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Selectivity of Canary HVC Neurons for the Bird’s Own Song:
Modulation by Photoperiodic Conditions

Catherine Del Negro, Katia Lehongre, and Jean-Marc Edeline
Laboratoire de Neurobiologie de l’Apprentissage, de la Mémoire, et de la Communication, Unité Mixte de Recherche 8620, Université Paris-Sud, 91405
Orsay, France

To what extent seasonal factors modify the neuronal functional properties within the nuclei of the avian song system remains an open
question. In adult songbirds, neurons of the song premotor nucleus HVC (used as a proper name) exhibit selective responses for the bird’s
own song (BOS). Here we examine whether, outside the breeding season, when songs are less stereotyped, HVC neurons of male canaries
still respond selectively to the BOS produced during this period. In an initial experiment, single-unit recordings (n � 114) revealed that
the neuronal selectivity for the current BOS was attenuated in males exposed to a short-day photoperiod (typical of the nonbreeding
season) compared with that found in males exposed to a long-day photoperiod. In long-day conditions, 35% of the cells responded to the
BOS, whereas only 12% did in short-day conditions; there were four times more selective cells (d� � 1) in long-day than in short-day
conditions.

To determine whether these effects were the consequence of differences in acoustic features between breeding and nonbreeding songs,
neurons (n � 72) recorded in short-day conditions were tested with both a short-day BOS and a long-day BOS. A low percentage of
neurons exhibited responses to short-day or to long-day BOS (11% for each song). Responses of putative interneurons (spike duration
�0.4 ms) and of putative relay cells were similarly attenuated by the short-day conditions. These results strongly suggest that, in canary,
rather than being a fixed property, the selectivity for the BOS moves along a continuum and peaks when the day length mimics the
breeding conditions.
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Introduction
Seasonal changes in the brain of songbirds are one of the most
famous examples of naturally occurring plasticity that have been
described in any vertebrate species. In males of temperate-zone
songbird species, the volume, spacing, and replacement of con-
stituent neurons of several telencephalic nuclei that control song
behavior change significantly across seasons (Nottebohm 1981;
Nottebohm et al., 1986) (for review, see Alvarez-Buylla and Kirn
1997; Tramontin and Brenowitz, 2000). Anatomical investiga-
tions have revealed morphological modifications in the song nu-
clei such as changes in (1) the size of neuronal somata, (2) the
complexity of dendritic arbors, and (3) the number of spines and
synapses (DeVoogd and Nottebohm, 1981; DeVoogd et al., 1985;
Hill and DeVoogd, 1991). Logically, these anatomical alterations
should dramatically impact the functional networks within and
between song nuclei and potentially should have important con-
sequences on neuronal properties. Surprisingly, although one
can suspect that neuronal responsiveness within the song nuclei

varies across seasons, no study has ever attempted to document
whether such changes indeed occur.

For more than 20 years, many studies have described that
HVC (used here as a proper name) neurons of anesthetized song-
birds show highly selective responses, firing more to playback of
the bird’s own song (BOS) than to reverse BOS or other conspe-
cific songs (Margoliash, 1983; Lewicki and Konishi, 1995;
Theunissen and Doupe, 1998; Mooney, 2000) [for a reevaluation
of this property in awake birds, see Cardin and Schmidt (2003)].
Thus far, song-selective neurons have been studied either in non-
seasonal breeding birds such as the zebra finch (Margoliash and
Fortune, 1992) or in fully reproductive seasonal birds (Margo-
liash, 1983, 1986; Mooney et al., 2001), leaving unclear whether
HVC neurons remain selective outside the breeding season. At
least two distinct outcomes can be expected when comparing this
selectivity across seasons. An initial possibility is that the selectiv-
ity is only expressed at the breeding season, potentially as a con-
sequence of particularly strong synaptic connections between
and/or within structures. In this case, selectivity should be atten-
uated outside the breeding season. However, HVC neurons are
also involved in song production by generating premotor activity
during singing (Yu and Margoliash, 1996; Hahnloser et al., 2002).
If one suspects that the selectivity of HVC neurons for the BOS
relies, at least partly, on auditory-motor interactions (through
auditory feedback), it should be maintained outside the breeding
season in the case of birds singing in all seasons.
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The present study compared the auditory selectivity of HVC
neurons for the BOS in canaries housed in breeding and non-
breeding conditions. An initial experiment revealed that the se-
lectivity for a current BOS is reduced in males exposed to a short-
day photoperiod compared with that found in males exposed to a
long-day photoperiod. To interpret unambiguously these results,
it was crucial to distinguish between two explanations: (1) either
the selectivity of HVC neurons indeed changes with seasons or
(2) the less stereotyped short-day song is not efficient in driving
HVC neurons, but HVC responses remain unchanged to the
long-day song. In a second experiment, single units recorded in
the HVC of canaries kept on short days were tested with both a
long-day BOS and a short-day BOS produced by the same birds.

Materials and Methods
Subjects
Twenty-eight singing adult male canaries (Serinus canaria) were used for
this experiment (national authorization to conduct animal research
number 006692). All canaries, born in the Laboratory of Ethology and
Cognition (University of Paris X, Nanterre, France), were chosen from a
pool of 1- to 3-year-old birds that had previous sexual experience. They
belonged to an outbreed form of the common canary with a heteroge-
neous genetic background.

Before the electrophysiological investigations, birds were maintained
for at least 4 weeks either under a long-day photoperiod (“spring-like”
15/9 h light/dark cycle, long-day birds in experiment 1) or under a short-
day photoperiod (“autumn-like” 9/15 h light/dark cycle; short-day birds
in experiment 1; all birds in experiment 2). Initially, the long-day birds
were kept on the short-day photoperiod for at least 4 months, and, con-
versely, the short-day birds were initially kept on the long-day photope-
riod for the same amount of time, before a progressive shift in the pho-
toperiod. Under these laboratory conditions, exposure to the
photostimulatory lighting regimen (15/9 h light/dark cycle) is well
known to stimulate reproductive behaviors in male as in female (Storey
and Nicholls, 1976; Appeltants et al., 2001; Del Negro and Edeline, 2001;
Parisot et al., 2002). When canaries were shifted from a long-day photo-
period to a short-day one, we observed that most of them did not sing for
2– 4 weeks. Nottebohm et al. (1986) reported previously that some ca-
naries did not sing for a few weeks during the summer–fall period. In the
present study, when short-day canaries started to produce unstable
songs, there was an inter-individual variability similar to that observed in
long-day conditions: some birds sung intensively, whereas others sung
less frequently.

In experiment 1, males were exposed either to a long-day photoperiod
(n � 9) or to a short-day one (n � 9). In experiment 2, all males (n � 10)
were housed on short-day photoperiod.

Song recordings and analysis
In experiment 1, each cell was tested with three stimuli: a current BOS
(recorded from the photoperiod under which the bird was housed), this
BOS played in reverse, and a conspecific song of a domesticated canary
(DC1) (Del Negro and Edeline, 2001). In experiment 2, each cell was
tested with five stimuli: a short-day BOS and a long-day BOS, presented
either normally or time reversed, and the same conspecific song DC1.
The long-day BOS was recorded during the previous breeding season.

For each bird, songs were recorded once per day on 1–3 d, when
photoperiod had been changed for at least 4 weeks. The bird was placed
in a sound attenuation chamber equipped with a Marantz (Osnabrück,
Germany) PMD 201 recorder and a Sennheiser (Wedemark, Germany)
microphone. Recorded songs were digitized with SoundEdit16 software
(22 kHz sampling rate; Macromedia, San Francisco, CA) and stored on a
hard disk for analysis.

Canary songs consisted of a series of phrases; each phrase is composed
of a syllable repeated multiple times (see examples in Fig. 1 A–C). A
syllable is formed of one to five elements; an element appears in a sound
spectrogram as an uninterrupted separate trace. A series of phrases had to
be at least 2.0 s long to be considered as a song, and two songs had to be

separated at least by a silence period of 0.4 s long. Song quantification was
performed on a spectrogram with special focus on measuring song
length, phrase length, and silence between two successive phrases. Be-
cause male canaries use a large syllable repertoire, analyses of long-
duration samples (at least 150 s of song, pauses excluded) of individual
songs were required to determine the syllable repertoire (Güttinger et al.,
1985). Identifying different syllable types was straightforward: in spec-
trograms, syllables differ in shapes and in duration. The composition of
syllable repertoire differed between individuals and also changed with the
photoperiod conditions (Nottebohm et al., 1986, 1987). In experiment 2,
because individual songs were recorded during both photoperiod condi-
tions, it was possible to determine changes in the composition of syllable
repertoire between long-day songs (first recorded) and short-day songs.
We quantified the percentage of new syllable types that appeared in the
short-day repertoire. The number of fast-frequency modulated syllable
types (�40 Hz over 1 ms) was counted because it can exhibit changes
with the seasonal conditions in wild canaries (Leitner et al., 2001).

Previous studies in domesticated canaries reported that stereotypy of
syllables showed seasonal changes (Güttinger, 1985; Nottebohm et al.,
1986, 1987). At the breeding season, syllables are produced in a strikingly
uniform manner, whereas in autumnal songs, the shape of syllables dif-
fers within phrases (Fig. 1 B). The stability of song was quantified by the
number of variations of syllable shape per second of song. This was
calculated by subtracting the total number of phrases from the total
number of variations of syllable shape, divided by the total song duration.
Syllables were considered to be the same when they had the same fre-
quency modulation on the spectrogram and similar frequency band-
width (within 0.25 kHz). Automatic analyses were performed using
Avisoft software (Avisoft Bioacoustics, Berlin, Germany). A syllable ex-
hibiting on average more than two variations was considered unstable.
For each bird, the proportion of unstable syllable types and that of un-
stable song were calculated.

The selection of the song stimuli used as the BOS was made by identi-
fying the most representative song in the bird’s repertoire (Fig. 1C). This
selection was possible because, for each bird, sets of syllable types oc-
curred in almost each song (both in breeding and in nonbreeding con-
ditions), whereas other syllable types occurred rarely. To determine the
syllable types that frequently recurred, each syllable type was labeled, and
the percentage of occurrence of each label was calculated by dividing the
number of occurrences of this label by the cumulative number of phrases
over the song sample. For each song, the cumulative percentage of oc-
currence was calculated without taking into account repetitions. Songs
composed of frequently occurring syllable types obtained the highest
cumulative percentages. As illustrated in Figure 1C, the frequently pro-
duced syllable types occurred very often in the same order and formed
somewhat fixed sequences. The song selected as the BOS contained the
highest number of frequently occurring sequences.

In the two experiments, the same conspecific song (DC1) was pre-
sented. This song, produced by a male exposed to long days in the Lab-
oratory of Ethology and Cognition was used previously in both behav-
ioral and electrophysiological experiments (Nagle and Kreutzer, 1997;
Del Negro and Edeline, 2001). It contains a particular song phrase that
elicits (1) a high level of sexual responses in females and (2) changes in
call rate in males (Vallet and Kreutzer, 1995; Parisot et al., 2002). The
experimental birds never heard this DC1 song before the recording
session.

During electrophysiological investigations, each song was followed by
8 s of silence (intertrial interval) and was repeated at least 10 times. Song
stimuli were presented randomly.

Experimental protocol and electrophysiological
recording procedure
Recent studies reported that HVC neuronal responses to BOS playback
are quite variable in undrugged birds. For example, responses obtained
during waking were found to be strongly decreased compared with those
obtained in slow-wave sleep (Nick and Konishi, 2001). During waking,
responses to BOS can be dramatically changed from time to time and can
even totally disappear at arousal from sleep (Cardin and Schmidt, 2003).
For all of these reasons, it was important to assess seasonal changes in

Del Negro et al. • Seasonal-Like Changes in Selectivity of HVC Neurons J. Neurosci., May 18, 2005 • 25(20):4952– 4963 • 4953



HVC reactivity by recording cells under anes-
thesia, a state in which every study performed
thus far has found that HVC neurons of repro-
ductive birds respond selectively to BOS
playback.

Animals were anesthetized by an initial in-
jection of urethane (1.5 g/kg, i.m.) supple-
mented as needed to maintain an areflexive
state. Surgery and electrophysiological investi-
gations were made in an acoustically isolated
chamber (model chamber AC2; IAC, New
York, NY). Anesthetized canaries were immo-
bilized in a stereotaxic holder that allowed their
heads to be tilted at 45°, according to the brain
atlas (Stokes et al., 1974). The speaker, deliver-
ing the song stimuli, was placed as close as pos-
sible from the entrance of a hollow ear bar.

During each session, extracellular recordings
were obtained first with high-impedance tung-
sten electrodes (10 –12 M�) to ascertain the
location of HVC on the basis of physiological
criteria, such as highly irregular discharges of
spontaneous activity. No search stimuli were
used while lowering the electrode. Subsequent
recordings were collected with glass pipettes
(5–15 M�) filled with 3 M NaCl. The signal
coming from the electrode was amplified (gain
5000; bandpass, 0.3–10 kHz) and sent in paral-
lel to an audio monitor and to a voltage dis-
criminator (model 74-60-1; Frederic Haer
Company, Bowdoinham, ME). The single-unit
waveform and the corresponding pulses gener-
ated by the discriminator were displayed on a
digital oscilloscope, digitized (50 kHz sampling
rate), and stored on the hard disk. The
transistor-transistor logic pulses generated by
the voltage window discriminator were also
sent to the acquisition board (PClab, PCL 720)
of a Pentium II computer, which provided the
time of occurrence of pulses corresponding to
each action potential with a resolution of 50 �s.

Data analysis
Song-evoked neuronal responses. During off-line
analyses, peristimulus time histograms (25 ms
bin) were built with 10 repetitions of each stim-
ulus. ANOVAs were conducted (Statview 5.0;
Abacus Concepts, Calabasas, CA) to determine
whether songs caused changes in firing rate.
Evoked responses were analyzed by comparing
the firing rate obtained during the entire song
duration with spontaneous firing rate obtained
during a 2 s period preceding the song. Poten-
tially, by quantifying only the firing rate, we
might have underestimated the number of cells
responding to the different songs (Cardin and
Schmidt 2003; Huetz et al., 2004). However,
there is no reason to suspect that this underes-
timation differed between long-day and short-
day conditions.

For each song stimulus, the number of neu-
rons exhibiting a significant increase in activity
in response to song playback was quantified
(paired t test; p � 0.05 level). Because (1) the
spontaneous firing rate of HVC cells strongly
differed between cell types and (2) this rate
differed between short-day and long-day con-
ditions, Z-scores were used to quantify and
compare response strength to song stimuli

Figure 1. Song characteristics in long-day and short-day conditions. A, Two songs from the same bird recorded during short-
day and long-day conditions. Note that the phrases composing the long-day song are longer than those composing the short-day
song. B, Difference in syllable stability between long-day and short-day photoperiod. Sonograms show five examples of phrases
(a– e) found in both long-day and short-day songs from the same bird. Note that syllables produced under long-day conditions
were repeated with a high degree of stereotypy, whereas syllables produced under short-day conditions were variable in their
shape. The first syllable type (a) produced under short-day conditions exhibited four variations in its shape. C, Selection of the song
used as the BOS. To determine how the different syllable types are ordered within songs from a given bird, each syllable type was
labeled with a number. The table (C1) shows the succession of different syllable types within 20 songs of the same bird. For each
syllable type, the percentage of times it occurred was calculated. The cumulative percentage obtained for each of the 20 songs is
indicated in the second line of the table. The song selected as the BOS (number 3 here) was composed of nine different syllable
types (1 syllable type is repeated twice, syllable 5). The percentage of occurrence of these nine syllables was: 16, 10, 7, 7, 5, 13, 10,
6, and 4%, respectively. The sum of these percentages was 78%. Within the 20 songs, the sequences 19-16-17-18, 1-5-2, 3-4-5
(labeled using a gray scale) were present 11, 11, and 7 times, respectively. The song selected as the BOS contained these three
sequences. C2–C4, The song selected as the BOS (C3) is presented above those produced immediately before (C2) and after (C4 )
it (songs 2-3-4 of the table). In C2–C4, the numbers above each phrase refer to those of the table (C1).
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(Theunissen and Doupe, 1998; Mooney, 2000). The Z-score was classi-
cally defined by the following formula:

Z �
S� FR � BFR

�Var�SFR� � Var�BFR� � 2Covar�SFR, BFR�
,

where SFR is the mean firing rate during the stimulus, BFR is the mean
firing rate during the baseline period, and the denominator is the SD of
SFR � BFR. Mean Z-scores were compared using either paired t tests for
within-group comparisons or unpaired t tests for between-group
comparisons.

The selectivity of a given neuron for forward over reverse BOS play-
back (or over the conspecific song DC1) was measured using the psycho-
physical metric d� (Green and Swets, 1966), because it estimates the
discriminability between two stimuli (Solis and Doupe, 1997; Theunis-
sen and Doupe, 1998; Janata and Margoliash, 1999; Mooney, 2000). The
d� value comparing the response to the BOS relative to reverse BOS is
given by the following:

d� �
2�RFRBOS

� RFRREV
�

��2BOS � �2REV
,

where R is the difference between the firing rate during stimulus presen-
tation and that during the 2 s baseline period before stimulus presenta-
tion; � 2 is its variance. The more positive is d�, the more song selective is
the response of a neuron. A d� value �1.0 was used as the criterion for
identifying a cell as “selective” (Theunissen and Doupe, 1998; Janata and
Margoliash, 1999).

Cell-type determination based on action potential waveforms. As in pre-
vious in vivo intracellular and extracellular studies (Mooney, 2000;
Mooney et al., 2001; Hahnloser et al., 2002; Rauske et al., 2003), we
distinguished putative HVC relay cells and putative HVC interneurons
based on the spike waveform of the recorded cells. Classically, the spike
amplitude is defined as the voltage difference between the peak of the
negativity and the peak of the positivity that follows it; the spike width is
the duration between the beginning of the negativity and the peak of the
following positive wave (Wilson et al., 1994; Gur et al., 1999; Henze et al.,
2000; Del Negro and Edeline, 2002). Spike parameters were always ana-
lyzed blind to the photoperiod conditions of the bird and blind to the
responses obtained during the experiment. These parameters, as well as
the spontaneous firing rate, were compared between the different condi-
tions (season and cell type) using unpaired t test. Analyzing the spike
waveform from a large number of HVC neurons (n � 374), the distribu-
tion of spike duration significantly differed from a normal one: two
subpopulations of cells, one exhibiting thin spikes (�0.4 ms) and the
other exhibiting broad spike (�0.45 ms), were found (Del Negro and
Edeline, 2002). Therefore, cells were assigned to these two categories,
thin or broad, using a cutoff criterion of 0.4 ms. Because recent studies
reported that relay cells and interneurons exhibit different auditory re-
sponses (phasic vs tonic) to song stimuli (Mooney, 2000; Mooney et al.,
2001), particular attention was devoted to obtain a similar proportion of

thin spike cells in long-day males as well as in short-day males in both
experiments.

Results
Manipulations of photoperiod markedly affected the gonadal sta-
tus of birds. In experiment 1, testes of males exposed to long days
were much heavier than those of males exposed to short days
(mean 	 SEM, 0.198 	 0.012 vs 0.059 	 0.020 g; t(16) � 5.44; p �
0.001). In experiment 2, all short-day males had regressed testes
(0.042 	 0.026 g).

Song characteristics in long-day and short-day photoperiod
Day length affected several temporal parameters of song (Table
1). Duration of both songs and phrases were shorter in short-day
than in long-day songs, whereas silent intervals between phrases
were longer (see example in Fig. 1A). The composition of the
syllable repertoire also changed with the photoperiod conditions.
When birds were switched from long-day to short-day condi-
tions, 44% (range, 8 – 63%) of the short-day repertoire was com-
posed of new syllable types. Despite the production of new sylla-
ble types, the total number of syllable types did not differ between
long-day and short-day songs, in both experiment 1 and experi-
ment 2 (Table 1). Also, the number of syllable types composed of
fast-frequency modulated elements (�40 Hz in 1 ms) did not
differ between long-day and short-day songs in both experi-
ments. As illustrated in Figure 1B, syllables produced in short-
day conditions had less stereotyped shape than those produced in
long-day conditions. The number of variations in syllable shape
per second, the proportion of unstable syllable in individual syl-
lable repertoire, and that of unstable song were significantly
higher in short-day than in long-day songs (Table 1).

Songs selected as the BOS were composed of 8 –10 syllable
types that occurred frequently. The cumulative percentage of
these syllable types was, respectively, 57.5 	 7.0 and 61.8 	 6.6%
for the long-day and short-day BOS in experiment 1 and 74.0 	
3.3 and 64.6 	 4.7% for those in experiment 2. As illustrated in
Figure 1C, the frequently produced syllables occurred very often
in the same order and formed fixed sequences. In both long-day
and short-day conditions, the song selected as the BOS contained
the highest number of such frequently occurring sequences.

Experiment 1: selectivity to a current BOS in long-day and
short-day males
To assess responses to forward BOS, reverse BOS, and a conspe-
cific song DC1, 55 neurons were recorded in long-day canaries
(n � 9) and 59 neurons in short-day canaries (n � 9). Electrode

Table 1. Song measures performed in both long-day and short-day conditions

Experiment 1 Experiment 2 (n � 10)

Long-day
birds (n � 9)

Short-day
birds (n � 9)

Unpaired
t test

Long-day
songs

Short-day
songs

Paired
t test

Temporal parameters
Mean song duration 9.8 	 1.5 7.0 	 1.0 p � 0.14 8.9 	 1.2 5.9 	 1.1 p � 0.036
Mean phrase duration 1.13 	 0.14 0.75 	 0.6 p � 0.02 0.94 	 0.04 0.71 	 0.04 p � 0.002
Mean interval duration 0.050 	 0.004 0.072 	 0.004 p � 0.002 0.060 	 0.007 0.08 	 0.01 p � 0.012

Syllable repertoire
Repertoire size 19.8 	 3.3 23.9 	 3.7 p � 0.42 24.1 	 1.8 28.3 	 4.0 p � 0.2
Number of syllable types composed of rapid frequency modulation 8.6 	 1.6 9.8 	 1.8 p � 0.62 9.8 	 2.1 9.0 	 1.5 p � 0.6

Syllable stability
Number of variations per second 0.95 	 0.17 2.25 	 0.21 p � 0.001 0.67 	 0. 09 2.8 	 0.3 p � 0.001
% of unstable syllable 32.97 	 5.2 63.45 	 4.12 p � 0.024 24.5 	 3.8 60.4 	 4.9 p � 0.001
% of unstable song 37.78 	 6.70 67.67 	 4.87 p � 0.001 23.9 	 4.3 71.1 	 3.7 p � 0.001
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impedance did not differ between long-
day and short-day males (6.8 vs 6.6 M�;
t

(93)
� 1; NS). Thirty-one cells were re-

corded with tungsten electrodes; the other
83 cells were recorded with glass pipettes.
The proportion of cells recorded with
tungsten electrodes did not differ between
long-day and short-day males (25 vs 28%;
� 2 � 1; NS). Three to 10 cells were re-
corded from each animal (6.6 	 1.0 in
long-day males; 6.5 	 0.8 in short-day
males). One to four cells were obtained at
each electrode penetration, and we used
one to four sites of electrode penetration
for each animal (3.4 	 0.4 in long-day
males; 2.8 	 0.2 in short-day males).

In long-day males, the evoked firing
rate during forward BOS was significantly
higher than the spontaneous rate (2.9 vs
2.1 spikes/s; t(54) � 2.78; p � 0.007). In
response to reverse BOS, there was no sig-
nificant increase in firing rate (2.4 vs 2.1
spike/s; t(54) � 1.3; p � 0.19). Also, the
conspecific song DC1 did not evoke a
change in firing rate (2.3 vs 2.1 spike/s;
t(54) � 1.26; p � 0.21). In short-day males,
spontaneous activity was lower than that
of neurons recorded in long-day males
(1.1 vs 2.1 spikes/s; t(112) � 2.85; p �
0.005). On average, neither the forward
BOS nor the reverse BOS nor the conspe-
cific song DC1 elicited increase in firing
rate above spontaneous activity (BOS, 1.0 vs
1.4 spike/s, t(58) � 1.52, p � 0.13; reverse
BOS, 1.0 vs 1.1 spike/s, t(58) � 1.37, p � 0.17;
DC1, 1.0 vs 1.0 spike/s, t(58) � 1, NS).

Beside these group data, statistical
analyses revealed proportions of auditory
responsive neurons, i.e., neurons exhibit-
ing a significant song-evoked response, in
long-day and in short-day conditions (Ta-
ble 2). Three results emerged from exam-
ination of this table. First, the number of
responsive neurons was higher in long-
day males than in short-day ones (22 of 55 vs 13 of 59; � 2 � 4.32;
p � 0.037). Second, the distribution of the number of cells re-
sponding to each song (forward BOS, reverse BOS, or DC1) dif-
fered between the two conditions (� 2 � 8.26; p � 0.016). Third,
the distribution of the number of cells responding to zero, one,
two, or three stimuli also differed between the two conditions (� 2

� 9.05; p � 0.02). These results indicated that, in long-day males,

most of the auditory responsive neurons responded only to one
song stimulus, the forward BOS (see two examples in Fig. 2),
whereas in short-day males, half of the auditory responsive neu-
rons responded to, at least, two song stimuli (see an example in
Fig. 3).

We used Z-scores to compare responses between short-day
and long-day males (Fig. 4A). A repeated ANOVA on Z-scores

Table 2. Day length conditions affected both auditory responsiveness and song selectivity of neurons recorded in the HVC

Number of cells exhibiting a significant response to Number of cells exhibiting a significant response to Number of cells
with a d� � 1
(selective cells)aForward BOS Reverse BOS DC1 0 stimulus 1 stimulus 2 stimuli 3 stimuli

Long-day males
(n � 55) 19 4 2 33 (60%) 19 (35%)b 3 (5%) 0 (0%) 12 of 22 (55%)

Short-day males
(n � 59) 7 6 7 46 (78%) 7 (12%)c 5 (8%) 1 (2%) 2 of 13 (15%)

aThese numbers included only cells with significant responses to at least one song stimulus.
bOf these 19 cells, 16 responded to forward BOS.
cOf these seven cells, two responded to forward BOS.

Figure 2. Two examples of song-selective HVC neurons in a long-day male. A, During the playback of forward BOS, this cell
exhibited distinct phasic peaks superimposed on a tonic response. In contrast, reverse BOS playback elicited no change in firing
rate. This neuron displayed a thin action potential (duration, 0.25 ms). The inset shows its action potential waveform (30 sweeps,
50 kHz sampling rate), composed of an abrupt negative peak followed by a positive one, typical of thin spike waveform. B, This
neuron exhibited a phasic increase in activity to forward BOS playback. In contrast, phasic responses were absent during both
reverse BOS and DC1 playbacks. This neuron displayed a broad action potential (duration, 0.45 ms). The inset shows its waveform
(30 sweeps, 50 kHz sampling rate). These two neurons were recorded from two different penetrations in the HVC of a long-day
male. Histograms display the number of action potentials per bins of 25 ms and are accompanied by raster plots for forward BOS
responses. Oscillograms and sonograms of songs are below histograms. The Z-score values are indicated above histograms. Song
selectivity values (d�) for forward over reverse BOS and for forward BOS over conspecific song DC1 are indicated next to the action
potential waveform. The selected long-day BOS was composed of eight different syllable types. The percentage of occurrence of
each of them over all the collected songs was 5, 4, 4, 12, 6, 11, 14, and 14%, respectively. The sum of these percentages was 70%.
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(song and photoperiod as factors) revealed a significant effect of
the song factor (F(2,112) � 6.66; p � 0.002), no effect of the pho-
toperiod factor (F � 1; NS) and a significant interaction between
the two factors (F(2,112) � 11.96; p � 0.001). In long-day males,

Z-scores differed between song stimuli (F(2,53) � 15.58; p �
0.001), and paired-comparisons indicated that the mean Z-score
to forward BOS was higher than that of the reverse BOS (t(54) �
4.75; p � 0.001) and that of the DC1 playback (t(54) � 4.40; p �
0.001). In contrast, in short-day males, Z-scores did not differ
between song stimuli (F(2,57) � 1; NS). Between-group compar-
ison revealed that mean Z-score to forward BOS was larger in
long-day than in short-day males (t(113) � 3.5; p � 0.007). To
visualize this effect, Z-score to forward BOS was plotted against
Z-score to reverse BOS (Fig. 5A). In long-day males, most of the
cells (44 of 55, 80%) were above the diagonal line, indicating that
their responses were stronger to forward than to reverse BOS. In
contrast, in short-day males, only 25 of 59 cells (42%) fired more
to forward BOS than to reverse BOS. This change in the propor-
tion of cells exhibiting higher firing rate to forward BOS was
significant (� 2 � 16.86; p � 0.001). Similarly, when Z-score for
forward BOS was plotted against Z-score for DC1 (Fig. 6A), the
proportion of cells exhibiting a stronger increase in firing to for-
ward BOS than to DC1 was larger in long-day than in short-day
males (42 of 55 vs 29 of 59; � 2 � 8.97; p � 0.003).

Based on Z-scores, several results indicated that there was no
overall change in auditory responsiveness. First, as mentioned
above, a repeated ANOVA did not reveal an effect of the photo-
period factor, indicating that the Z-scores pooled over all stimuli
did not differ between photoperiod conditions. Second, the
number of cells exhibiting a positive Z-score to at least one song
stimulus (i.e., with an evoked firing rate greater than the sponta-
neous rate) did not differ between long-day and short-day males
(48 of 55 vs 51 of 59; � 2 � 1; NS). Third, the distribution of
Z-score values to the reverse BOS did not show a shift toward
lower values of Z-score in short-day conditions (Fig. 5A). The
percentage of cells with a positive Z-score value to the reverse
BOS tended to be larger in short-day conditions (36 of 59, 61%)
than in long-day ones (24 of 55, 44%; � 2 � 3.10; p � 0.08). Last,
analyzing responses to the song DC1 confirmed that the overall

Figure 3. Example of a nonselective HVC neuron in a short-day male. This cell exhibited a
tonic increase in activity in response to playbacks of the three song stimuli: the forward and
reverse version of the current BOS and the conspecific song DC1. The inset shows its action
potential waveform (30 sweeps, 50 kHz sampling rate). This neuron displayed a thin action
potential (duration, 0.3 ms). Histograms display the number of action potentials per bins of 25
ms and are accompanied by raster plots for forward BOS responses. Oscillograms and sono-
grams of songs are below histograms. The Z-score values are indicated above histograms. Song
selectivity values (d�) for forward over reverse BOS and for forward BOS over conspecific song DC1 are
indicated next to the action potential waveform. The selected long-day BOS was composed of seven
different syllable types. The percentage of occurrence of each of them over all the collected songs was
7, 12, 6, 9, 11, 7, and 7%, respectively. The sum of these percentages was 61%.

Figure 4. Differences in response to song playbacks are only found in long-day conditions. A,
Results of experiment 1: comparisons of responses to song stimuli between long-day and short-
day males. Each bar represents mean 	 SEM Z-scores to forward BOS, reverse BOS, and a
conspecific song DC1 for long-day and short-day males. The forward BOS was most effective at
driving HVC neurons in long-day males than in short-day ones. Asterisks indicate significant
differences in paired or unpaired comparisons. B, Results of experiment 2: comparisons of
responses to song stimuli in short-day males. Each bar represents the mean	SEM Z-score. Five
song stimuli were presented: the forward and reverse version of the BOS recorded under the
short-day photoperiod (SD; filled bars), the forward and reverse version of the BOS recorded
under the long-day photoperiod (LD, hatched bars), and the conspecific song DC1. Neurons in
the HVC of short-day males did not respond differentially to any of these song stimuli.
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responsiveness remained similar in the 2-d-length conditions.
The mean Z-score value to DC1 tended to be higher in short-day
males than in long-day ones (Fig. 4A), although this effect did not
reach significance (t(130) � 1.41; p � 0.15). The number of cells
with a positive Z-score value to DC1 obtained in long-day and in
short-day conditions was 26 of 55 (50%) and 33 of 59 (56%),
respectively (� 2 � 1; NS). In fact, as shown in Figure 6A, the
highest Z-score values to the song DC1 (values between 1 and 2)
were obtained for cells recorded in short-day males.

Selectivity to forward over reverse BOS was evaluated using
the d� values. For this analysis, only cells with a positive Z-score to
a song stimulus were considered (Fig. 7A). Mean d�forward-reverse

BOS value was higher in males kept on long-day photoperiod than
in males kept on short-day one (0.54 vs �0.02; t(98) � 3.9; p �
0.005). The number of selective cells with a d� value �1 differed
between the 2-d-length conditions (12 of 48 vs 3 of 51; � 2 � 7.03;
p � 0.008). Selectivity to forward BOS over the conspecific song
DC1 was also evaluated (Fig. 6B). Mean d�forward BOS-DC1 value
was higher in long-day males than in short-day males (1.05 vs
�0.06; t(98) � 2.6; p � 0.012). The number of selective cells with
a d� value �1 tended to be higher in long-day males than in
short-day ones (14 of 48 vs 7 of 51; � 2 � 3.52; p � 0.06). If we
restricted our analyses to cells showing significant auditory re-
sponse to any song stimulus, a difference in selectivity was still
observed: mean d�forward-reverse BOS value was higher in long-day
males than in short-day males (1.01 vs 0.46; t(34) � 2.13; p �
0.042). As shown in Table 2, a larger number of selective cells (i.e.,
cell with a d� value �1) was found in long-day than in short-day

males (12 of 22 vs 2 of 13 cells; � 2 � 5.22; p � 0.02). Exactly the
same results were obtained when the d� values were computed for
the DC1 song: the mean d�forward BOS-DC1 value was higher in
long-day than in short-day males (1.05 vs �0.06; t(98) � 2.6; p �
0.012), and the number of selective cells was higher in long-day
than in short-day males (12 of 22 vs 2 of 13; � 2 � 5.22; p � 0.02).

Experiment 2: selectivity to a long-day and a short-day BOS in
short-day males
To assess whether HVC neurons of canaries housed on a short-
day photoperiod retained selectivity for the well structured song
produced during long-day photoperiod, 72 neurons from 10
short-day canaries were studied using both a current BOS and a
BOS obtained when birds were on long days. The two BOS stim-
uli were played normally or time reversed; the same conspecific
song DC1 was also used. Fifteen cells were recorded with tungsten
electrodes; the remaining 57 cells were recorded with glass
pipettes.

As in experiment 1, the short-day BOS did not elicit a signifi-
cant increase in firing rate above the spontaneous rate (2.2 vs 2.3
spike/s; t(71) � 1; NS). Likewise, playback of the forward long-day
BOS was not efficient in increasing the mean firing rate (2.2 vs 2.1
spike/s; t(71) � 1.24; p � 0.22). There was also no change in firing
rate in response to the reverse version of the short-day BOS (2.2
vs 2.0 spike/s; t(71) � 1.11; p � 0.26), the reverse version of the
long-day BOS (2.2 vs 1.9 spike/s; t(71) � 1.71; p � 0.09), and
conspecific song DC1 (2.1 vs 2.0 spike/s; t(54) � 1.26; p � 0.21).

Individually, eight cells (11%) exhibited a significant increase
in firing rate during the short-day BOS playback (see an example
in Fig. 8), and six cells (8%) exhibited a significant response to its
reverse version. Exactly the same results were obtained for the
long-day BOS: eight cells (11%) exhibited a significant increase in
firing rate during long-day BOS playback, and six cells (8%) ex-
hibited a significant response to its reverse version. Of these cells,
only one responded to both long-day and short-day BOS play-
backs. Ten cells (14%) responded significantly to the DC1 play-
back. Overall, a total of 28 cells (39%) exhibited auditory re-
sponses to at least one of the five song stimuli; among them, four
responded to two song stimuli, and three responded to three song
stimuli.

The population of neurons recorded in short-day canaries did
not respond differentially to any of the stimuli, as indicated by a
repeated ANOVA on Z-scores (song and photoperiod as factors;
F(2,71) � 1; NS in the two cases) (Fig. 4B). No preference was
observed from the scatter grams of the Z-score for forward BOS
plotted against that of reverse BOS (Fig. 5B). Using the long-day
BOS, 33 cells (46%) were above and 39 cells (54%) were below the
diagonal line; using short-day BOS, 40 cells (56%) were above
and 32 (44%) were below the diagonal line. These proportions
did not differ between long-day BOS and short-day BOS (� 2 �
1.36; p � 0.24). More importantly, when Z-score of forward
long-day BOS was plotted against that of short-day BOS, an equal
number of cells (n � 36) was found on each side of the diagonal
line (Fig. 5B, inset). Thus, on average, the population of HVC
neurons recorded in short-day canaries did not exhibit prefer-
ence for any BOS. Using only the cells exhibiting a positive
Z-score value to at least one song stimulus, the distributions of
d�

forward-reverse BOS
values confirmed that the selectivity did not differ

between long-day BOS and short-day BOS (Fig. 7B). The mean d�
values did not differ between long-day BOS and short-day BOS
(0.12 vs 0.11; t(61) � 1), and an equal number of selective cells (d�
value �1) was found for the two types of BOS (6 of 62). Restrict-
ing the analyses to the cells that exhibited significant auditory

Figure 5. Response bias to forward BOS is only present in long-day birds. A, Results of
experiment 1. Within-cell comparison of Z-score to forward BOS ( y-axis) is plotted against that
for reverse BOS (x-axis). The diagonal line represents equal responsiveness to forward and
reverse BOS playbacks. In long-day males, most of the cells are above the diagonal line, indicat-
ing a bias to forward BOS. In contrast, there is no such bias in short-day males; there are even
more cells below the diagonal line than above it. Note that the number of cells with a positive
Z-score value to the reverse BOS was, respectively, 24 of 55 and 36 of 59 for the long-day and the
short-day birds. B, Results of experiment 2: no preference for any BOS in short-day males.
Within-cell comparison of Z-score to forward BOS is plotted against that for reverse BOS. Note
that as many cells are above the diagonal line as below it, for both the long-day and the
short-day BOS. The inset shows the within-cell comparison of Z-score to forward short-day BOS
against that for forward long-day BOS.
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responses gave the same results: there were no differences be-
tween the long-day BOS and the short-day BOS in terms of mean
d� values (0.19 vs 0.11; t(27) � 1) and in terms of number of
selective cells (d� value �1; 4 of 28 for each BOS).

Song selectivity of putative HVC
cell types
Several characteristics such as spike width
and rate of spontaneous activity allowed
us to distinguish between putative relay
cells and putative interneurons within
HVC nucleus. Interneurons are character-
ized by narrow action potentials and a
high rate of spontaneous activity, whereas
neurons projecting either to area X or to
the robust nucleus of the arcopallium
(Reiner et al., 2004) have broader action
potentials and a lower rate of spontaneous
firing (Mooney, 2000; Rauske et al., 2003).
Because studies reported that relay cells
and interneurons exhibit different audi-
tory responses (phasic vs tonic) to song
stimuli (Mooney, 2000, Mooney et al.,
2001), it was of importance to collect a
similar proportion of thin spike cells in
long-day males and in short-day males in
both experiments. This was indeed the
case: thin spike cells represented 20% (11
of 55) and 15% (9 of 59) of cells recorded
in long-day and in short-day males, re-
spectively, in experiment 1. They repre-
sented 20% (15 of 72) of cells recorded in
experiment 2.

As shown in Figure 9A, cells with thin
action potentials (�0.4 ms; n � 35) differed from cells with broad
ones (�0.45 ms; n � 151) by their higher spontaneous activity
(3.0 vs 1.52 Hz; t(184) � 3.75; p � 0.001). The mean recording
depth of thin spike cells did not differ from that of broad spike
cells (range, 200 – 800 �m; 504 vs 529 �m; t � 1; NS). For thin
spike cells, spontaneous activity did not differ between long-day
(n � 11 cells) and short-day (n � 24 cells) conditions (3.32 vs
2.88 Hz; t(33) � 1; NS). In contrast, broad spike cells exhibited a
higher spontaneous rate in long-day (n � 44 cells) than in short-
day (n � 107 cells) conditions (1.84 vs 1.12 Hz; t(149) � 2.02; p �
0.04). For the subsequent analyses, responses to the short-day
BOS obtained in experiments 1 and 2 were pooled together.

In long-day males, 7 of 11 (64%) thin spike cells and 15 of 44
(34%) broad spike cells showed a significant auditory response
to, at least, one song stimulus. In short-day males, 11 of 24 (46%)
thin spike cells and 30 of 107 (28%) broad spike cells exhibited
such a response. For both cell types, photoperiod conditions did
not affect the proportion of auditory responsive cells (� 2 � 1 in
both cell types). Overall, there was a larger number of auditory
responsive cells among thin spike cells than among broad spike
cells (18 of 35 vs 45 of 151; � 2 � 5.93; p � 0.015).

The repeated ANOVA on Z-scores of thin spike cells indicated
a significant effect of song factor, i.e., differential responses to
forward and reverse BOS (F(1,33) � 24.66; p � 0.001) and an
interaction between the effects of songs and those of photoperiod
conditions (F(1,33) � 10.51; p � 0.003). For broad spike cells,
exactly the same results were obtained: a significant effect of song
factor (F(1,149) � 8.65; p � 0.0038) and an interaction between the
two factors (F(1,149) � 13.87; p � 0.001). On average (Fig. 9B),
both cell types responded significantly more to forward than to
reverse BOS in long-day males (thin spike cells, t(10) � 3.52, p �
0.005; broad spike cells, t(43) � 3.69, p � 0.006). These differences
were not observed in short-day males (thin spike cells, t(23) �
1.89, p � 0.07; broad spike cells, t(106) � 1, NS). In addition,

Figure 6. Differences in song selectivity to the forward BOS over the conspecific song (DC1) between long-day and short-day
males. A, Within-cell comparison of Z-score to forward BOS ( y-axis) is plotted against that for conspecific song DC1 (x-axis). The
diagonal line represents equal responsiveness to forward BOS and DC1 playbacks. In long-day males (A1), most of the cells are
above the diagonal line, indicating a bias to forward BOS. In contrast, there is no such bias in short-day males (A2); there are even
more cells below the diagonal line than above it. Note that the highest Z-score values to the song DC1 were obtained for cells
recorded in short-day males. B, Song selectivity was also described in terms the distribution of d� values for HVC single units. For
the d�forward BOS-DC1 measure, the more positive is the d� value, the more song-selective is the response of the neuron; a d� value
�1 was used as the criterion for identifying a cell as selective. The cumulative distribution of d� values is displayed for the cells
recorded in long-day males (open squares) and for cells recorded in short-day ones (open triangles). Only cells with a positive
Z-score to at least one song stimulus were considered.

Figure 7. Differences in song selectivity to forward over reverse BOS between long-day and
short-day males. A, Results of experiment 1: the cumulative distribution of d�forward-reverse BOS

values is displayed for the cells recorded in long-day males (open squares) and for cells recorded
in short-day ones (open triangles) that obtained a positive Z-score to at least one song stimulus.
The number of selective neurons (d��1) was greater in long-day males than in short-day ones.
B, Results of experiment 2: the cumulative distributions of d� values showed that the degree of
selectivity did not differ between long-day songs (forward vs reverse long-day BOS; open cir-
cles) and short-day songs (forward vs reverse short-day BOS; filled circles). The number of
selective neurons (d� � 1) was low regardless of the BOS considered. Only cells with a positive
Z-score to at least one song stimulus were considered.
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Z-scores to forward BOS differed between long-day and short-
day males (thin spike cells, t(33) � 3.60, p � 0.001; broad spike
cells, t(149) � 3.58, p � 0.001). For cells exhibiting a positive
Z-score value to at least one song stimulus, mean d�forward-reverse

BOS value differed between long-day and short-day males (thin
spike cells, 1.16 vs 0.32, t(26) � 2.67, p � 0.01; broad spike cells,
0.40 vs 0.01, t(131) � 3.08, p � 0.002). The number of selective
(d� � 1) thin spike cells was higher in long-day than in short-day
conditions (6 of 9 vs 4 of 19; � 2 � 5.53; p � 0.018); the number of
selective broad spike cells tended to be higher in long-day than in
short-day conditions (6 of 39 vs 5 of 94; � 2 � 3.68; p � 0.055).
Exactly the same results were obtained when the analyses were
restricted to cells exhibiting significant auditory responses: mean
d�forward-reverse BOS value was higher in long-day males than in
short-day males (thin spike cells, 1.36 vs 0.35; t(16) � 1.02, p �
0.002; broad spike cells, 0.73 vs 0.20, t(43) � 2.15, p � 0.038), and
a larger number of selective cells was found in long-day than in
short-day males (thin spike cells, 5 of 7 vs 2 of 11, � 2 � 5.10, p �
0.02; broad spike cells, 7 of 15 vs 4 of 30, � 2 � 6.01, p � 0.01).
Thus, the selectivity of both cell types was affected by photoperi-
odic conditions.

Last, responses to the song DC1 obtained from short-day
males in the two experiments were pooled together. Whatever the
cell type, Z-scores to the conspecific song DC1 did not differ
between long-day and short-day males (thin spike cells, 0.08 vs
0.16; broad spike cells, 0.01 vs 0.08; all p values �0.61).

Discussion
Sampling neurons in the HVC of canaries kept in long-day and in
short-day conditions (experiment 1) revealed striking differ-
ences. Whereas 35% of the cells recorded in long-day conditions
presented a significant increase in firing rate at BOS presentation,
only 12% of the cells recorded in short-days conditions did. The
mean Z-scores significantly differed between the forward BOS
and the reverse BOS (and the conspecific song) in long-day con-
ditions, whereas it was not the case in short-day conditions. There
were four times more selective cells (d� index �1) for the current
BOS over its reversed version in long-day than in short-day con-
ditions. Testing the HVC neurons of canaries kept on short-days
conditions with a long-day BOS and a short-day BOS (experi-
ment 2) fully confirmed these effects. Significant responses to the
long-day or to the short-day BOS were observed for only 11% of
the cells (and only one cell responded to both BOS). The number
of selective neurons (d� � 1) was low for both the short-day and
the long-day BOS. These data demonstrate that the proportion of
HVC neurons selective for the BOS was strongly reduced by
short-day conditions, mimicking those of the nonbreeding sea-
son. This decrease in the proportion of selective cells affected
both broad spike cells (putative relay cells) and thin spike cells
(putative local interneurons). Before considering the potential

4

Figure 8. Example of a song-selective HVC neuron in short-day males. During playback of
forward short-day BOS, this cell exhibited a phasic increase in activity. In contrast, playbacks of
the other song stimuli elicited no change in firing rate. This neuron displayed a broad action
potential (duration, 0.8 ms). Insets show its action potential waveform (30 sweeps, 50 kHz
sampling rate) and an example of a raw trace (50 kHz sampling rate). Histograms display the
number of action potential per bins of 25 ms and are accompanied by raster plots for forward
short-day BOS responses. Oscillograms and sonograms of songs are below histograms. The
Z-score values are indicated above histograms. The d� value for forward versus reverse long-day
BOS (long-dayd�) and that for forward versus reverse short-day BOS (short-dayd�) are indicated.
Thirty trials of each stimulus were presented, but the Z-scores and d� values used in group
analyses were calculated from responses to the first 10 presentations of song stimuli.
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mechanisms and functional implications of these results, a few
methodological points should be discussed.

Methodological considerations
Photoperiod conditions
In the present study, the duration of the photoperiod was manip-
ulated to mimic the breeding and nonbreeding conditions. These
photoperiod manipulations were efficient to trigger reproductive
behavior in both male and female canaries in laboratory condi-
tions (Storey and Nicholls, 1976; Appeltants et al., 2001; Parisot et
al., 2002) and had, here, a drastic impact on the size and weight of
testis. One can argue that unknown is the consequence of this
treatment on the testosterone level and that testis weight is not
directly correlated with testosterone levels. However, whatever
the exact level of testosterone in short-day males, all birds dis-
played striking alterations of their song when placed in short-day
conditions. This indicates that manipulations of photoperiod in-
deed had physiological and behavioral consequences. Further-
more, if manipulations of photoperiod in laboratory conditions
had little impact on testosterone level (Kirn and Schwabl, 1997),
this suggests that testosterone level is not directly responsible for
changes in neuronal selectivity in male HVC.

Selection of BOS
Unlike the species commonly used in electrophysiological stud-
ies, the zebra finch and the white crowned sparrow, which both
vocalize a single song (Margoliash, 1983, 1986; Lewicki, 1996;
Theunissen and Doupe, 1998; Mooney, 2000), male canaries pro-
duce complex songs. On average, the canary syllable repertoire
contains 
25 syllables, and only a part of this repertoire (8 –10
syllables) is present in each song. Special care was taken to select
the song containing the syllables, and the sequences of syllables,
detected most often in each bird repertoire. This meticulous se-
lection of the BOS was probably a key element to detect a per-
centage of cells responsive to BOS presentation (19 of 55, 35%)
similar to those found in other extracellular single-unit studies in
zebra finches (Margoliash and Fortune, 1992; Lewicki and
Arthur, 1996). Obviously, one can argue that cells classified here
as nonresponsive for the selected long-day BOS could be sensitive
to features present in less frequent, nonpresented syllables, as
suggested by two recent studies (Mooney et al., 2001; Nealen and
Schmidt, 2002). This raises fundamental questions about the as-

pects of acoustic stimuli, which allow
HVC neurons to display strong preference
for the BOS in a songbird species. How-
ever, in no way does this unresolved issue
invalidate our finding: the song selected as
short-day BOS was as representative of a
given bird as the long-day BOS was and,
still, differences in selectivity were
detected.

Potential mechanisms underlying
changes in BOS selectivity
Based on the results of experiment 2, the
possibility that the reduced proportion of
selective neurons in canaries exposed to
short-days was attributable to non-
optimal acoustic characteristics of the un-
stable short-day BOS can be ruled out.
Only a few neurons recorded in nonbreed-
ing conditions exhibited selectivity for the
highly stereotyped long-day BOS, and the
proportion of selective cells for the stereo-

typed long-day BOS was similar to that obtained for the unstable
short-day BOS. The reduced proportion of selective cells in
short-day conditions resulted from two factors. First, playback of
the BOS was less efficient in triggering neuronal responses in
nonbreeding males than in breeding ones, as indicated by the
number of cells showing significant responses to playback of the
forward BOS (in long-day males, 19 of 55 cells; in short-day
males, 7 of 59 and 16 of 72 cells in experiments 1 and 2, respec-
tively). Second, the number of cells that responded only to play-
back of the forward BOS was lower in nonbreeding males than in
breeding ones. Therefore, this suggests that long-day conditions
not only increased the level of auditory responsiveness but also
promoted the emergence of neurons responding exclusively to
the BOS.

Before evaluating the potential mechanisms underlying
changes in neuronal selectivity, it is necessary to consider what
are the current hypotheses proposed for the presence of selective
neurons within HVC. Extracellular recordings suggested that the
selectivity for BOS is higher in HVC than in its auditory afferents
(Lewicki and Arthur, 1996; Janata and Margoliash, 1999). In vivo
intracellular recordings revealed that HVC neurons often exhib-
ited subthreshold responses to stimuli (e.g., reverse BOS) that
failed to evoke action potentials (Mooney, 2000; Mooney et al.,
2001). In fact, a recent study indicated (1) that a high selectivity
for the BOS first arose in the interfacial nucleus of the nidopal-
lium (NIf) and (2) that HVC neurons transformed excitatory
inputs from NIf, occurring during all song stimuli, into BOS
exclusive action potential responses, emphasizing the selectivity
for the BOS (Coleman and Mooney, 2004). Potentially, these
results indicated that local inhibitory mechanisms play an impor-
tant role in promoting the selectivity of HVC neurons. However,
this view does not agree with data obtained by blocking inhibi-
tions during intracellular recordings of X-projecting cells: GIRK
(G-protein-gated inwardly rectifying K� channel) mediated-
inhibition rather acts to suppress the suprathreshold response
bias to the forward BOS rather than to actively enhance it (Rosen
and Mooney, 2003). However, we should consider that, instead
of acting via simple thresholding, inhibition might shape neuro-
nal selectivity by complex temporal patterns, i.e., by transient
membrane hyperpolarization, that allow precise burst firing.

Various mechanisms may modulate functional properties of

Figure 9. Day-length conditions affected response bias to forward BOS in both cell types. A, Relationships between spike width
and rate of spontaneous activity distinguished two cell types. Cells with thin action potentials (�0.4 ms; n � 35; thin spike cells)
exhibited a higher spontaneous activity than cells with broader action potentials (�0.45 ms; n � 151; broad spike cells). B,
Mean 	 SEM Z-scores to playbacks of forward and reverse BOS were compared between long-day and short-day males for thin
spike (B1) and broad spike (B2) cells. Both cell types responded significantly more to forward than to reverse BOS in long-day
males ( p � 0.005). No difference was observed in short-day males, regardless of the cell type considered.
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the different HVC cell types when switching from breeding to
nonbreeding conditions. For example, neurons of canary HVC
express androgen and estrogen receptors (Gahr et al., 1987; Gahr,
1990; Metzdorf et al., 1999) and are sensitive to fluctuations in
hormonal level (Fusani et al., 2000). Through changes in the
morphology of the neurons (Rasika et al., 1994, 1999) as well as
changes in synaptic connections between cells (Gahr and Garcia-
Segura, 1996), steroid hormones might be potent regulators of
physiological and functional properties of HVC neurons. Hor-
monal levels can also regulate catecholamine innervations of
most song control nuclei (Appeltants et al., 2003; Ball et al., 2003)
and, as a consequence, affect the functional connectivity within
and between structures (Wong and Moss, 1992; Murphy et al.,
1998; Rudick and Woolley, 2001; Van Meir et al., 2004). Last,
neurogenesis might play a role in this change in neuronal selec-
tivity. Late summer, period of song instability, and low testoster-
one level correspond to the greatest new HVC neuron incorpo-
ration (Kirn et al., 1994; Alvarez-Buylla and Kirn, 1997;
Nottebohm, 2002). One can envision that the increased neuronal
death and increased neuron recruitment disorganize the HVC
network and prevent neurons to be tuned to the song produced in
short-day conditions. Although the lack of selectivity of HVC
neurons recorded in nonbreeding birds might derive from
seasonal-driven changes intrinsic to the HVC nucleus, we should
not exclude the possibility that this effect derives, at least in part,
from the modulation of HVC afferents (potentially from NIf).

Functional interpretations and conclusions
At least three outcomes could have been predicted at the begin-
ning of our experiment. An initial prediction was that HVC cells
are always selective for the current BOS, even outside the breed-
ing season. This prediction supposes that the tuning of HVC
neurons is continuously adapted to the current song and is con-
trolled by the pattern of neuronal activity expressed while singing
at any given time period. This could be envisioned because the
HVC nucleus has long been considered as a site in which auditory
and motor activity are combined (Nottebohm et al., 1976; Mc-
Casland and Konishi, 1981; Vu et al., 1994; Yu and Margoliash,
1996), and recent studies clearly indicated that, besides their au-
ditory selectivity for the BOS, HVC neurons exhibit singing-
related premotor patterns of activity (Yu and Margoliash, 1996;
Hahnloser et al., 2002). That HVC neurons in juvenile birds de-
velop selectivity for the bird’s own vocalizations in parallel with
the development of vocal learning (Volman, 1993) is also in
agreement with this view. A second potential outcome was that
the selectivity of HVC neurons for the BOS of the breeding season
persists outside this period despite the fact that the bird modifies
its song. According to this prediction, the maintenance of this
selectivity could be viewed as a memory trace of the previous
BOS. The results obtained here invalidate these two predictions.
They favor a third outcome: in the short-day photoperiod (mim-
icking the nonbreeding conditions), HVC cells became less selec-
tive to the BOS (the one sung in long-day and the one sung in
short-day conditions). This indicates that singing is not sufficient
to promote selective cells in HVC. Rather, our data suggest that
singing a more stereotyped song at the breeding season impacts
on the neuronal selectivity of HVC cells and leads to a response
bias in favor of the bird’s own song. Altogether, the present re-
sults pointed out that the selectivity of HVC neurons for the BOS
is not a fixed property: it can move among a continuum when the
photoperiod conditions change. Deciphering the mechanisms of
this remarkable model of plasticity is now an important challenge
for future research.
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