the groups (p > 0.05 for
all groups and regions).

(e) Learning-related molecular neuronal activation
during sleep

Because it has been suggested that sleep is important for
learning (Dave & Margoliash 2000; Deregnaucourt er al.
2005; Stickgold & Walker 2005; Gobes & Bolhuis 2008;
Jackson et al. 2008; Shank & Margoliash 2009), the
third group of birds (group C) were exposed to their
tutor song, novel song or no song during the day and
sacrificed 12 h later, at midnight, after they had been
allowed to sleep for 3 h. Behavioural methods were used
to quantify sleep (see §2¢). The birds had spent
152 min 3s + 3 min 41 s (s.e.m.) in sleep posture in the
3h before they were sacrificed. In the third hour,
51 min 52s + 1min 50s were spent in sleep posture.
There were no significant differences between the three
groups in total time sleeping, time sleeping in any of the
3 h prior to sacrifice, nor the number of transitions
between sleep and REM/awake (ANOVA, n=18, p >
0.05 for all variables). As described in §3a, there were
no differences between the similarity scores of birds
exposed to TUT, NOV or SIL, nor did the similarity
score change directly after 1 h of stimulus exposure, indi-
cating that tutor song copying had taken place before the
start of the experiment.

There were no significant effects of Stimulus in any
of the auditory regions or song system nuclei (ANOVA,
p > 0.05, n= 17 for all regions). We found a significant
correlation between the similarity scores (with the tutor
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similarity with the tutor song

Figure 3. Zenk expression during sleep is related to the
strength of song learning. Scatter plots of the number of
Zenk-immunoreactive nuclei per square millimetre in the lat-
eral NCM in relation to the similarity with the tutor song
(‘song similarity score’ measured with SOUND ANALYSIS
Pro) for groups of birds exposed to (a) novel song (open cir-
cles) or no song (filled circles), or to (b) tutor song. The
trend line in (a) is for the correlation of the whole sample.

song) of the songs sung in the preceding afternoon and
spontaneous Zenk expression in the lateral part of the
NCM in birds that were not exposed to song in the stimu-
lus session (r = 0.962, p = 0.009, n = 5). This correlation
was also significant in all of the birds that had not been
exposed to tutor song (i.e. birds exposed to novel
song and birds kept in silence) during the previous day
(r=0.689, p=0.019, n = 11; see figure 3a). The corre-
lation was neither significant for birds that had been
exposed to their tutor’s song (r= —0.233, n.s., n=6;
figure 3b) nor was the correlation significant in either of
the two groups exposed to song or silence and sacrificed
during the day (p > 0.05 for all groups and regions); it
should be added that in the group that was exposed to
tutor song in darkness there were only four subjects
with known similarity scores.

To test whether the significant correlations between
similarity score and Zenk expression (figure 3a,b) were
because of differences in singing behaviour during the
previous day between the group exposed to tutor song
and the novel and silence groups, we investigated whether
singing behaviour affected Zenk expression the following
night. We measured the total amount of singing during
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the previous day, the number of songs sung during the
hour in which the birds were exposed to the auditory
stimuli or silence, the number of songs sung during the
last hour in which the bird had sung (i.e. the number of
songs sung in the hour preceding the bird’s last song of
the day independent of when the lights were turned off)
and the total time (number of hours) in which the bird
had been quiet before the lights went off. None of these
variables differed significantly between the experimental
groups (ANOVA, n =18, p > 0.05 for all variables); nor
did any of these variables correlate with the expression
of Zenk in the auditory regions for any of the groups
(p > 0.05 for all groups and regions). In the group of
birds that had been exposed to tutor song during the
day, we found a significant correlation between Zenk
expression in the nuclei of the posterior pathway of the
song system during sleep and the number of songs
in the last hour that the bird sang (HVC: r=0.937,
p=0.006, n=6; RA: r=0.822, p=0.045, n=06),
which was independent of how long the birds had been
quiet before the lights were turned off (p > 0.05 for
both regions). There were no such correlations in the
other two experimental groups.

4. DISCUSSION

These results show that in juvenile zebra finches that were
in the process of learning their songs, there was song-
induced molecular neuronal activation in the auditory
forebrain (cf. Jin & Clayton 1997; Stripling er al. 2001;
Bailey & Wade 2005) that, in the medial NCM, was great-
est in response to tutor song. During sleep, spontaneous
molecular neuronal activation in the NCM was positively
correlated with the strength of song learning.

Jin & Clayton (1997) reported that basal expression of
ZENK in the NCM of male zebra finches early in the
memorization phase (20-30 dph) was greater than in
adults (Jin & Clayton 1997; Stripling er al. 2001). At
30 and 45 dph, which is when the memorization phase
and sensorimotor learning phase in the zebra finch over-
lap, there was significantly greater Zenk expression after
exposure to conspecific song than in silence (Jin &
Clayton 1997; Stripling ez al. 2001; Bailey & Wade
2005). Here, we show that later in the sensorimotor
learning phase, this response is greatest for the memor-
ized tutor song. The tutor song elicited a greater mean
neuronal response than an unfamiliar song in birds that
were in the sensorimotor learning phase, which is indica-
tive of recognition of the memorized tutor song. Such a
mean increase was not found in a previous study of
adult birds (Terpstra ez al. 2004). In adults, there was a
correlation between the strength of song learning and
molecular neuronal activation after exposure to the
tutor’s song, while there were no differences in the
levels of molecular neuronal activation between groups
exposed to tutor and novel song. This difference between
adults and juveniles might be the result of ongoing mem-
orization of tutor song in juveniles or higher salience for
tutor song in the sensorimotor learning period.

London & Clayton (2008) have shown that song learn-
ing was impaired when an inhibitor of activation of the
extracellular signal-regulated kinase (ERK)—an enzyme
that regulates the transcription of ZENK (Velho er al.
2005), as well as other genes—was infused into the
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NCM of juveniles in the sensorimotor learning period
(between 40 and 50 dph) when they were first exposed
to tutor song (Velho er al. 2005; London & Clayton
2008). This work, taken together with the results of the
present study, shows that in juvenile zebra finches, neur-
ons in the NCM are responsive to song, and that this
molecular neuronal activation is important for song learn-
ing. In addition, the present study shows that in males
that were not exposed to tutor song, during subsequent
sleep at night there was spontaneous molecular neuronal
activation in the NCM, proportional to the strength of
song learning. These findings suggest that in juvenile
songbirds that are in the process of learning to sing a
song, the NCM is (part of) the neural substrate for the
representation of tutor song, which is activated when
the bird is exposed to that song. In addition, the results
suggest that sleep may play a role in song learning in
juveniles.

In the CMM, there was also an increase in mean levels
of molecular neuronal activation in juveniles that were
exposed to tutor song, when compared with silence,
while novel song elicited an intermediate response. In
adult male zebra finches, there was no such difference
(Terpstra et al. 2004), while in female zebra finches,
which do not sing themselves, mean levels of molecular
neuronal activation were greater for the father’s song
than for a novel song (Terpstra ez al. 2006). The present
results indicate that the CMM may also be important
while juveniles are learning their song. The CMM may
be the brain region from which auditory information
related to song learning is relayed to the nuclei of the
song system (Bauer et al. 2008).

There was no increased molecular neuronal activation
in the song system nuclei HVC and RA when the young
males were exposed to song, including tutor song, but
there was increased molecular neuronal activation in RA
when the birds were singing (cf. Jin & Clayton 1997;
Whitney er al. 2000). In contrast to previous reports
(Jin & Clayton 1997; Whitney et al. 2000), we did not
find a significant correlation between the amount of sing-
ing in the 2 h prior to sacrifice and Zenk expression in RA
and HVC. The lack of a correlation might be the result of
the relatively long time period during which birds were
allowed to sing, leading to a saturation of the Zenk
response (Jarvis & Nottebohm 1997). The lack of mol-
ecular neuronal activation in response to the tutor song
does not exclude the possibility that the nuclei in the pos-
terior pathway of the song system are (part of) the neural
substrate for tutor song memory (Bolhuis & Gahr 2006).
However, the present results, combined with a substantial
body of previous work (for reviews see Bolhuis & Gahr
2006; Hahnloser & Kotowicz in press), are consistent
with the suggestion that there is a neural dissociation
between the cognitive systems of vocal production and
auditory memory in both juveniles and adults.

Bolhuis & Gahr (2006) suggested that during song
learning there is continual interaction between regions
in the auditory forebrain and the song system. Electro-
physiological analyses have shown that during the first
half of the sensorimotor phase (35-69 dph), neurons in
the HVC of male zebra finches respond preferentially to
the tutor song, whereas during the second half of the
sensorimotor phase, and in adult zebra finches and white-
crowned sparrows, there is preferential responding to
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the BOS (Volman 1993; Nick & Konishi 2005). Recently,
it was found that lesions to the HVC in zebra finch males
in the early sensorimotor phase (33-44 dph) did not
impair the production of subsong (Aronov ez al. 2008).
Lesions in HVC late in the sensorimotor learning phase
(45-73 dph) did affect the production of so-called ‘plas-
tic song’ (Aronov et al. 2008). These findings suggest that
the HVC is important for song production in the plastic
song phase and that during this phase neurons in HVC
acquire their preferential responsiveness to the BOS.

At this stage, we cannot rule out the possibility that the
NCM of juvenile males contains the neural substrate for
the representation of BOS, rather than, or in addition to,
the memory of the tutor song. Previous studies have
shown that in adult zebra finch males, it is unlikely that
the NCM contains a neural representation of BOS.
Exposure of adult males to BOS does not lead to greater
molecular neuronal activation than when they are exposed
to tutor song or to novel song, and molecular neuronal acti-
vation (in the awake state) correlated with song similarity
only when the birds were exposed to tutor song, not
when they were exposed to BOS (Terpstra ez al. 2004). In
addition, lesions to the NCM of adult zebra finch males
impaired recognition of the tutor song, but did not affect
production of the BOS (Gobes & Bolhuis 2007), rendering
it unlikely that the NCM contains the neural substrate for
BOS, at least in adults (Gobes & Bolhuis 2007).

The present findings suggest an effect of sleep on
molecular neuronal activation related to song learning.
The correlation between molecular neuronal activation
and the strength of song learning was found in the
same brain region (lateral NCM) as in adult zebra
finch males (Bolhuis ez al. 2000, 2001; Terpstra er al.
2004). However, in adult males, learning-related mol-
ecular neuronal activation in awake animals was found
in response to exposure to the tutor song. In contrast,
in the juveniles in the present study, molecular neuronal
activation during sleep was spontaneous and related to
how much was learned from the song tutor before the
experiment. There was no learning-related molecular
neuronal activation during sleep after the juveniles had
been exposed to tutor song the previous day. Such
exposure may have caused neuronal habituation to the
tutor song, similar to habituation found in the NCM
of adult zebra finches (Mello ez al. 1995; Phan ez al.
2006). In the NCM of adult zebra finch males, there
was a rapid decline in IEG responsiveness with repeated
exposure to a song, while there was dishabituation with
exposure to a novel song (Mello er al. 1995). The
decline in responsiveness persisted for a day (Mello
et al. 1995). There may have been similar habituation
to the familiar tutor song in the juveniles in the present
study, causing the absence of spontaneous molecular
neuronal activation in the birds that had been exposed
to tutor song. In addition, molecular neuronal activation
during sleep in the song system nuclei correlated signifi-
cantly with the number of song bouts that were
produced in the last hour in which the birds had sung
only in the group that had been exposed to tutor song
during the day. These results are reminiscent of the
spontaneous ‘replay’ (patterns of spiking) of neuronal
activity in the song system nucleus RA during sleep
(Dave & Margoliash 2000). In adult zebra finches,
replay in RA resembles pre-motor activity in RA
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during daytime singing, and is driven by neuronal burst-
ing activity in HVC and the nuclei that project to HVC
(Dave & Margoliash 2000; Hahnloser er al. 2006; Hahn-
loser & Fee 2007). A detailed behavioural analysis of the
development of song in juvenile zebra finch males
revealed that sensorimotor learning benefits from post-
sleep variability in song output (Deregnaucourt er al.
2005). That is, there was a positive correlation between
the magnitude of post-sleep deterioration of song
(measured as the difference between acoustically stable
evening songs and variable morning songs) and the
strength of subsequent song learning (Deregnaucourt
et al. 2005). The present findings give further support
to the suggestion that information processing related to
song learning may occur during sleep. Similarly, it was
found that tutor-song-specific neuronal bursting activity
in RA of sleeping juvenile zebra finches preceded the
changes in singing observed the next day and was
dependent on normal sensorimotor feedback (Shank &
Margoliash 2009). Alternatively, the correlation between
Zenk expression and strength of song learning in the
NCM might be indicative of changes in general patterns
of nocturnal brain activity related to the developmental
process, such as that shown in the song system (Crandall
et al. 2007; Shank & Margoliash 2009). Taken together,
these different findings suggest that sleep is important
for sensorimotor learning of the BOS and auditory
memory of the tutor song. As such, they reinforce the
hypothesis that sleep 1is crucial for learning and
memory in birds (Gobes & Bolhuis 2008; Jackson
et al. 2008; Shank & Margoliash 2009), as well as mam-
mals (Stickgold & Walker 2005), including human
infants (Gomez et al. 2006; Hupbach ez al. 2009).
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