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Abstract

Variation in environmental factors such as day length and social context greatly affects
reproductive behavior and the brain areas that regulate these behaviors. One such behavior is song
in songbirds, which males use to attract a mate during the breeding season. In these species the
absence of a potential mate leads to an increase in the number of songs produced, while the
presence of a mate greatly diminishes singing. Interestingly, although long days promote song
behavior, producing song itself can promote the incorporation of new neurons in brain regions
controlling song output. Social context can also affect such neuroplasticity in these song control
nuclei. The goal of the present study was to investigate in canaries (Serinus canaria), a songbird
species, how photoperiod and social context affect song and the incorporation of new neurons, as
measured by the microtubule-associated protein, doublecortin (DCX), in HVC, a key vocal
production brain region of the song control system. We show that long days increased HVC size
and singing activity. In addition, male canaries paired with a female for two weeks showed
enhanced DCX-immunoreactivity in HVC relative to birds housed alone. Strikingly, however,
paired males sang fewer songs that exhibited a reduction in acoustic features such as song
complexity and energy, compared to birds housed alone, which sang prolifically. These results
show that social presence plays a significant role in the regulation of neural and behavioral
plasticity in songbirds and can exert these effects in opposition to what might be expected based
on activity-induced neurogenesis.
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Introduction

The social environment causes robust changes in behavior (Cacioppo et al, 2000; Catchpole
and Slater, 2003; Conaway, 1971; Lehrman et al,, 1961). For instance, in many species male
songbirds sing more songs when in the absence of a potential mate as compared to when the
female is present (Orr & Hansell, 1975; Cuthill, 1985; Sockman et al., 2005; Carere et al.,
2006; Alward et al., 2013). This suggests that once a male attracts a mate, it is economically
favorable to reduce courtship singing (Sockman et al, 2005).

Songbirds possess an interconnected system of brain nuclei that orchestrate the learning and
production of song (Figure 1A, reviewed in Nottebohm, 1996; Bottjer & Johnson, 1997;
Brenowitz et al., 1997; Fee & Scharff, 2010). The sensorimotor nucleus HVC projects to the
robust nucleus of the arcopallium (RA), which is part of the pathway required for song
production. HVC also projects to Area X (in the basal ganglia; Bottjer & Johnson, 1997; Fee
& Scharff, 2010; Fee & Goldberg, 2011), which is part of the pathway required for song
learning and auditory feedback. These nuclei show remarkable plasticity in response to
seasonally changing testosterone (T) (Brenowitz & Lent, 2002; Nottebohm, 1981;
Thompson, Bentley, & Brenowitz, 2007; Tramontin & Brenowitz, 2000; Ball, 1999). There
is also evidence that singing activity (Alvarez-Borda & Nottebohm, 2002; Ball et al 2006;
Larson et al., 2013; Nottebohm, 2002; Sartor & Ball, 2005), social cues (Boseret et al 2006;
Tramontin et al 1999b), and photoperiod (Bernard et al 1997; Gulledge & Deviche, 1998)
can contribute to this seasonal neuroplasticity in the song control system (SCS)
independently of T. For example, Boseret and colleagues (2006) have shown that males
housed with a female possess larger HVC with a larger volume relative to males housed
with a male. Males housed with a female also had more cells in HVC labeled with
doublecortin (DCX), a largely specific marker of new neurons during their first 30-40 days
of post-mitotic life (Balthazart et al., 2008), as compared to those housed with a male,
suggesting changes in the rate of neurogenesis. However, this experiment was not designed
to allow one to determine whether the female partner enhanced or the male partner
attenuated the incorporation of these new neurons (Balthazart et al., 2008). In canaries,
singing per sealso induces neurogenesis and enhances the size of the SCS nuclei (Alward et
al 2013; Li et al., 2000) but observed changes in neurogenesis could not be driven by
singing activity since in the previous experiments males housed with a female sang much
less than males housed with another male (Boseret et al 2006).

In the present study, we took advantage of the variation in socially modified singing
behavior and neuroplasticity in canaries to examine the relationship between photoperiod,
social context, behavioral plasticity, and new neuron incorporation. Specifically, we
employed behavioral and immunohistochemical techniques to evaluate the effects of
photoperiod and social context on song output, acoustic complexity, and DCX-
immunoreactivity (-ir) in HVC of male canaries.
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Methods And Materials

Subjects

A total of fifteen male and five female border canaries were purchased from a local supplier
in July 2010 when they were naturally photorefractory (based on the fact that they were
experiencing the ambient photoperiod). They were brought into the laboratory and group
housed on short day lengths (8L:16D; SD) for six weeks in cages (1m by 0.5m by 0.5m) in
either male or female groups. This photoperiodic treatment has been shown to induce
photosensitivity in photorefractory starlings and canaries (Dawson et al, 2001) Hurley et al.,
2008). Food and water were provided ad libitum for the duration of the experiment. After
two weeks in the lab, all birds were laparotomized under isoflurane (3—4% induction, then
1-2% maintenance) to confirm their sex and evaluate their gonadal state; all birds were
observed to have regressed testes/oviduct. At the termination of each experiment, the body
cavities were examined to confirm gonadal state. The protocols and procedures were
approved by the Johns Hopkins University Animal Care and Use Committee and in
accordance with the guidelines of the National Institutes of Health.

Experimental procedure

This experiment was performed with five stimulus females and fifteen males divided into
three treatment groups. Two groups consisted of male canaries placed individually on long
days (16L:8D; LD) in sound-attenuated testing chambers (0.94m x 0.56m x 0.56m) for two
weeks to stimulate reproductive development (Dawson et al., 2001; Hurley et al., 2008)
while the other group remained on SD. In one LD group, each male was paired with a
female (Paired, n=5) on the day he was transferred to LD, and in another LD group, males
were housed alone (Alone, n=5). The third group consisted of male birds housed alone, but
kept on SD (n=5). Auditory recordings were collected during the first 2 hours of the
morning period on days 1, 2, 3, 7, and 14 after the transfer of the birds to the sound-
attenuated chambers. On the final day, the birds were euthanized with an overdose injection
of secobarbital (60 mg/kg, i.m.) followed by rapid decapitation. The length and width of the
largest testis was measured following decapitation to determine the breeding conditions of
the birds. Testis volume was determined using the equation for an ellipsoid (oblate
spheroid): VV=4/3ra?b, where a is half the width and b is half the length (Stevenson & Ball,
2010).

Song analysis

Each isolation chamber was fitted with a microphone (BT-MP8087 Mini microphone from
B&H) and camera (KPC-600 Pinhole Camera 3.6mm from B&H) that was connected to a
computer running DVRserver (VV6.33b; Mammoth Technologies, Austin, TX) designed for
real-time full-motion video-capture and high-speed recording. Each day, the DVRserver
captured the dawn singing behavior produced between the hours of 7:30 AM and 9:30 AM
in .wav files sampled at 22050Hz which translated to a frequency range of 0 kHz to 11 kHz.
Song files were run through a highpass filter set to a threshold of 900Hz to remove low
frequency noise and converted to a digital format using Goldwavetm (Version 5.55;
GoldWave, St. John’s, Newfoundland, Canada) before they were visualized into sound
spectrograms using Avisoft (SASlab Pro, Berlin Germany), a Windows application for
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investigating animal acoustic communication by increasing the efficiency in extensive sound
analysis projects. For the spectrograms, the fast Fourier transforms length was set to 512
with an overlap of 75% for the temporal resolution. The song parameters of interest for each
bird were exported into Excel after being counted by Avisoft with automated parameter
measurements. The parameters selected for song analysis were based on previously
published work in canaries (Alward et al 2013; Voigt & Leitner, 2008) with slight
modifications based on past observations in our laboratory. In brief, songs were defined as
having a duration greater than one second of continuous notes with gaps no longer than half
a second. Each song was verified by looking at the original sonograms to further eliminate
noise that escaped the filter. For each bird the song measures included song rate (total
number of songs divided by the total recording time; i.e., 10 hours) and the average length of
songs.

In addition to the above measures, we were interested in particular features of song such as
how loudly the bird sings and song complexity. Previous work suggests that the social
context and breeding conditions can modulate acoustic features of song such as amplitude
(Cynx & Gell, 2004). To quantify these features, we used Avisoft Sound Analysis Software
to compute the following:

Energy: This is the sum of the squared amplitude of a song multiplied by its
sampling time (volt2*second). It quantifies how loud or intense the song is.

Entropy variance: Entropy is a measure of the spectral width and uniformity of a
signal. It is a pure number (i.e. unitless) with 0 being a pure tone (e.g., a uniform
sinusoidal wave) and 1 being noise (i.e. a non-uniform random signal)
(Tchernichovski et al., 2000). The variance of this measure collapsed across a
single bout of singing is indicative of the diversity of vocalization types included.
High entropy variance tends to indicate songs with a high degree vocal variability
caused by the inclusion of transitions between multiple different syllable/phrase
types in individual songs.

Brain extraction and sectioning

The brains were quickly extracted and fixed in 0.5% acrolein solution (9.5 ml 1M phosphate
buffered saline, PBS, and 500 ul acrolein) for 2 hours at room temperature. The brains were
washed four times for fifteen minutes each in 1M PBS and then transferred to 30% sucrose
solution overnight. Once saturated, brains were flash frozen in powdered dry ice for 5
minutes, then placed at —80°C until brain sectioning. Brains were sectioned in the coronal
plane by a single individual to ensure consistency in orientation of sections with a cryostat at
30 pum thickness into three series and we collected every section.

Doublecortin immunocytochemistry and quantification

We used a DCX immunocytochemistry protocol previously used in canary brains
(Yamamura et al., 2011). Sections were washed in 0.01M PBS three times, once in 0.1%
sodium borohydride in 0.01M PBS, and 3 times in 0.01M PBS with 1% Triton X (PBST).
Endogenous peroxidases were blocked using 0.6% H,O5 in PBST for 20 minutes which was
followed by three washes in PBST and additional blocking using 10% normal horse serum
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(NHS) in PBST for 30 minutes. Sections were incubated at 4°C in 2% NHS and PBST and
primary antibody (1:5,000 Horse-anti goat, Doublecortin, Santa Cruz, cat#; sc-8066).
Sections were washed three times in PBST, then incubated in avidin biotin horseradish-
peroxidase complex (Vectastain ABC Elite Kit, 1:200) for 1 hour, and washed three times in
PBST. The peroxidase was then visualized using diamniobenzidine (Sigma Fast DAB) for 5
minutes and sections were subsequently washed in 0.01M PBS and mounted onto gelatin-
coated microscope slides. Slides were serially dehydrated in ethanol and placed in xylene for
10 min before being coverslipped using Permount (Fisher, Fair Lawn, NJ).

We counted the two different types of DCX-ir cells (Figure 3A)--round and fusiform--in
HVC. The round cells are new neurons that have migrated to their final site and begun
differentiating while the fusiform cells are still migrating and have not begun differentiating.
The counting method was similar to that used by others (Balthazart et al., 2008; Yamamura
et al., 2011). Specifically, DCX-ir cells were counted at three different rostro-caudal levels
in three separate fields positioned in the center of HVC and in the adjacent nidopallium
lateral and ventral to HVC (see Figure 1 in Balthazart et al., 2008). These three rostro-
caudal levels of HVC were roughly equally spaced in the nucleus to provide an overall
representation of DCX-ir cells in this structure (Balthazart et al., 2008) and they show
significant levels of neuronal incorporation in adulthood (Kirn et al., 1999; Boseret et al.,
2007; Balthazart et al., 2008; Yamamura et al., 2011). Immunoreactive cells were manually
counted on images digitized through the microscope (20 x objective) in a standardized
square area (200 x 200 um) in each brain region of interest. The Cell Counter function of
ImageJ software (version 1.40g; Wayne Rasband, National Institutes of Health) was used to
identify DCX-ir cells, which were then classified as round or fusiform by a human observer.
The area used for quantification was positioned within the structure of interest in a standard
manner using clearly defined brain landmarks as previously described in detail (Balthazart et
al., 2008; Yamamura et al., 2011). All immunoreactive cells that contained a clear unstained
nucleus surrounded by stained cytoplasm were manually labeled. Cells were counted on one
side of the brain that was randomly chosen. We also counted the two cell types in
comparable brain regions, lateral and ventral to HVC, to confirm specificity of changes in
HVC. Cells counts in each area (HVC, lateral or ventral to this nucleus) were added across
the three rostro-caudal level (i.e., in three 200 X 200 um fields or 3x0.04= 0.12 mm?) and
expressed as numbers of cells per mm?.

Nissl staining and HVYC and POM area reconstruction

One series of sections was used for a Nissl stain. To obtain an estimate of HVC size, we
traced the borders of the HVC at its largest point using Image J (NIH) and computed the
corresponding area. The focus of this paper is to assess the effects of social environment and
photoperiod on new neuron incorporation as assessed by DCX immunoreactivity. However,
we also thought an estimate of HVC size among the groups would be useful. Due to some
damage to the dorsal surface of the Nissl-stained sections, we were not able to reliably
assess total HVC volume but we could reliably assess HVC size using an area estimate at its
largest extent. We also determined the size of the medial preoptic nucleus (POM) as a proxy
for central exposure to testosterone (Riters et al., 2000; Charlier et al., 2008; Alward et al.,
2013). We traced the borders of the POM at the level of the anterior commissure where it
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fully intersects with the occipitomesencephalicus (OM) tract and computed its area with the
use of the Image J software. We confirmed consistency in the planes of sections of all brains
by measuring the volume of the nucleus rotundus, a nucleus that has been shown not to
change as a function of endogenous or exogenous changes, at the same rostro-caudal level as
where the POM was measured. We confirmed that its size was not different across all
treatment groups (One-way ANOVA, F(2,14)=0.1, p>0.9).

Statistical analyses

Results

All data including the song parameters mentioned above, the number of DCX-ir round and
fusiform cells, and the HVC areas were analyzed using one- or two-way ANOVAs. Tukey’s
post-hoc analyses were used to make pairwise comparisons when appropriate. Differences
were considered significant for p<0.05.

Effects of treatment on breeding physiology

There was a main effect of treatment on testis volume (F(2,14)=11.43; p=0.002; Figure 1B).
Specifically SD males had smaller testis than Alone (p=0.001) and Paired (p=0.04) males.
Alone and Paired males were not statistically different from one another (p=0.15).
Moreover, there was a main effect of treatment on the area of the POM (F(2,14)=7.34;
p<0.05), such that SD birds on average possessed smaller POM (1.73+0.09 mm?) than
Paired (3.22 +0.46 mm?2) and Alone birds (2.84+0.23 mm?) (p<0.05 for both comparisons),
which did not differ from one another (p>0.05). Therefore, our photoperiodic treatments
were successful in inducing a physiological condition characteristic of a breeding (Paired
and Alone) and non-breeding (SD) state. Additionally, the endocrine state of the two LD
groups was not significantly different based on the volume of their testes and on the measure
of their brain exposure to testosterone as reflected by the size of the POM.

Song rate and acoustic features

We first analyzed the song data by two-way ANOVAs with the three experimental groups as
independent variable and the successive days as repeated variable and did not find a
significant interaction between these two factors for all of the variables studied (p > 0.1 for
all interaction components of the Omnibus ANOVAS). Based on the lack of statistical
effects associated with these interactions, we focused our analyses on the main effects of
treatments on all parameters for concision and clarity of data presentation. These data were
thus analyzed by one-way ANOVAs focusing on the average/total measures across the
entire experimental period. There was a significant effect of the different treatments on song
rate (F(2,14) = 6.52; p < 0.01; Figure 2A). Males that were housed alone sang significantly
more songs per hour as compared to SD (p < 0.05) and Paired (p < 0.05) birds. There was no
significant difference in the song rate between Paired and SD (p >0.5). There was also a
significant effect of treatments on the average song duration (F(2,14) = 7.25; p < 0.01;
Figure 2B). Males that were housed alone sang significantly longer songs compared to SD
(p < 0.01) and Paired (p < 0.05) birds and there was no significant difference in song
duration between these last two groups (p = 0.65).
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Similarly we also detected significant treatment effects on the entropy variance
(F(2,14)=11.68; p<0.005, Figure 1C) and energy (F(2,14)=4.77; p<0.05, Figures 2C-D).
Compared to paired birds, males housed alone sang with more energy (p<0.05) and with a
higher entropy variance (p<0.005). Compared to SD birds, however, birds housed alone did
not differ in any of these acoustic measures (p>0.17 for all paired comparisons). SD birds
sang with more entropy variance (p<0.05) than paired birds but did not differ from them
with respect to the energy of their songs (p>0.5).

There was a significant effect of treatment on the area of HVC at its largest extension
(F(2,14)=4.70, p<0.05; Figure 3D), such that the Alone birds possessed larger HVC than SD
birds (p<0.05). Paired birds were indistinguishable from both Alone and SD birds.

DCX immunoreactive cells in HVC

We found a significant difference between groups in the number of DCX round cells in
HVC (F(2,14) = 4.71, p< 0.05; Figure 3B). Male canaries that were paired with a female had
significantly more DCX round cells compared to males housed alone (p< 0.05). There was
no significant difference between paired and SD males (p=0.18) and between Alone and SD
males (p=0.49). In contrast, we did not find a significant effect of treatments on the number
of fusiform cells in HVC (F(2,14) = 2.36, p= 0.13; Figure 3C). There was also no effect of
treatments on the number of round cells or fusiform cells in the region lateral (round:
F(2,14) = 0.65, P = 0.54; fusiform: F(2,14) = 1.03, P = 0.38) or ventral (round: F(2,14) =
1.17, P = 0.34; fusiform: F(2,14) = 0.1, P=0.91) to HVC.

Discussion

In this study, we assessed the effects of photoperiod and female presence on the neural and
behavioral plasticity among males of a well-studied songbird species, the canary. We found
that males housed alone in a breeding condition sing prolifically and with more acoustic
complexity than males that were paired with a female. We also found that males housed
with a female exhibited more DCX-ir round cells in HVC relative to birds on long days
housed alone. These data suggest that the social context can regulate the incorporation of
new neurons into HVC as well as modulate features of song that are used by males to attract
a potential mate.

These observations regarding the effects of social context on singing behavior are in line
with the well-established hypothesis that song is used by males to attract a potential mate
(Catchpole and Slater, 2003; Kroodsma & Byers, 1991). Males that were housed alone and
in a breeding condition sang a larger number of songs with a greater length than birds that
already possessed a female, supporting the idea that once a male has attracted a mate, it is
economically favorable to reduce this form of courtship behavior (Sockman et al., 2005).
Previous studies have tended not to test specifically the effects of a female on changes in
song complexity. It has of course been shown that females do prefer more complex songs in
a number of songbird species (Leitdo et al., 2006). Other studies, however, have indicated
the importance of emphasizing song features such as loudness to convey efficiently this
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reproductive signal to its receivers (Brumm & Todt, 2002; Brumm, 2004, 2013; Brumm &
Slater, 2006), including females (Cynx & Gell, 2004). Our results indicate that male
songbirds in search of a mate may sing with more complexity amid a loud signal to further
increase the probability that they will attract a mate.

SD birds were similar to paired long day birds with respect to the number of songs, their
duration, and their loudness. The presence of the female thus completely suppressed these
song characteristics to the level observed under short day conditions. However SD birds
were indistinguishable from long day birds housed alone with respect song complexity. In
canaries during the non-breeding season (i.e. between late summer and early winter)
canaries are modifying their song by adding and deleting syllables until the song is
eventually crystallized (Nottebohm, 1984; Voigt & Leitner, 2008). This must lead to
increased variability in the song (i.e., increased entropy variance in the entire song) as birds
are producing a variety of songs that they will use during the breeding season to attract a
potential mate. Our entropy measure indeed quantifies variance in the entire song taking into
account the changes from one syllable type to another. In the end, while long day birds
housed alone and short day birds housed alone may be similar in this song measure, their
reason for enhancing their song complexity may differ: in one case they are modifying their
song before it eventually reaches its crystallized form (SD) while in the other they would be
trying to attract a mate (Alone).

Previous work in canaries has shown that male canaries housed with a female exhibited
enhanced HVC size relative to males housed with other males (Boseret et al., 2006). Here
we found that males housed on long days with a female were not statistically different from
birds housed alone on long days. It is, however, possible that, in the study by Boseret and
colleagues (Boseret et al., 2006), males housed with females possessed larger HVC than
those housed with a male because the presence of a male actually suppressed HVC size due
to the stress associated with aggression, not because the presence of a female enhanced HVC
size. Effects of stress and corticosterone on HVC size have indeed been observed in a
number of studies in several songbird species (zebra finches: Buchanan et al, 2004; song
sparrows: Newman et al, 2010).

Although the paired birds had the same HVC size as the alone groups, they had significantly
more DCX-ir cells in HVC despite the fact that they sang much less. This replicates a
finding of the Boseret and colleagues studies in which males paired with a female sang less
but had more DCX-ir cells in HVC than males paired with another male (Boseret et al.,
2006; Balthazart et al., 2008). These data lead to two important conclusions. Firstly they
indicate that the size of HVC does not necessarily correlate with the number of DCX-ir
cells. Such a correlation would be expected and was observed at some time points when the
size of the nucleus and the rate of neurogenesis are dynamically changing (e.g. See
Balthazart et al., 2008; Yamamura et al., 2011). It is also conceivable that changes in these
two variables are not necessarily synchronous: after a given stimulation, the size may
change later than the numbers of DCX-positive cells and this would obviously result at
specific time points in discrepancies between these two variables as observed here. This
prediction is in line with previous studies showing that the dramatic seasonal increase in the
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size of HVC does not occur until several days after the incorporation of new neurons
(Nottebohm, 1984; Alvarez-Buylla et al., 1992; Kirn, 2010).

Secondly the present data demonstrate that the density of DCX-ir cells in HVC is controlled
by a variety of factors acting in a semi-independent manner and including exposure to
testosterone, singing activity and presence or absence of a female partner. Previous studies
in canaries revealed that the production of song by itself leads to enhanced expression of
trophic factors such as brain derived neurotrophic factor (BDNF) in HVC, which causes an
increase in the incorporation of new neurons in this brain region (Li et al., 2000; Alvarez-
Borda & Nottebohm, 2002). Therefore, one may have expected to observe a larger number
of DCX-ir cells in birds from the alone group (who sang at a high rate) as compared to the
paired birds (that were singing very rarely), but the opposite result was observed. It is
important to note in this context that, regardless of the social context (Paired vs. Alone),
birds housed on long days possessed similarly enlarged testis size and POM nuclei of similar
sizes, suggesting that both were in a similar breeding condition and exposed to similarly
high circulating T concentrations. It is therefore unlikely (although cannot be completely
excluded) that differences in circulating T led to the observed differences in DCX-ir cells,
especially given that HVC size (a T-dependent variable) was equal in both the Paired and
Alone groups. The large number of DCX-ir cells in the Paired group thus seems to relate
specifically to the presence of the female independently of the singing activity and of the
endocrine (plasma T) condition. It remains nevertheless possible that long day birds that
were housed alone may have experienced some form of stress, which could have reduced the
number of DCX-immunoreactive round cells in HVC (see above and Buchanan et al, 2004;
Newman et al, 2010).

Overall, the results of this study support the importance of one of the well known proposed
functions of birdsong as applying to canaries, mate attraction, and suggest that male
songbirds emphasize specific features of song to accomplish this. These data also suggest
that the social context may have a very substantial effect on neurogenesis, and in some
contexts at least possibly more important than the production of song. This increased
number of round DCX-ir neurons present in HVC at 14 days after the placement in
experimental conditions provides an integrated view of the dynamic changes in neurogenesis
that took place during this period. It does not however allow us to determine with certainty
whether these changes are linked to modifications in cell proliferation, migration,
recruitment, differentiation and survival. It provides a result that reflects the sum of these
measures. By counting separately the fusiform (presumably still migrating) and round
(currently differentiating) DCX-ir cells we obtain, however, a view of two cell populations
that are at different stages of their ontogeny and were thus in all likelihood born at different
times before brain collection. This suggests that the presence of a female rapidly affected
neurogenesis so that 14 days later, there was an effect on cells that has already been
recruited and had initiated their differentiation in HVC. Future studies combining BrdU
injections and DCX immunohistochemistry should now be performed to dissect the
interesting phenomenon.

The adaptive consequence of neurogenesis in HVC in paired birds remains to be
investigated, but the present results suggest that if paired birds do sing, such as during later
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stages of the reproductive cycle (Hinde & Matthews, 1957; Hinde & Steel, 1976; Alward et
al., 2013), they will have an increased capacity for producing attractive, high quality song
(Leitner & Catchpole, 2004).
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Figure 1.
A) Schematic of HVC and its main synaptic targets in RA and Area X. B) Effects of

treatment on breeding condition as measured via the volume of the testis. Bar graphs are
means + SEM. Bars with a different letter are significantly different for p<0.05, bars with a
same letter are not different. C). Representative songs from each treatment group.
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Effects of treatment on song output (A. Song rate (number per hour); B. Mean song
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duration) and its acoustic features (C. Energy; D. Entropy variance, see text for additional
explanations) in male canaries. Bar graphs are means + SEM. Bars with a different letter are
significantly different for p<0.05, bars with a same letter are not different.

Eur J Neurosci. Author manuscript; available in PMC 2015 September 01.

L]

SD




1duosnuely Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Alward et al.

Cells/mm?2

Page 15

0.  HVCDCX Round

a
o 400 l
E A
£ 300+ ab
)
8 200+ b
100-
0 :
Paired Alone SD
s0 HVCDCXFusiform  C o o b D
o a,
400- | E " |
300+ g i
200= <
5
100= 2 c
0 - v
Paired Alone SD Paired Alone SD

Figure 3.
The effects of treatment on DCX immunoreactivity in HVC and on HVC area. A)

Representative photomicrograph depicting DCX round (left panel) and fusiform (right
panel) cells. Magnification bar=50 um B) Effects of treatment on the number DCX round
cells per mm? in HVC. C) Effects of treatment on DCX fusiform cells per mm?2 in HVC. D)
Effects of treatment on HVC area at its largest extension. Bar graphs are means + SEM.
Bars with a different letter are significantly different for p<0.05, bars with a same letter are
not different.
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