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ABSTRACT 

Among adult male zebra finches there is a striking two-fold variation in the morphology of 

several telencephalic regions that control song.  The functional significance of such dramatic 

individual differences is presently unclear – previous attempts to correlate enhanced morphology 

with song complexity have produced mixed results (e.g., MacDougall-Shackleton et al., 1998, 

Airey & DeVoogd, 2000).  I have tested an alternative hypothesis, namely, that morphological 

differences in song regions are related to use. I tested this relationship in adult male zebra finches 

by selectively reducing vocal production while holding all environmental variables constant, 

save the timing of daily feeding.  Access to food was restricted to the final 5-6h of a 14h light 

phase, a manipulation that attenuates daily undirected song production by two-thirds, but does 

not affect daily food intake or body mass (Johnson & Rashotte, 2002).  Birds were initially 

maintained on ad lib conditions for 2mos and recorded weekly for 24h to establish baseline 

levels of daily undirected song production.  They were then shifted to the restricted feeding 

protocol and held at <30% of their baseline level of daily song production for 4mos without 

major effect on body mass.  When compared to controls that sang ≈100% of their baseline (n=5), 

birds in the experimental group (n=5) showed reduced morphology (volume, neuron number) in 

a brain region involved in song control.  In contrast, a measure of overall brain volume did not 

differ between groups.  The data support the hypothesis that the morphology of the song control 

system is influenced by use, and set the stage for experiments to determine how use influences 

neuronal growth, survival and/or addition within brain regions controlling song.
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1. MORPHOLOGICAL DIFFERENCES IN MAMMALIAN CNS 

  

Since the early 1900’s, the phenomenon of individual differences in the morphology of 

cortex has been studied (Smith 1904, 1906). Driven by potential functional and behavioral 

implications (i.e., does a larger brain confer greater functional capacity?) much experimentation 

and debate has surrounded this issue.   For example, in humans it has been shown that the 

interindividual range in the morphology of primary visual cortex can be markedly different.  This 

was demonstrated in a recent post mortem study done by Andrews et al. (1997), where fifteen 

subjects were obtained for brain measurements and comparisons. The results of this study 

revealed a two- to three-fold variation in the surface area as well as the volume of primary visual 

cortex (Andrews et al., 1997). 

Similar results can be seen in rodent models as well.  Individual variation of the rat 

primary somatosensory cortex was evaluated by Riddle and Purves (1995).  53 adult male rats 

were examined for interindividual differences in S1.  S1 in rats is comprised of barrel-like 

structures that are grouped into six discrete somatic representations: the whisker pad, upper lip, 

furry buccal pad, lower jaw, forepaw, and hind paw (not measured in this experiment). The 

authors stained S1 of each rat to reveal the total barrel area in each representation.  The results 

showed that components of S1 are variable in size with several of the representations exhibiting 

a two-fold variation in size (Riddle and Purves 1995).   

While the existence of such profound individual differences in CNS morphology is well 

established, the origin and functional significance of these differences remain unclear. 
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2. TO WHAT EXTENT DOES EXPERIENCE INFLUENCE 

MORPHOLOGICAL VARIATION? 

 

Behavioral flexibility is often attributed to cerebral cortex, which may suggest that there 

is some sort of modifiable structure(s) within motor cortical circuitry. Although there are limited 

anatomical data showing experience dependent modification of cortical structure, physiological 

data has clearly demonstrated that the functional capacity of cortex is dynamic. Specifically, 

intracortical electrical stimulation of motor cortex in the rat brain after transection of the facial 

motor nerve has shown that somatotopic maps in cortex are capable of reorganization (Sanes et 

al., 2000).  In humans amputations, spinal cord injury, immobilization, and repetitive motor 

cortex stimulation have also been shown to modify motor cortex representations (Cohen et al. 

1991, Topka et al. 1991, Brasil-Neto et al. 1992, Liepert et al. 1995). The results from these 

studies clearly show the dynamic and adaptive nature of cortical motor maps in humans and 

nonhuman mammals.  Further, it has been suggested that synaptic plasticity of cortical 

connections may contribute to reorganization.  That is, through activity-sensitive mechanisms, 

the synaptic efficacy of the interconnections within cortex can be continuously adjusted up and 

down, presumably throughout life, as a consequence of exposure to appropriate activity patterns 

(Sanes et al., 2000).  

Elbert et al. (1995) conducted a classic study that implied use-dependent plasticity in 

human cortex.  Using musicians who had been playing a string instrument for different lengths of 

time, this group assessed what differences in activation may appear in cortical areas that 

represent the fingers of the left hand (fingering hand) between players who had been playing 

their instrument for a longer period of time than others.  The results of magnetic source imaging 
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suggested that the amount of cortical representation of the left hand (fingering hand) correlated 

with the age at which the person had begun to play.  That is, those who had been playing their 

instrument for a longer period of time showed a greater cortical representation of the left hand.  

Elbert et al (1995) argued that the larger representations of important digits could have a role of 

enhancing the particular needs of a string player in an adaptive manner.  Additionally, they 

suggested that the representations of different parts of the body in the primary somatosensory 

cortex of humans depends on use and can continue to change based on the current needs and the 

environment of the individual (Elbert et al. 1995). 

 As noted above, there have been few instances where experience-dependent modification 

of cortical structure has been proven.  In the early 1960’s, several experiments were done that 

suggested a role for experience or training as a way to alter brain volume (reviewed by 

Rosenzweig et al., 1996).  Based on the premise that an enriched environment would provide a 

better opportunity for learning than an impoverished environment, these studies sought to 

determine whether learning influenced cortical morphology.  Additionally, it was presumed that 

an enriched environment would improve an animal’s ability to learn and solve problems. The 

results of these studies and several subsequent replications revealed that under enriched 

environmental conditions, the rodent cortex showed measurable increases in weight, thickness, 

neuron size, and size of synaptic contacts (reviewed by Rosenzweig et al., 1996).  Although the 

brain morphological differences associated with enriched experience have been found to be 

reliable, a causal link between enriched environment and learning could not be made due to 

variable results on a wide variety of learning tasks.  Clearly some aspects of cortical morphology 

may be altered by experience; however the functional meaning of these changes is unclear.   
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3. LEARNED SONG IN ZEBRA FINCHES 

 

The song control system of zebra finches has several key advantages that allow it to be 

studied as a model for understanding relationships between behavior and corresponding neural 

mechanisms. Zebra finch song is a learned behavior that is controlled by an anatomically discrete 

neural circuit, which narrows down and facilitates the understanding of song production from 

neuron to behavior (Brenowitz et. al. 1997).  

Like humans, the zebra finch learns and acquires vocalization during distinct phases in their 

development. The phases are termed ‘auditory’ learning and ‘sensory-motor’ learning.  In zebra 

finches, song is produced only by males.  Song learning begins when juveniles hear the song of 

an adult male (auditory learning).  Subsequently, juveniles begin to practice vocalizing in the 

first phase of sensory-motor learning termed ‘subsong’ (Brenowitz et al. 1997).  Subsong 

consists of low intensity bursts of sound of variable structure that are produced at irregular 

intervals.  These highly variable bursts of sound represent the simplest attempts by a juvenile to 

produce elements of a song (Arnold 1975).  As the bird continues to practice, the next phase of 

sensory-motor learning occurs, termed ‘plastic song.’  Plastic song is characterized by the bird 

producing louder but still variable phrases; individual note types become more recognizable, but 

there are still sequencing errors. As the bird reaches adulthood (aprx. 80-100 days old) the song 

becomes crystallized.  While the song crystallization period is the phase where a bird begins to 

produce a stable sequence of song notes, some sequence errors do persist (Johnson et al. 2002). 

Whether during subsong or in crystallized song, singing in zebra finches occurs only during the 

light period throughout the day. Once song crystallization has been achieved, zebra finches 

cannot learn a new song. Thus, zebra finches represent a class of song birds called ‘age-limited’ 
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or ‘sensitive period’ learners where song learning is limited to the first year of life and new songs 

cannot be learned thereafter (Brenowitz et al. 1997).  This last point may be loosely analogous to 

the degree of difficulty that humans encounter when trying to learn new languages at older ages 

(Doupe and Kuhl 1999). 
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4. THE SONG CONTROL SYSTEM: HVC AND RA 

 

Song behavior in songbirds is regulated by an interconnected network of discrete nuclei 

whose sole responsibility has to do with song learning and production.  These nuclei increase in 

volume throughout the first year during song learning, becoming anatomically prominent and 

easily identifiable.  The motor pathway for song production consists of the higher vocal center 

(HVC), the robust nucleus of the archistiatum (RA), and the tracheosyringeal motor nucleus 

(nXIIts).  Motor neurons from nXIIts project to the sound producing organ in zebra finches, the 

syrinx (Brenowitz et al.1997). The multiple inputs to HVC suggest that this nucleus may be a site 

of initial information flow during singing, where information is then relayed to RA (Figure 1). 

The outputs from RA project to the nXIIts and then finally to the syrinx (reviewed by Margoliash 

1997). Although the specific, functional roles of HVC and RA have not been clearly identified, it 

can be concluded that these two nuclei are of central importance; if any of the nuclei in this 

pathway are disrupted, a bird will not produce a song (Nottebohm et al., 1976).   
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5. MORPHOLOGICAL DIFFERENCES IN THE SONG CONTROL 

SYSTEM 

 

As previously stated, a two to three fold size difference can be observed in cortical areas 

in the mammalian brain.  Within the song control system of adult male zebra finches, specifically 

HVC and RA, this magnitude of difference is also observed. For example, MacDougall-

Shackleton et al. (1998) measured volumes of HVC and RA in 16 non-manipulated male zebra 

finches. For HVC, the volumes ranged from 0.12mm
3
 to 0.46 mm

3
. This difference in volume 

was also seen in RA, however not as robust; volumes ranged from 0.17mm
3 

to 0.36 mm
3
.  These 

results were observed even though an index of total brain volume among subjects revealed a 

striking similarity in total brain volume. Although no clear evidence of the functional meaning of 

these volumetric differences has been found, a significant amount of research has attempted to 

address this issue.   
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6. POSSIBLE REASONS FOR ENHANCED MORPHOLOGY IN MALE 

ZEBRA FINCHES 

 

Perhaps the most widely tested belief is the idea that volumetric differences reflect the 

complexity of the song repertoire learned by a bird. That is, individual differences in song 

complexity are related to individual differences in song system anatomy. For example, Airey et 

al. (2000) have reported that size differences in HVC are predictive of repertoire size of a bird’s 

song (r = .501, n = 21, p<0.05).  The authors suggest that larger song repertoires and longer 

songs may require a greater volume of HVC to represent more song notes (Airey et al., 2000).       

In contrast to the Airey et al. (2000) findings, Ward et al. (1998) found that individual 

differences in HVC volume correlated positively with differences in the number of tutor 

syllables accurately copied.  Interestingly, they reported that total repertoire size did not correlate 

significantly with HVC volume. Although Airey et al. (2000) and Ward et al. (1998) addressed 

similar issues; procedurally the two studies were performed slightly different.  Both studies 

recorded birds in order to analyze their songs, however in Ward et. al. (1998) birds were isolated 

from male song ~8 days post hatch and raised by their mothers until they reached 30 days of age. 

Then, at 30 days, the juvenile birds were moved into a cage and tutored by two unrelated adult 

males.  In the Airey et al. (2000) study, birds were raised and tutored by biological parents.  

Thus, one may make a case that the two different environments in each study contributed to the 

different results obtained. 

 A third study concerning the issue of functional relationships between volume of nuclei 

in the song control system and singing behavior in male zebra finches was done by MacDougall-
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Shackleton et al. (1998). Specifically, this group tested whether volumes of HVC and RA are 

correlated more closely with measures of song complexity or measures of song output.  This 

study used 16 adult birds, who were housed in large group cages with other adult males for three 

weeks prior to recording.  Prior to recording sessions, males were transferred to a recording 

chamber and left in isolation for one day.  The following day a female was placed into the cage 

with the isolated male.  Immediately after introduction of the female, male vocalizations were 

recorded for half an hour.  Measures of phrase duration, number of phrases uttered in 30 min, 

number of notes per phrase, and element repertoire size were collected.  The rationale for 

collecting data on these four measures was that studying multiple aspects of song behavior would 

yield more complete information on potential relationships between nuclei and song.  These 

authors observed no correlations between measures of song region anatomy and any of the 

behavioral measures taken.  Thus, they concluded that song complexity appears to show no 

relationship to the volume of HVC and RA (MacDougall-Shackleton et al. 1998).       

 There are obvious differences between the Macdougall-Shackleton et al. (1998) study and 

the prior two studies mentioned.  Airey et al. (2000) suggest that the different results obtained 

may reflect many different aspects of the way the birds learned their song in each respective 

study.  For example, the different rearing environments may have influenced how song was 

learned and thus produced different correlative results.  Also, the birds in the Airey et al. (2000) 

study had on average a significantly greater repertoire size than did the birds in the MacDougall-

Shackleton et al. (1998) study, suggesting again that there may have been some developmental 

differences between the birds. 

 Clearly the interest in the functional role of volume differences can be seen by the 

different studies attempting to resolve this issue.  This research has revealed that additional and 
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alternate approaches are needed, as no clear relationship between song behavior and song region 

morphology has been found.   
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7. SONG AND USE 

  

 In zebra finches the idea of ‘use’ (i.e. vocal production) has come into play in several 

instances.  For example, during vocal learning, the growth of song regions is associated with the 

early stages of vocal production (Konishi and Akutagawa, 1985). While use was not directly 

measured in this study, the growth of nucleus RA coincides with sensory-motor learning. Vocal 

production might also influence behavioral development.  That is, when juvenile birds are 

learning to sing, daily song production occurs in greater amounts than it does once the birds have 

become adults and song learning is complete (Johnson et al. 2002).  Moreover, greater daily 

levels of singing by juveniles were correlated with fewer sequencing errors in the adult song 

pattern.  These data suggest that a practice or ‘use’ element is involved in vocal learning 

(Johnson et al. 2002).  The relationship between use and vocal learning suggests the possibility 

that use may influence the morphology of song regions as well. 
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8. A METHOD TO INFLUENCE USE IN THE SONG-CONTROL SYSTEM 

  

 To investigate the relationship between vocal practice and its influence on the 

morphology of the song control system, different levels of song production among zebra finches 

must be established.  Controlling song production has been attempted by several labs although 

no technique has been widely accepted as means to effectively reduce it.  Some research has 

accomplished this by having a person wave their hands at a bird when it begins to sing over a 

period time to interrupt normal levels of practice (Li et al. 2000).  Others have attempted to 

paralyze the syrinx with BoTX injections or place a bead on the syrinx to distort syringeal 

function and prevent vocal output (Pytte et al. 2000, Hough et al. 2002). Recently, a potentially 

more natural and noninvasive approach, timed access to food (TAF), has been found to be 

effective in controlling song output, although it has only been used with the zebra finch model in 

a short-term situation (Johnson and Rashotte 2002). 

 The rationale for timed feeding stemmed from findings of previous research suggesting 

that song production in zebra finches is energetically expensive.  These findings were based on 

the observation that a short period of food deprivation produced a greater decrease in song 

production compared to an equivalent period of water deprivation (Rashotte et al. 2001). 

However, a follow up study found that song is sensitive to stimulus cues associated with food 

availability and not food intake (Johnson and Rashotte 2002). Here, a manipulation (timed access 

to food - TAF) was developed where a consistent amount of food was made available only 

during the last 5-6h of a 14h light phase.  Data on food intake and body mass were collected 

throughout the 11 day study, and it was observed that birds maintained under TAF consumed 
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approximately 3g of food a day, a value that is consistent with Ad Lib eating conditions in other 

studies (Skagen 1988 and Lemon 1993).  TAF also had no negative effect on body mass. The 

food intake and body mass data indicate that the birds were in good health, and they showed little 

sign of any behavioral stress that might have been associated with the manipulation. Importantly, 

with respect to song production, birds on TAF sing two-thirds below their normal baseline level 

of song production.  Thus, along with some sort of circadian influence, food availability appears 

to be a nonsocial sign-stimulus that is associated with the elicitation of singing (Rashotte et al. 

2001, Johnson et al. 2002).  This role of food is consistent with findings in other avian species, 

where increased feeding has been associated with elevated levels of singing (Searcy 1979 and 

Strain et al. 1988).    
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9. TESTING THE ROLE OF USE IN MORPHOLOGICAL VARIATION 

AND BEHAVIORAL 

PLASTICITY IN ZEBRA FINCHES 

  

 From these initial studies we can conclude that with zebra finches, TAF is a manipulation 

that selectively attenuates undirected song production without affecting body mass or food 

intake.  Further, TAF may allow the investigation of the role of song production on the 

morphology of song regions HVC and RA.  If the volumes of HVC and RA do change as a 

function of use, that is, if a reduced period of vocal production causes a decrease in volume, then 

this may indicate that the morphology of HVC and RA is regulated by use dependent 

mechanisms. 

 The TAF protocol if effective may also help reveal other relationships that may involve 

use and song production in zebra finches.  A second line of inquiry that may reveal the effects of 

reduced song production is the issue of maintaining an adult song pattern.  In seasonal birds such 

as canaries, there are seasonal changes that occur to the fidelity of their song pattern.  That is, 

after the end of the breeding season there is an occurrence of song instability starting around late 

summer and ending during late winter.  Typically, this change in the fidelity of the song is 

characterized by the loss and addition of notes, as well as changes in inter-syllable duration and 

frequency of notes.  The reason for this change in the song pattern is unclear.  The modification 

of the pattern has been associated with a reduction in the amount of singing, fluctuation in the 

number of synapses present at sites in the song control circuit, and hormonal levels during this 

time of year (Nottebohm et al 1986, Nottebohm 1981).  It may be speculated that the pattern 
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deteriorates because it is not being ‘practiced’ enough during this fall and winter period and this 

decrease in production may not be sufficient to maintain the pattern and thus, it begins to 

deteriorate.  The zebra finch is not a seasonal bird and does not experience seasonal changes in 

the fidelity of its song pattern.  Additionally, song production levels are consistent throughout the 

year.  However, using the zebra finch as a model under the timed feeding condition, a reduced 

period of vocal production may be established which will subsequently result in the bird not 

practicing its song as much.  Over time, this would mimic a ‘winter-like’ period of vocal 

production as seen in seasonal birds.  This may give way to understanding the relationship 

between song fidelity and reduced vocal production. 
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10. HYPOTHESES 

The two working hypotheses for this study are: 

1. Adult vocal practice is necessary to maintain the fidelity of the song pattern. 

2.  Vocal practice influences the morphology of the song control system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

17 

11. METHODS 

Independent Variable: Reduced period of singing  

 Singing was manipulated by the timed feeding protocol. Two groups of adult male zebra 

finches (120-200 d/o) were used: Ad Lib (n = 5) and Timed Feeding (TAF, n = 5).  Birds were 

housed in a cage (35 x 28 x 20 cm) within a sound recording chamber.  Each cage was be 

equipped with a microphone attached to a computer running real time sound-event-triggered 

software (Avisoft-Recorder) which was used to quantify daily undirected song production.  The 

temperature of the room birds were housed in was kept between 76 – 80 degrees fahrenheit. 

Initially, all birds were maintained on ad lib food and water conditions and recorded weekly for 

24h to establish baseline levels of daily undirected song production. The TAF group was then 

shifted to the timed feeding protocol where birds were be allowed to eat 2.7g of food during the 

final 5-6h of the light phase (14L:10D). It has been shown in the pilot study by Rashotte et al. 

(2001) that under ad lib conditions birds will consume ~2.7g of Vita Finch, Sun Seed 

(www.sunseed.com) a day.  Food was removed and weighed out the next morning prior to lights 

on and the empty food dishes were placed back into the cages.  Birds were then recorded twice-

weekly for 24h over the course of 18 wks. 

 To asses whether the songs of the TAF subjects deteriorates over the 18 week period, 

stereotypy cores were calculated for both groups and then compared.  Stereotypy has been 

conducted in other studies addressing issues of song fidelity.  A stereotypy score was generated 

by taking 10 random bouts from each birds recordings once baseline levels of song production 

had been established, and then again at the termination of the 18 week period. The average bout 

length was determined in the same fashion as stereotypy; however the 20 bouts selected from 

each bird for bout length analysis were be done by using the Avisoft-Recorder computer 



   

18 

program.  The average amount of notes for both groups were also averaged and compared.  This 

aided in addressing the issue of song complexity once morphometry of the song control nuclei 

had been prepared for viewing. 

 

Dependent Variables: Song Fidelity and Brain Morphology  

 To asses any changes in health of the subjects, body mass and food intake data were 

collected from all birds twice-weekly, on non-recording days. Specifically, birds were weighed 

in the morning before lights on. To obtain a single data point, data from each subject was 

averaged across each week.  The subsequent data for each subject was then averaged with their 

group and used as the group data point. 

 Song fidelity was measured at the end of the experiment by taking ten random song bouts 

from each bird’s baseline recordings and from their week 18 recordings. Consistency, linearity, 

and stereotypy of these bouts were calculated.  These measures have been used in other studies 

to determine issues of fidelity in a bird’s song (Johnson et al. 2002).  

 At the end of 18 weeks, all birds were be perfused and brains prepared for morphological 

observation. Brains were sliced coronally, on a vibratome at a thickness of 30 micrometers.  

Sections were nissil stained for identification of song control nuclei.  Pictures of HVC and RA in 

all birds were taken using a Sony DKC-500 digital camera mounted on a Leica DMRB 

microscope. Volumes of the nuclei of interest were averaged from two observers who traced the 

borders on a computer screen using Image Pro software. Neuron number and density of HVC 

and RA counts were also averaged using inter-observer reliability.  Further, slides of the subjects 

will be coded anonymously and the measures will be obtained by counting nucleoli within a 

counting grid at 100x on a Leica light microscope.  Data on each birds middle telencephalon 
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volume was sampled as well using the tracing method stated above.  This served as a volumetric 

control to the volume measures of HVC and RA.  

 A two-way repeated measures ANOVA for each region (HVC then RA) versus treatment 

(Ad Lib vs. TAF) was used to test significance. Student Newman Keuls (SNK) was then be used 

to make planned comparisons.  However with respect to data collected on control regions of 

middle telencephalon  for volume and an area outside of nucleus RA for soma size control, a 

one-way ANOVA was used for comparisons.  Analysis of the neuron size was conducted to 

determine how changes may be happening within HVC and RA.  Pictures of the soma size of 

neurons within the two nuclei for all subjects were taken using a Sony DKC-500 digital camera 

and then traced using image pro software.  One-way ANOVA’s were run on soma size, density, 

and neuron number measures. 

 All internal organs of interest were removed from the birds during perfusion and 

weighed.  These organs included syrinx, testes, and telencephalon. Observation of excess fat in 

timed feeding birds was also observed.  For the organs, a two way ANOVA between organ and 

group will be done to test significance between the two groups. 
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12. RESULTS 

12.1 Influence of timed access to food on vocal production, overall food intake, and body mass  

Timed access to food for the last 5-6hr of the light phase stably reduced song production 

for 18 weeks (Figure 2A-C).  That is, the TAF group’s song production was selectively reduced 

and held to approximately 30% below the baseline level for 18 weeks. During this time, no effect 

on food intake or body mass was observed (Figure2A-C). Specifically, neither the amount of 

food consumed daily nor the weight of the TAF group differed from that of the Ad Lib group.  

This speaks to the specificity of the manipulation in that it appears that only song production was 

affected, as TAF birds were otherwise observed as being healthy. 

 

12.2 Effect of timed access to food on androgen sensitive tissues 

 Androgen sensitive tissues collected from the subjects (pectoralis muscle, telencephalon, 

and testes) were not affected by timed access to food.  All organs and tissues analyzed revealed 

no significant differences between the TAF and Ad Lib group (Table 1).  These negative results 

are consistent with other studies that have examined the influence of hormones on the volume(s) 

of zebra finch song nuclei (Arnold 1980). 

 

12.3 Reduced vocal production over 18 weeks did not affect the fidelity or complexity of the song 

pattern 

 Stereotypy scores were calculated to determine if sequencing errors were being made by 

the birds at the end of the experiment, perhaps as a result of signing at extremely low levels for 

an 18 week period.  Stereotypy scores for the TAF at the end of establishing a baseline and at the 
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end of the experiment were 0.85 and 0.88 seconds respectively (highest possible score is 1). For 

the Ad Lib group, the stereotypy scores were 0.83 and 0.84 seconds respectively (Table 2). The 

consistent scores within each group imply that there was no deterioration in the fidelity of the 

song pattern for the duration of the experiment, and no difference in the stereotypy scores.  These 

scores are consistent with other studies that have examined stereotypy as it relates to song 

production (Johnson et al 2002).   

Bout length was also observed pre-timed access to food and post-timed access to food to 

determine if song fidelity deteriorated over the 18 weeks.  Increased intersyllable duration has 

been reported to be associated with song deterioration in zebra finches (Nordeen and Nordeen 

1992).  Pre and post bout length scores for the TAF group were 0.76 and 0.83 seconds in 

duration respectively (Table 1).  Although this is a slight increase, the pre and post comparison 

was not statistically significant.  The Ad Lib bout length scores were 0.74 and 0.72 seconds long.   

The songs of both groups consisted of a similar level of complexity. The TAF group had 

6 notes per song, whereas the Ad Lib group had 5.6 notes per song; these results are not 

statistically significant (Table 2).  Together these results suggest that reduced singing over 18 

weeks did not affect the fidelity of the song pattern.   

 

12.4 Influence of reduced vocal production on the morphology of the song-control system 

The results from the two-way repeated measures ANOVA revealed a main effect for 

region (F1, 8 = 13.201, p < 0.05). However there was no main effect for treatment.  There was a   

significant difference for the interaction between treatment and region (F1, 8 = 5.424, p < 0.05).  

SNK comparisons revealed that there was a significant difference between the two groups only 
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in the volume of HVC (p < 0.05). The effect consisted of a two-fold volume difference in HVC 

between groups (Figure 3A).  

 Middle telencephalon volume data also revealed no significant difference between the 

groups (Figure 3A).  The overall measure of telencephalon volume in both groups was nearly 

identical.  This volumetric control suggests that timed access to food had no general effects on 

brain size, and that differences in song region morphology are specific to singing. 

 

12.5 Effect of reduced vocal production on soma size, neuron number, and density 

 The statistical results of the soma size data revealed a significant difference for the main 

effect of treatment (F1, 8 =11.741, p < 0.05) and for region (F1, 8 = 79.163, p < 0.05).  The 

interaction between treatment and region was also significant (F1, 8 = 8.729, p < 0.05). SNK 

comparisons revealed that the TAF group’s neurons had smaller soma sizes only in RA (p < 

0.05), but not HVC (Figure 4).  This implies that cell bodies in RA are sensitive to reduced vocal 

production.  There was no significant difference in RA control regions between TAF and Ad Lib 

groups.  These data suggest that the reduced soma size seen in RA of the TAF group is specific 

to this nucleus. 

 It is possible that differences in neuron density and neuron number may have 

accompanied the volume differences seen in HVC.  Thus neuron density and number were 

estimated to determine whether song production also influenced these measures in HVC and also 

in RA.  There was no significant main effect or interaction for neuron density between 

experimental groups (Figure 3B).  However, the neuron number results indicated a significant 

interaction between treatment and region (F 1, 8 = 6.204, p < 0.05).  Specifically, the Ad Lib 
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group had more neurons within HVC than did the TAF group (p < 0.05) (Figure 3C).  There was 

no significant difference in RA neuron number between groups.   
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13. DISCUSSION 

 

I tested the hypothesis that morphological differences in song regions are related to use.  

Further I also examined the relationship between song production and maintenance of the vocal 

pattern.  The findings present new information regarding neural and behavioral plasticity in zebra 

finches.  Specifically, birds can be held at ~30% below baseline levels of singing for a period of 

up to 18 weeks.  This manipulation appears to be specific to song production, as daily food 

intake as well as the mass of the TAF birds remained stable across the 18 week period when 

compared to Ad Libs.  This specific attenuation of song has no effect on the fidelity of the song 

pattern.  Moreover, the results suggest that naturally-occurring individual differences in HVC 

morphology may reflect variation quantity of daily singing.  The morphology of HVC may in 

part be determined by mechanisms of use-dependent plasticity and not necessarily the 

complexity of song or the amount of notes copied from the tutor.  Thus I rejected my first 

hypothesis that vocal production is necessary for the maintenance of the adult song pattern.  

Further, my second hypothesis was accepted. That is, vocal practice does influence the 

morphology of the song control system. 

 

Song Production and the Maintenance of the Adult Song Pattern 

The results of the experiment indicate that the fidelity of the zebra finch vocal pattern 

does not deteriorate even if the animal significantly reduces the amount of daily song production 

for an extended period of time.  This adds new information to the issue of why zebra finches sing 

so much throughout a day.  Recall that during the sensitive period of song learning, a juvenile 
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zebra finch will sing hundreds of songs a day.  The high levels of song production can vary from 

bird to bird by several thousands bouts per day, but occur at the highest levels during the ‘plastic 

song’ phase of song learning (Johnson et al 2002).  Moreover, it is believed that these high levels 

persist at this time because the bird is learning and practicing its song.  Further, the decline from 

the high levels of production seen at the end of the sensitive period may represent a consolidation 

of vocal rehearsal from ‘plastic song’ (Johnson et al 2002).  Although there is a relative decline 

in the amount of song production in adulthood, levels can still remain remarkably high.   

Why then would an adult zebra finch need to continue producing a large number of songs 

once it progresses through song crystallization and has practiced and learned its song?  It has 

been shown that the song of an adult zebra finch will deteriorate if the bird is deprived of 

auditory feedback.  As a result of deafening, a zebra finch loses auditory feedback, and 

subsequently the song itself deteriorates over 16 weeks (Nordeen and Nordeen 1992).  Thus, one 

possibility is that high levels of song production continue after song learning has ended in order 

to maintain the fidelity of the song pattern.  Moreover, in some seasonal birds, a decreased level 

of winter singing is associated with changes in the fidelity of the vocal pattern (Nottebohm et al. 

1986).  I induced a period of decreased levels of production that matched the time for deafening 

and the duration of a winter season.  However, this manipulation did not change the song pattern.  

This may suggest that high levels of adult song production do not persist to maintain the fidelity 

of the song pattern.  Also, the modification of song seen in some seasonal species does not 

appear to be due simply to a decreased quantity of singing (i.e. lack of practice) during the winter 

months.  Stated differently, if there was a level of bout production that needed to be reached in 

order to maintain the fidelity of the song pattern, it would be expected that the level be relatively 
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high since adult zebra finches can and will sing hundreds of bouts a day.  However, my results 

refute this argument.   

 

 

Song Production and the Morphology of Song Control Brain Regions 

Although I observed no effect on song fidelity, reduced song production was associated 

with reduced HVC volume.  This indicates that changes in HVC morphology do not necessarily 

lead to changes in the vocal pattern.  This is particularly interesting when considering where the 

actual song pattern memory may lie in the song control system.  Although the circuit for song 

control has been identified there is debate about where the specific neural-circuitry of the song 

pattern resides.  Although no definitive location has been found anatomically, it has been shown 

that HVC appears to express a central pattern generator for song.  Thus, it is not out of the realm 

of possibility to speculate that the memory pattern might be in populations of neurons in or 

upstream from HVC or (Vu et al 1994).  My data potentially weakens the argument because of 

the loss of thousands of neurons within HVC and no deterioration in the fidelity of the song 

pattern.  An alternate possibility may be that the song pattern is redundantly encoded within 

HVC.  If the pattern was redundantly encoded, a loss of neurons would not affect the fidelity of 

the song pattern.   

 Previous research has suggested that longer songs consisting of many notes require 

increased morphology seen in HVC (Airey et al 2000).  However, the two groups in my 

experiment were matched for song complexity. That is, both groups had similar bout lengths as 

well as the amount of song notes that made up their bouts (Table 1).  According to Airey et al 

(2000), I should not have seen any differences in HVC volume.  Specifically, both groups should 
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have displayed similar volumes since their complexity was matched.  Also, according to the 

complexity argument a decrease in volume should mean a decrease in complexity. I should have 

observed birds in the TAF group dropping notes from their repertoire and shortening their overall 

bout length in order to reduce complexity since I saw a decreased HVC volume. I did not 

observe either of these behavioral modifications to the song, implying that complexity of song is 

not critical to the volume of HVC.   

 Airey et al (2000) also suggest that the size of HVC and other song production nuclei are 

heritable across individual males.  This stems from their premise that evolutionary change in the 

brains of males in response to sexual selection by females must derive from differences in male 

brain anatomy and that these differences must be heritable.  Airey et al (2000) did find that HVC 

size is moderately heritable.  However the study is based largely on derived heritability estimates 

and yielded mostly co relational data.  Also, Airey et al reported no manipulation in their study 

and therefore no cause and effect statements can be derived from their data.  Certainly the merit 

of these correlations is warranted due to the fact that the authors used 38 zebra finch families as a 

sample.  Thus, the power of the correlations reported may yield accurate results.  However, how 

can the authors determine what is being inherited from the parents of the subjects?   

Heritability is often a factor when considering changes in anatomy, although the extent of 

its influence is often unknown as well.  It may be possible that the estimates of heritability of 

HVC may be as a result of the subjects inheriting the ability to sing greater or lesser daily 

production levels.  If this was the case, a relatively large drive that was inherited could contribute 

to the development of a complex song as well as larger nuclei within the song control system.  

Behaviorally, this inherited drive might allow a fledgling bird to sing relatively large amounts 

during development which may lead to a complex song as well as produce larger song regions.  
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If this was the case, I would expect to see greater song complexity associated with augmented 

song system anatomy as reported by Airey et al. (2000).  However, this would be a 

misinterpretation based on the fact that what’s inherited may be greater or lesser levels of daily 

song production not the size of a nucleus or a complex song.     

 My data suggest that naturally occurring morphological difference seen in zebra finch 

song control nuclei may reflect daily vocal production levels.  Stated differently, the behavioral 

variation in the quantity of daily singing, contributes to anatomical changes in the song control 

system of zebra finches.  The only difference in treatment between the TAF and Ad Lib groups 

was the timed access to feeding experienced by the TAF group.  Otherwise, all birds in both 

groups were treated under the same environmental and treatment conditions.  Furthermore, the 

significant results that were obtained should in some degree be attributed to the difference in 

treatment between the two groups.  My data rule out the possibility that the differences seen in 

the song control system are related to issues of complexity.  Alternatively, the data suggest that 

these changes are responding to how much they are being used or how much the bird is singing.  

No two birds sing the same number of song bouts from day to day. Thus it may not be surprising 

that allocation of space for HVC and RA also varies from bird to bird.   

 The decrease in HVC volume of the TAF group is due undoubtedly to material inside the 

nucleus being reduced in size or being removed.  Analysis of the neuron number in HVC of the 

TAF group did indeed reveal that a significant loss of neurons was the major contributor to the 

decreased volume.  The decrease in volume as a result of a loss of neurons seen with a decrease 

in song production suggests a direct relationship between the two.  This relationship is loosely 

analogous to what is seen in muscles of mammals.  That is, the less that we use and work our 

muscles, the smaller they generally become in overall volume.   
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If timed access to food were to be continued for a period longer than 18 weeks, it would 

be interesting to determine if there is a ‘basement effect’ associated with decreased HVC 

volume.  Is there a minimum size that HVC has to maintain before a functionally disrupted song 

has been achieved?  As stated earlier, if a basement effect does exist, achievement of this 

minimum volume would be extremely difficult to obtain by using a timed access to food 

protocol.  This is so because there were instances throughout the study where subjects in the 

TAF group literally did not sing or sang < 10 bouts a day.  If this low level of song production 

produces the degree of decreased volume observed in the present experiment, then how much 

less singing can be done to achieve a ‘basement’ volume size.  Presumably a timed access to 

food protocol would have to be coupled with some other means.  Observation of the standard 

error bar in HVC of the TAF group suggests that there is less variance in this group compared to 

the Ad Lib group (Figure 3A).  Further, this may suggest that there is a basement level of volume 

that is achieved with reduced periods of vocal production.  This last issue helped justify the 

collection of androgen sensitive tissues in the subjects.  If hormones are a factor in this story, 

their effect should have been observed in these tissues.  The fact that I observed no differences in 

testes weight or overall telencephalon and syrinx weight implies that the role of hormones is not 

major in this context.   

 

Cellular Changes in Song Control Nuclei Associated with a Reduced Period of Vocal Production 

The nature of the volume change in HVC provides new information on the specific effect 

that reduced levels of singing has on the nucleus.  Recall that my results for HVC revealed a 

significant loss of neurons between groups but no significant difference in neuron density or 

soma sizes.  Important for the interpretation of these two results is an understanding of the 
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cellular processes and mechanisms that are represented by neuron density and soma size 

measures.  The estimation of neuron density has been shown to be an indicator of the number of 

synapses present within a certain region (Casanova 2002). The fact that I saw such a decrease in 

volume in the TAF group and no change in neuron density indicates that HVC’s strategy for 

dealing with a reduced period of vocal production appears not to involve loss of synapses.   

The soma size of a neuron is indicative of levels of electrical activity and protein 

synthesis being carried out by the neuron.  The soma is the metabolic center of the neuron and 

many of the initial stages of protein synthesis begin in areas within the soma (Kandel et al 1991).  

Thus one can imagine that a neuron that participates in a behavior that occurs hundreds of times 

a day should have a larger soma than a neuron involved in a behavior that occurs infrequently.  

Since there was no difference between groups in HVC soma size, HVC neurons do not seem to 

decrease levels of protein synthesis as a result of elongated periods of reduced vocal production.   

The significance of the results mentioned in the previous paragraph becomes more 

pronounced upon observation that the number of neurons in HVC decreased in the TAF group.  

The only behavioral variable that was different between the two groups was the reduced amount 

of singing by the TAF group.  This narrows down the possible reasons that could cause this loss 

of neurons seen in HVC of the TAF group.  It appears that individual neurons in HVC do not 

become less active as judged by soma sizes between groups.  However, adjusting to less vocal 

practice is achieved through reducing the number of neurons.  It could be that HVC is under the 

influence of a similar type of mechanism that we see in human physiological studies.  That is it 

may be that experience may be capable of modifying cortical structures in the zebra finch song 

control system too.  My data suggests that the decrease in neuron number seen in HVC is related 

to less use of the song control system.  
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The timed access to feeding story for nucleus RA is much different than HVC.  The only 

change that appears to be happening is the reduced soma size of the TAF group’s neurons within 

the region.  This may suggest that the neurons within RA in the TAF group responded to timed 

access to feeding by synthesizing a smaller amount of proteins.  There was no density effect 

within this region implying that connectivity within RA remains intact even under conditions of 

reduced use.  This makes sense when considering that RA is the major ‘motor-out’ of the song 

control system.  The neurons must maintain their connections regardless of output levels in any 

given scenario.  None-the-less, although connectivity is preserved, individual RA neurons appear 

to be doing ‘less work’.   

The different strategies employed by HVC and RA to adjust to reduced levels of singing 

may provide insight into the main role(s) of these two nuclei.  An 18 week period of reduced 

vocal production seems to have a more widespread effect on the neurons within RA. Whereas 

HVC specifically removed a population of neurons, RA maintained its population but reduced 

them in size.  Consideration of what’s different about the neurons in RA that keeps them from 

losing neurons should be taken here.  RA is the last large nucleus in the descending motor 

pathway in the song control system.  Its proximity to nucleus nXIIts (RA’s only afferent 

pathway) and the syrinx may indicate that neurons in RA are more specifically concerned with 

motor functions.  HVC is higher in the pathway and projects to neurons in RA as well as song 

nuclei in the anterior hemisphere of the brain that are not associated with motor functions.  Thus 

the role of HVC may be more diversified in its responsibilities than RA.  It is likely that the 

importance of maintaining connectivity within RA has to do with its location and that it lies near 

the end of the sole motor pathway to the syrinx.  If RA is lesioned the bird will not vocalize 

(Nottebohm et al., 1976).   
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Thinking about the changes in motor pathway as a system is a more useful alternative 

than considering changes in HVC and RA independently.  The comparison of how the two nuclei 

differ in their strategies of adjusting to periods of reduced vocal production needs further 

consideration of the interaction between HVC and RA. It appears that the message to sing travels 

from HVC to RA.  McCasland and Konishi (1981) found that as a result of ongoing multineural 

recordings in the motor pathway, the song-correlated temporal pattern of neural activity in the 

motor pathway happens first in HVC then in RA.  This pattern of activity is consistent with the 

hierarchical arrangement of the pathway. Recall that in HVC I observed no change in neuron 

density or neuron soma size as a result of reduced vocal production, while I did see a decrease in 

volume accompanied by a loss of neurons.  Downstream in the pathway to RA, I only observed a 

decrease in neuron soma size.  It may be possible that RA is responding solely to the anatomical 

changes in HVC and not to reduced levels of vocal production.   

The volume change seen in HVC may be specifically related to the loss of neurons that 

project to RA.  This loss of neurons might send a downstream signal to RA to inform RA 

neurons that vocal production is consistently declining and less demand is being put on the 

system.  In turn RA may scale back the size of its neurons to become more efficient. This would 

suggest that HVC imposes a type of afferent regulation on RA.  That is, the influence of an 

upstream nucleus can regulate aspects of a downstream nucleus.  Other examples of afferent 

regulation in zebra finches have shown that presynaptic input can regulate RA neuron survival 

by synthesizing, transporting, and releasing neurotrophins anterogradely (Johnson et al 1997).   
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Summary 

The purpose of this research was to investigate the origin and functional significance of 

individual differences in the morphology of the adult CNS, using the song-control system of the 

zebra finch as a model.  Much prior work has focused on the idea that individual differences in 

song-system morphology may be heritable and lead to greater vocal complexity.  However, with 

respect to origin I have presented data suggesting that differences in use (i.e., vocal production) 

largely account for individual differences in the morphology of a brain region (HVC) that 

controls learned song in zebra finches.  With respect to function, the data also show a clear 

disassociation between HVC morphology and the complexity of the vocal pattern.  Together, my 

findings suggest that use may be a primary determinant of individual differences in the 

morphology of the adult brain generally, but that these differences should not be interpreted as 

evidence of a greater or lesser degree of behavioral complexity.  A specific experiment designed 

to examine how neuron loss is occurring in HVC should be considered as a future direction.  

Further examination of neuron populations in HVC may reveal if use can regulate neurogenesis, 

neuron death, or both in HVC.   
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APPENDIX A: GRAPHS AND TABLES 
 

 

 

Telencephalon 

(gm) 

Syrinx 

(gm) 

Testes (gm) 

 

Ad Lib    

Mean 

SD 

0.33 

0.04 

0.03 

0.01 

0.05 

0.01 

TAF    

Mean 

SD 

0.31 

0.05 

0.03 

0.01 

0.03 

0.003 

 

Table 1 Results of timed access to food on androgen sensitive 

tissues collected from the subjects 
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 Note Number Stereotypy Bout Length 

Ad Lib    

Baseline 

Week 18 

5.6 

5.6 

.83 

.84 

.74 

.72 

TAF    

Baseline 

Week 18 

6 

6 

.85 

.88 

.76 

.83 

Table 2 Summary of results for note number, stereotypy, and  

bout length.  Two scores for each measure representing baseline 

and at the termination of the experiment. 
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Figure 1: Schematic sagital drawing of the song 

bird brain. The motor pathway consist of HVC, 

RA, nXIIts (in green) controls the production of 

song and extends down to the syrinx (Brenowitz 

et al. 1997). 
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Figure 2A-C The effect of timed access to food on 

song production (A), food intake (B), and weight (C) 
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                                    Figure 3A-C. The effect of reduced vocal practice on the morphometry 

of HVC and RA. A) Volume graph of HVC and RA B) Density of neurons 

within HVC and RA (density = neurons per mm
3
).  The neuron density 

multiplied by the volume of the region gives the estimation of neuron 

number (C).   
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Figure 4 Graph representing soma size data for HVC and RA 

of TAF and Ad Lib groups.  The location of the control region 

is lateral to RA in the archistriatum. 
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