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ABSTRACT 

 

In this Dissertation, I describe the affects of altering the integration of two motor pathways (the 

vocal motor pathway and anterior forebrain pathway) on neural and vocal recovery in the adult 

male zebra finch.  I first detail how damage to a premotor nucleus (HVC) changes the pattern of 

immediate early gene expression in several regions throughout the song control system.  

Interestingly I find that the expression pattern observed within HVC reveals a kind of modular 

organization.  Furthermore, I find that although the contribution of the two pathways was 

transiently influenced by damage to HVC, long term changes were found to occur at the site of 

integration.  Second, I examine how sensory feedback facilitates recovery of immediate early 

gene expression in song regions, as well as its affects on vocal recovery.  Finally, I explore the 

anatomical organization of nucleus HVC by using a retrograde neuronal tracer.  I find that 

neurons display modular connectivity and are arranged along the rostral/caudal axis of the 

nucleus.  Given that neurons within HVC play a significant role in encoding the learned song 

pattern, these data provide one of the first pieces of evidence to suggest that HVC is spatially 

organized.    
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CHAPTER 1: INDEXING SONG-CIRCUIT ACTIVITY DURING RECOVERY FROM HVC 

MICROLESIONS: AN IMMEDIATE EARLY GENE STUDY. 

 

Overview:  

 Birdsong is a complex learned behavior dependent on two converging pre-motor 

pathways in the posterior and anterior telencephalon of the adult male zebra finch (Taeniopygia 

guttata).  The vocal motor pathway situated in the posterior telencephalon drives patterned, time-

locked vocalizations and descends directly from HVC (proper name) to the motor output nucleus 

RA (the robust nucleus of the acropallium).  The anterior forebrain pathway also originates in 

nucleus HVC but includes structures of the avian basal ganglia which are responsible for 

integrating time-variant signals into vocal output.  The convergence of these two pathways 

occurs at RA where they synapse onto the same neurons and together influence vocal behavior.  

Previous studies have shown that altering the integration at RA by a partial ablation of HVC, 

results in a transient destabilized song pattern.  By assessing the relative contribution of the two 

pathways at different stages of vocal recovery using motor-driven immediate early genes, I 

report here that weakening the vocal motor pathway results in changes throughout the song 

control system, and vocal recovery is a result of regaining the integrative balance at RA.  
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INTRODUCTION 

 

Birdsong is a complex learned behavior dependent on two converging pre-motor pathways found 

in the posterior and anterior telencephalon.  The posterior pathway, also known as the vocal 

motor pathway (VMP) is comprised of regions analogous to mammalian pre-motor (HVC) and 

motor cortex (RA, robust nucleus of the arcopallium) which drive patterned, time-locked 

vocalizations (Vu et al., 1994; Yu & Margoliash, 1996; Hahnloser et al., 2002).   The anterior 

forebrain pathway (AFP) includes a basal ganglia circuitry responsible for integrating a time-

variant signal into vocal output, which is required for maintaining unpatterned sequences of 

sound and plasticity throughout vocal development (Williams and Mehta, 1999; Brainard and 

Doupe, 2000; Aronov et al., 2008).  Since both pathways influence vocal behavior by converging 

at the motor output nucleus RA, understanding the contribution of these two pathways on song 

behavior could shed light on how cortical and striatal regions collaborate to produce complex 

behaviors.   

 

Together the two pre-motor pathways of the song control system originate and terminate within 

regions of the VMP.  That is, within HVC two sets of projection neurons exist: HVC-RA 

projecting neurons and HVC-X projecting neurons.  Neurons that project directly to RA from 

HVC make up the monosynaptic vocal motor pathway.  HVC-X neurons project to the AFP and 

make up the indirect polysynaptic pathway that ipsilaterally connects HVC and RA via three 

additional components: Area X of the basal ganglia, the dorsolateral medial nucleus of the 

thalamus (DLM), and LMAN (lateral magnocellular nucleus of the anterior nidopallium).  From 

Area X, neurons descend and innervate a region of thalamus that in turn ascends to the cortical 

output region LMAN, thus forming a basal ganglia-thalamocortical loop (Luo et al., 2001).  

Projections sent from LMAN complete the AFP circuitry by terminating in RA where they 

synapse on the same RA neurons that receive direct input from HVC (Mooney & Konishi, 1991; 

Stark & Perkel, 1999).  The ratio of HVC:LMAN synapses on RA neurons is 2:1 in adult birds 

(Herrmann and Arnold, 1991).  RA then sends its projections to innervate brainstem motor 

neurons that control muscle groups involved in respiration and vocalizations (see Fig 1 for 

complete song control circuitry).   
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The convergence of these pathways at nucleus RA suggests that a balance of integration between 

HVC and LMAN input is necessary to maintain the integrity of the learned song.  In fact 

multiple studies have demonstrated that altering the integration of AFP and VMP activity to 

favor time-variant AFP activity (by a 10% partial ablation – microlesion – of HVC) results in a 

transient destabilization of the vocal pattern that recovers within one week (Thompson and 

Johnson, 2007; Thompson et al., 2007).  Although behavioral recovery is rapid, it can occur 

much faster (within 24 hours) if subsequent lesions are made within basal ganglia nuclei of the 

AFP.  This suggests that the time-locked signal from HVC to RA is still intact following 

microlesions, but is masked by the time-variant input from the AFP, thus implying that the input 

from HVC to RA is simply weakened after HVC microlesions.  If this is true, then the 

underlying mechanism of rapid vocal recovery may be a result of the reestablishment of balanced 

integration between the two pathways at RA.  Furthermore, a kind of ‘circuit homeostasis’ may 

be responsible for this reestablishment, such that as HVC begins to strengthen its signal to RA 

the AFP may simultaneously weaken its input.    

 

To uncover the relative contribution of the AFP and VMP during vocal recovery, I measured 

motor driven immediate early gene (IEG) activity to assess the strength of the output of these 

pathways into RA.  

Generally, IEGs are 

useful markers for 

identifying active 

networks of neurons 

involved in specific 

behaviors.  Moreover, 

IEGs such as fos and 

zenk, have been shown to 

be highly correlated with 

singing-driven neural 

activity in the song 

regions of the zebra finch 

brain (Kimpo and Doupe 

Fig 1.  Anatomical schematic of the song control 
system showing major brain regions and axonal 
connectivity involved in vocal production.  The VMP is 
shown in black and the AFP is shown in white. 
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1997, Jarvis and Nottebohm 1997).  Given this information, if HVC microlesions weaken the 

time-locked signal conveyed to RA, one might expect an initial dampening of IEG expression 

within HVC and RA, followed by a recovery of expression as the vocal pattern returns.  

Alternatively, vocal recovery could involve a weakening of time-variant activity within the AFP, 

which would be reflected in a reduction of IEG expression within structures of the AFP.   

 

METHODS 

 

Animals and Environment 

Eighteen adult male zebra finches (>90 posthatch), raised in our breeding colony, were 

individually caged in visual but not auditory isolation from each other.  The cages were placed in 

acoustic chambers equipped with recording microphones which captured vocal behavior 

throughout the experiment.  All birds were provided free access to food and water throughout the 

experiment and housed on a 14:10 light-dark photoperiod.  Birds were allowed one week to 

acclimate to the acoustic chambers before song recording ensued.  Furthermore, all daily care and 

experimental procedures of the birds were reviewed and approved by the Florida State University 

Animal Care and Use Committee (Protocol No. 9606). 

 

HVC Microlesion Surgery   

All birds, with the exception of controls, received bilateral HVC microlesions following a one 

week acclimation period and a minimum of 3 preoperative recording days.  Birds were deeply 

anesthetized with Equithesin (0.05 cc), and then secured in a stereotaxic instrument.  The skull 

was exposed by making an incision down the center of the scalp and retracting the skin using 

curved forceps.  The bifurcation at the midsagittal sinus was used as stereotaxic zero and a small 

craniotomy over both HVC nuclei was made using predetermined coordinates (see Thompson 

and Johnson, 2007).  Electrolytic lesions were administered using an electrode securing 

apparatus designed by our laboratory.  Briefly, two small electrode holders placed 4mm apart 

secured two Teflon-insulated tungsten electrodes enabling two simultaneous penetrations each 

2mm lateral from the midline.   The placement of the electrodes was closer to the medial border 

of HVC.  Each penetration site had a depth of 0.6 mm and a 100 µA current was passed through 

each electrode for 60 s.  Previous studies using this technique have shown that ~5-10% of each 
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HVC volume is ablated 

(Thompson and Johnson, 2007; 

Thompson et al., 2007).  Once the 

lesions were completed the 

incision was sutured using 

veterinary adhesive and birds were 

placed back in their home cages 

and monitored closely.   

 

Immunocytochemistry 

All birds were overdosed with a 

barbiturate anesthetic (0.08cc 

Equithesin) and perfused 

transcardially with saline (20 ml) followed by ice-cold 4% paraformaldehyde (40 ml).  Dissected 

brains were post-fixed overnight in 4% paraformaldehyde followed by phosphate buffered saline 

until sectioning.  Brains were sectioned serially using a vibratome (Leica VT1000S) at 40 µm. 

The immuno-reactivity for the immediate early gene zenk was examined at the following time 

points post microlesion: 3-5 days (3-5d), or two weeks (2wks).  Time points were chosen to 

capture birds in different phases of behavioral recovery, such that 3-5d birds were unrecovered 

and 2wk birds were recovered.  Control birds were assessed after a one week acclimation period 

and 3 days of behavioral recording.  The amount of singing was matched for all groups (~50 

songs during the first hour of morning singing) as the amount of singing is highly correlated with 

IEG expression levels (see Fig 2; Jarvis and Nottebohm, 2007).  Alternating tissue sections from 

both the left and right hemispheres that contained song nuclei HVC, RA, or Area X were 

processed and analyzed for zenk protein, as antibody labeling is robust in these regions but not in 

LMAN (Mello and Ribeiro, 1998).   

 

For birds whose brains were sectioned coronally, the anterior and posterior halves of the brains 

were processed separately.  For 5 of these birds, anterior sections (which included Area X) were 

lost in processing and only the posterior regions (HVC and RA) for these birds were included in 

Fig 2. Average amount of singing during the first 
hour of the light phase on perfusion day for all 
groups.  No significant difference was found 
between groups. 
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the analysis.  Birds whose brains were cut in the sagittal plane had both the anterior and posterior 

regions processed together.   

 

The IEG fos was also processed alongside zenk as antibody labeling against fos protein has been 

shown to be robust in HVC and RA (but not Area X or LMAN) following singing (Kimpo and 

Doupe, 1997).  Fos was used as a comparison to determine whether the effects of the microlesion 

were zenk-specific or affected song-driven IEG activity in HVC generally.    

 

Immunocytochemistry was conducted using procedures published previously (Whitney et al., 

2000; Whitney and Johnson, 2005). Free-floating sections were pre-treated in 1% hydrogen 

peroxide for 30min, rinsed in PBS (Phosphate Buffered Saline) solution, and then pre-treated in 

5% Normal Goat Serum (NGS) (Vector Laboratories, Burlingame, CA) for 30 min.  Sections 

were rinsed in PBS solution and then incubated in zenk Egr-1 antibody serum (Santa Cruz 

Biotechnology, Santa Cruz, CA; 1:1,000 dilution: 10µl Egr-1 antibody, 10ml 0.3% Triton-X 100 

solution, and 100µl 5% NGS) or C-fos antibody serum (Santa Cruz Biotechnology, Santa Cruz, 

CA; 1:6000: 3.3µl C-Fos antibody, 10ml 0.3% Triton-X 100 solution, and 100µl 5% NGS) over 

night. 

 

The following day, sections were rinsed in PBS solution and incubated in secondary antibody 

biotinylated anti-rabbit igG serum  (Vector Laboratories, Burlingame, CA; 1:200 dilution: 50µl 

biotinylated anti-rabbit igG, 10ml 0.3% Triton-X 100 solution, and 150µl 5% NGS) for one hour.  

Sections were rinsed and treated with avidin biotin complex (ABC) reagent  (Vector 

Laboratories, Burlingame, CA) for 1 hour, rinsed again and reacted in DAB + H2O2 serum  

(Vector Laboratories, Burlingame, CA).  Sections were rinsed a final time and mounted onto 

slides with gelatin mounting solution and coverslipped the next day.  
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Lesion Verification  

Serial sections processed for IEG immuno-reactivity were examined using a digital camera 

attached to a light microscope at low power (5x).  Each bird that received an HVC microlesion 

had the remaining volume of the nucleus and the volume of the lesion estimated using 

Neurolucida software (MicroBrightField, Williston, VT).  This was done for HVC in both the 

left and right hemispheres using the same procedures as previously reported (Thompson and 

Johnson, 2007).  Briefly, the total remaining bilateral area of HVC was estimated by tracing the 

immuno-defined borders of each section.  The lesion area was traced separately.  All borders of 

remaining HVC could be clearly identified in both coronal and sagittal planes of section.  In 

sections where the lesion extended outside the borders of HVC, an adjacent unlesioned section 

Fig 3.  Thresholded images (right) of the same IEG labeled HVC 
sections (left) of a Control and a 4d bird, demonstrating the 
technique used for cellular profiling.  
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was used to determine the borders of the lesion inside HVC.  To determine the volume of each 

section, the area of HVC and the area of the lesion were multiplied by the section thickness.  To 

calculate the percent remaining volume of HVC the following equation was used: HVC volume / 

(HVC volume + microlesion volume). 

   

Cellular Profiling 

When examining the effects of the microlesion on IEG labeling in HVC it became apparent that 

cells lying within the rostral/caudal axis of the microlesion seemed to be much more affected 

than cells lying medial or lateral to the lesion site (see Fig 4).  This spatial pattern of labeling 

thus required a method of cell counting that was able to preserve this information.  Although 

unbiased stereological techniques can give a more accurate estimate of absolute differences in 

cell density, here I was interested in measuring the relative differences in positive IEG labeled 

cells between groups and across song nuclei.  To measure relative neuronal densities I chose the 

method of cellular profiling because it allowed me to preserve information regarding the 

differences in the spatial layout of immunoreactive neurons.  The use of unbiased stereological 

techniques would only preserve this spatial information if the sampling rate was increased such 

that nearly the entire nucleus was measured, a process that would be unduly time-consuming.  

Since I was interested in obtaining the relative difference and not the absolute difference, cellular 

profiling seemed the most appropriate technique to measure immuno-positive neuronal density 

differences.   

 

To determine the relative difference in IEG immunoreactivity, density measures were taken in 

song control nuclei for all groups.  This was done by taking pictures of each section containing 

HVC, RA, and Area X using an OPTRONICS MicroFIRE digital camera connected to a Leica 

DM 5000B microscope equipped with a motorized stage drive, coupled to a PC running Stereo 

Investigator 6.0 and Neurolucida software (MicroBrightField, Williston, VT).  Multiple images 

were taken at 20x magnification throughout each section and automatically merged together to 

create a detailed photo montage.  Given that the montage included some of the area surrounding 

the song nucleus, images were loaded into Adobe Photoshop CS2 (Adobe Systems Inc.) and 

cropped down to only include the song region.  This was done by tracing the immuno-defined 

borders of each song nuclei and deleting anything that fell outside of those boundaries.  The 



9 

 

section was then converted into a binary image by using the threshold function in Photoshop 

which turned everything that was above background level, namely all IEG positive neurons, 

black and everything at or below background level was converted to white (see Fig 3 for 

example).  Because thresholding was done manually, two individual observers (blind to the 

groups) separately determined the threshold levels for each section.  All binary images were then 

uploaded into Image Pro Plus software (MediaCybernetics, Bethesda, MD) and cells were 

counted using the automated cell counting function.  Next, the volume of each song nucleus was 

determined by tracing the cropped image sections in Neurolucida to get the area for each section, 

then multiplying that measurement by section thickness.  The overall density measure 

(cells/mm
3
) for each song nucleus was obtained by the following formula (total number of 

immuno-positive cells/total volume).  In the end each song nucleus had two separate density 

measures, one from each observer, which were then averaged together and a percent difference 

between observers was calculated.  Additionally, sections were rank ordered for each bird and 

nucleus (i.e., ordering sections with the highest density to the lowest density) in which case no 

differences were found between the observers.       

 

3-D Reconstructions of HVC 

The spatial arrangement of immuno-reactive neurons was visualized by creating 2-D serial 

sections which were converted into a serial 3-D reconstruction of nucleus HVC (via Neuroludia 

software).  These reconstructions also display lesion location and size within HVC.  Briefly, for 

each bird the anatomical borders of HVC were traced using a low power objective (5x) and 

labeled nuclei were identified and marked with a cell marker using a higher power objective 

(10x).  This was done using the same microscope and digital camera set up previously mentioned 

(see above).  To create the 3-D reconstructions the anatomical borders of HVC were traced, as 

well as those borders of the lesion that were confined within the nucleus.  Sections were aligned 

and automated connections were used to fill in the gaps based on section thickness.  This resulted 

in a 3 dimensional map of IEG labeling throughout HVC.   

 

Song Analysis 

In this study, all songs were ‘undirected’ (i.e., not directed toward a female), as male birds were 

caged individually throughout the experiment.  Behavioral measures consisted of analyzing 



10 

 

recorded song at three stages: Pre-operative (pre), first day of singing post-operative (post 1), and 

final day of singing post-operative (post final). Both the quantity and quality of song was 

examined.   

 

Recording Protocol.  Recording chambers were outfitted with either overhead microphones or 

unidirectional microphones placed at the front end of each cage.  The vocalizations of all birds 

were recorded continuously using a PC running sound-event triggered software (Avisoft 

Recorder,www.avisoft.de) that samples sound at a rate of 44kHz.  Each captured sound event 

was saved to the computer’s hard drive as a time-stamped .wav file and each day of singing by 

each bird was saved as a single directory which was then backed up onto a second hard drive.  

 

To insure that all song bouts were recorded each day, capture settings on Avisoft Recorder was 

set to favor false positives (a series of calls or repeated pecking on the food dish). That is, an 

average bird will produce 1000-1500 .wav files per day of which 400-600 are .wav files that 

contain a song bout. To eliminate files that do not contain song bouts, all .wav files were 

converted to .jpg images of the frequency spectra present in each file using the batch function in 

Spectrogram 12.0 (www.visualizationsoftware.com/gram.html). The .jpg images of the 

frequency spectrograms were then rapidly sorted using an image matching program, IMATCH 

(www.photools.com).  All .jpg files that did not contain a song bout were batch deleted through 

MATLAB (Mathworks Inc., Natick, MA).    

 

Perfusion Day Recording.  Songs were carefully tracked on perfusion day by an observer 

monitoring the PC running sound-event triggered software.  Birds were allowed to sing for an 

hour after lights on after which they were removed from their cages and overdosed with a 

barbiturate anesthetic (0.08cc Equithesin).   

 

Production Analysis. To measure the recovery of daily song bout production following surgery, 

for each bird in all groups (3-5d and 2wks) I calculated the average daily number of song bouts 

across the three pre-operative recording days. The average of the three pre-operative days was 

then used to establish a baseline for daily song bout production for each bird. To quantify the 

recovery of song bout production, the number of bouts produced on post 1 thru post final were 
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averaged and then divided by the pre-operative baseline to calculate a percent baseline of post-

operative bout production. 

 

Similarity Scores (Phonological Analysis).  Sound Analysis Pro (SA+) 1.04 software 

(ofer.sci.ccny.cuny.edu; Tchernichovski et al., 2000) was used to assess the change in the 

acoustic structure of motifs, using the default zebra finch settings. SA+ measures acoustic 

features (e.g., pitch, frequency modulation, amplitude, Weiner Entropy, and goodness of pitch) 

to quantify the rate of pattern change during different phases of development or recovery of song 

(e.g., Liu and Nottebohm, 2005; Deregnaucourt et al., 2005; Kittelberger and Mooney, 2005; 

Thompson and Johnson, 2007). The Similarity score function in SA+ focuses on the acoustic 

structure of compared motifs and was thus used to compare motifs from pre 1, pre 2, post 1, and 

post final for all mircolesion birds. 

 

Similarity scores were generated by randomly selecting a single sample motif from pre 1 from 

each bird that was used as the baseline for all other songs for that bird to be compared to.  All 

motif segments compared to the selected pre-operative motif were taken from the raw song file 

and consisted of a mixture of whole bouts (multiple motifs sung one right after the other) and 

single motifs (single instance of the bird’s song).  From each of the days of singing (pre 1, pre 2, 

post 1, and post final) the first 50 song files from that day were loaded into SA+ and similarity 

scores were generated.  To quantify the recovery of acoustic structure, pre 1 scores were used as 

the baseline for acoustic similarity and the scores from the subsequent three days (pre 2, post 1, 

and post final) were each divided by the baseline score to calculate a percent similarity to pre 1.    

 

Statistical Analysis 

Anatomical Analysis. A comparison analysis of microlesion size was performed for 3-5d and 

2wk birds using a one-way (Group by % Bilateral HVC Damage) ANOVA.  Two one-way 

repeated measure (Left Damage by Right Damage) ANOVAs were conducted within group to 

compare differences in lesion size across the two HVCs. The quantification of positive zenk-

labeled cells for both groups was measured as a percent of IEG expression in control birds 

(which was averaged across birds).  Two one-way (Group by Region) ANOVAs were conducted 
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to analyze density differences for regions HVC and RA.  Finally, a t-test was conducted to 

compare expression levels in 3-5d and control birds in Area X.   

 

Behavior Analysis.  The quantification of post-operative singing for each microlesion bird was 

measured as a percent of pre-op song production.  A one-way (Group by % Pre-op) ANOVA 

was used to measure the difference in post-operative song production across the two groups.  

Furthermore, two one-way repeated measure (Pre-op by Post-op) ANOVAs were conducted 

within group to compare changes in song production after microlesion surgery.  Finally, 

quantification of similarity scores for all groups and all days of singing (Pre 2, Post 1, and Post 

Final) was measured as a percent of pre 1.  Two one-way repeated measure (Pre 1 by Pre 2 by 

Post 1 by Post Final) ANOVAs were conducted within group to analyze changes in song 

phonology.  All pair-wise comparisons of statistically significant (p < 0.05) main effects or 

interactions were evaluated using Student-Newman-Keuls (SNK) tests.   All statistical ANOVA 

analyses were performed using SigmaStat 2.03 (SPSS Inc.).  

 

Regression Analysis.  A linear regression analysis was conducted to examine the relationship 

between IEG expression and recovery of the song pattern using % similarity scores for 3-5d and 

2wk birds.  Only similarity scores for post final were used in the analysis as these were perfusion 

day songs.  GraphPad Prizm 3.0 software (http://www.graphpad.com/prism/Prism.htm, La Jolla, 

CA) was used to run the regression analysis.   

 

RESULTS 
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HVC Microlesions 

To analyze group differences for overall bilateral HVC lesion volume, I used a one-way (Group 

by % Bilateral HVC Damage) ANOVA.  Results from this analysis showed no significant 

differences in bilateral lesion volume between 3-5d and 2wk groups (Group: F [1, 12] <1, p = 

0.51).  I also examined unilateral lesion volume between the left and right hemispheres by using 

a one-way repeated measures ANOVA (Left Damage by Right Damage) to determine whether 

the amount of HVC damage was bilaterally symmetrical within each group.  Results from this 

analysis showed no significant bilateral difference in lesion size in either group (3-5d Group: F 

[1, 9] = 1.2, p = 0.30; 2wk Group: F [1, 4] <1, p = 0.74).  Table 1 shows a summary of HVC 

lesion damage, and also shows the percent remaining HVC for each group.    

 

Visual Observations of IEG Labeling 

Spatial Organization of Labeling.  The spatial arrangement of IEG labeling in HVC was unique 

Fig 4 A.  3-dimensional reconstructions of HVC from a bird in each of the three 
groups.  Red dots indicate individual positive-IEG labeled neurons.  Yellow tracings 
show the location and size of the lesion.  B. Quantitative density measures of each 
of the serial HVC sections show the loss and recovery of cell labeling after 
microlesions (* indicates sections with the lesion).   
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in 3-5d birds, such that neurons lying medial and lateral to the lesion site appeared to be 

relatively unaffected.  However, neurons aligned rostral or caudal to the lesion site showed 

quantitatively less IEG expression (see Fig 4 B).  The 3-D density spread models of HVC show 

this weakened IEG labeling predominately running along the rostral/caudal axis (see Fig 4 A).  

Interestingly, when the other song regions were examined, I also observed ‘notches’ of non-

labeling in Area X for the 3-5d birds.  Control birds and 2wk birds on the other hand, showed a 

uniform pattern of IEG labeling (see Fig 7).   

 

Comparisons of  Fos and Zenk.  Figure 5 shows side by side zenk and fos IEG images from 

adjacent sections in the same 3-5d bird.  Given that the IEG expression pattern did not differ 

between the zenk and fos, statistical analyses were only conducted for zenk labeling.  Because 

neural activity is a necessary pre-requisite for the expression of both zenk and fos, the similar 

expression pattern for both IEGs in 3-5d birds suggests a reduction in singing-related neural 

activity within HVC neurons positioned along the rostro-caudal axis of the microlesion. 

 

IEG Expression in HVC is Weakened by Microlesions but Recovers 

IEG expression for the 3-5d and 2wk birds was measured as a percent of the mean IEG labeling 

in control birds.  Given that IEG labeling is highly correlated to the amount of singing (Jarvis et 

al., 1998), only birds that sang approximately 50 ± 20 songs were included in the study (see Fig 

Fig 5.  Comparison of zenk and fos IEG expression in adjacent serial sections from a 
4d bird (TH97) shows similar patterns of labeling.   
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2). To analyze group differences in IEG 

expression, and to determine if the HVC 

microlesions had an effect on singing-driven 

IEG activity, a one-way (Group by Region) 

ANOVA was conducted.  Results from this 

analysis revealed a significant difference in 

IEG expression in HVC (Group: F [2, 17] = 

9.9, p = 0.002), where expression in control 

birds was significantly higher than the 3-5d 

birds (p = 0.002), and expression in the 2wk 

birds was also significantly different from the 

3-5d birds (p = 0.03), but not different from the 

control birds (p = 0.19).  These results indicate 

that HVC microlesions reduce the amount of 

IEG labeling within HVC immediately 

following the lesion, however after two weeks 

IEG expression returns to baseline levels (see 

Fig 6A).        

 

IEG Expression in RA is Significantly 

Heightened in 2wk Birds 

Because RA receives direct input from HVC, I 

wanted to examine if HVC microlesions 

influenced changes in IEG activity in this region.  

To do this a one-way (Group by Region) 

ANOVA was conducted and I found significant 

differences in IEG labeling between the groups 

(Group: F [2, 18] = 79.384, p < 0.001).  

Specifically, birds in the 2wk group appeared to 

have significantly higher amounts of labeling when compared to 3-5d birds (p < 0.001), and even 

control birds (p < 0.001; see Fig 6B).  Although 3-5d birds were not significantly different from 

A

B

Fig 6 A.  3-5d birds had significantly 
lower levels of expression in HVC 
compared to controls (*) and 2wk birds 
(@).  2wk birds were not significantly 
different from controls, indicating that 
they recovered their IEG labeling.  B. 
IEG expression in RA shows 2wk 
birds were significantly higher than 
controls (*). 3-5d birds did not differ in 
IEG labeling from controls but did 
show significantly lower expression 
levels from 2wk birds (@).   
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controls there was a trend (p = 0.06), and upon visual inspection IEG expression in these birds 

did appear to be somewhat dampened.  Interestingly, I observed a large degree of variability in 

the labeling of the 3-5d group, which may coincide with the varying stages of vocal recovery in 

this group (see below). 

 

HVC Microlesions Significantly Reduce IEG Expression in Area X in 3-5d Birds  

To examine the effects of HVC microlesions on Area X, which receives efferent input from 

nucleus HVC, a t-test (3-5d vs. Control) was performed.  Results from this analysis revealed that 

IEG expression levels were significantly lower in 3-5d birds (t 8 = 2.7, p = 0.03).  This decrease 

in IEG expression may be attributed to the small ‘notches’ of non-labeled cells that were not 

present in the 2wk or control birds (see Fig 7). Two-week birds were not included in the 

statistical analysis because only n=3 birds in this group had sections containing Area X (due to 

sections lost during processing, see methods).  However, upon visual inspection the Area X IEG 

labeling in 2wk birds appeared to be similar to controls (see Fig 7).  This suggests that following 

a 2wk recovery period cells within the ‘notches’ are able to regain the threshold of activity 

necessary to express zenk.   Although no organized topographic HVC input to Area X has yet 

been reported (Bottjer et al., 1989; Foster and Bottjer, 1998; Luo et al., 2001), these ‘notches’ 

suggest that further research should be done to investigate this possibility.   

 

 

Fig 7. IEG labeling in Area X from a bird in each of the three groups.  The 3d bird 
(left) shows an area of sparsely labeled cells – ‘notch’ – that is not present in the 
Control or 2 wk birds.  
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Behavior 

Rate of Song Production Recovers in 

2wk Birds.  To examine changes in 

singing rate after HVC microlesions 

between 3-5d and 2wk birds, a one-way 

(Group by % Pre-op) ANOVA was 

conducted on the baseline post-op 

singing rate that was determined by 

averaging daily song production post-

operatively and dividing it by  the 

average preoperative singing rate.   

Results showed that 3-5d birds sang 

significantly fewer songs than 2wk birds 

when daily song production was 

averaged across all post-op days (F [1, 13] = 17.7, p = 0.001; see Fig 8).  This indicates that 

microlesion birds allowed to recover for 2 weeks were able to return to their baseline song 

production rate and no significant difference between pre-op and post-op singing levels was 

detectable as revealed by a one-way (Pre-op by Post-op) ANOVA (F [1, 4] < 1, p = 0.78).  

However, birds that were only allowed to recover for 3-5 days were not able to return to their 

pre-operative singing rate and sang significantly fewer songs at post-op (F [1, 9] = 15.3, p = 

0.005; see Fig 8).   

   

Similarity Scores.  Similarity scores were calculated for pre 2 and post-operative days as a 

percent of pre 1 and were analyzed to examine changes in song phonology for 3-5d and 2wk 

birds using a one-way repeated measures (Pre 1 by Pre 2 by Post 1 by Post Final) ANOVA.  

Results from this analysis confirm previous reports that HVC microlesions significantly 

destabilize the song, with a rapid return of the vocal pattern in less than 2 weeks (Thomspon and 

Johnson, 2007; Thompson et al., 2007).  Specifically, 3-5d birds showed significantly lower 

similarity scores from pre 1 immediately following the microlesion (Post 1: p < 0.001), and 

maintained significantly lower similarity scores up until they were sacrificed, 3-5 days later (Post 

Fig 8. The singing rate of 3-5d birds is 
measured as a percent of pre-op significantly 
decreases post-operatively (*) and is 
significantly lower than 2 wk birds (#).  2 wk 
birds recover their singing rate and were not 
significantly different from control birds. 
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Final: p = 0.008).  No differences were found between the two pre-op days of singing in 3-5d 

Fig 9 A. Frequency spectrograms from a bird in each of the microlesion groups 
shows the similarity between 4 days of singing (pre 1, pre 2, post 1, and post final).  
B. Group averages of percent similarity scores against pre 1 shows that in 3-5d birds 
post 1 and post final are significantly lower than pre 1 (*) and pre 2 (@) and post 1 is 
significantly lower than post final (#).  2wk birds show that post 1 is significantly lower 
than pre 1 (*), pre 2 (@), and post final (#).  
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birds (Pre 1 vs. Pre 2: p = 0.52), 

therefore similarity scores were also 

significantly lower for post 1 and post 

final when compared to pre 2 (p < 

0.001 and p = 0.013, respectively).  

Furthermore, both pre-operative days 

of singing were significantly different 

from the final day of singing (post 

final) suggesting that 3-5d birds had 

not fully recovered their song pattern.  

However, a significant difference in 

similarity scores was found between post 1 and post final in this group (p = 0.05), revealing that 

these birds were indeed improving and in the process of vocal recovery.  Additionally, 2wk birds 

showed significantly lower similarity scores on post 1 when compared to scores from pre 1 (p = 

0.029).  However, similarity scores were not different from pre 1 on the final day of singing 

(Post Final: p = 0.56), demonstrating that birds recovered their song pattern within two weeks.  

Like the 3-5d birds, 2wk birds showed no significant difference between the two pre-op days of 

singing (p = 0.58).  Pre 2 was significantly different from post 1 (p = 0.042), but not significantly 

different from post final (p =0.64).  Finally, post 1 and post final days of singing were 

significantly different from each other (p = 0.038), further demonstrating that 2wk birds had 

recovered their song pattern.   Figure 9 A and B are a summary of these results.   

 

Recovery of the Vocal Pattern is Correlated with the Return of IEG Labeling in HVC 

The amount of IEG expression in nucleus HVC was linearly proportional to the percent of vocal 

recovery, as indicated by similarity scores (see Fig 10).  In birds with low post final similarity 

scores IEG labeling was low, and in those that had higher post final similarity scores IEG 

labeling was high.  This correlation was found to be significant (r
2
 = 0.393, p = 0.02).   

 

 

 

Fig 10. Regression analysis reveals HVC IEG 
labeling is significantly correlated with vocal 
recovery as determined by percent similarity 
scores. 
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DISCUSSION 

 

The results from this experiment reveal three main findings: First, the effects of HVC 

microlesions on neuronal IEG activity suggests a rostral/caudal connectivity within HVC, as IEG 

expression in neurons located medial/lateral to the lesion site was largely unaffected.  Second, 

IEG activity within HVC was significantly decreased immediately following the microlesion but 

returned to baseline levels by two weeks.  Recovery of IEG activity within HVC was also 

correlated with the return of the song pattern.  Lastly, this experiment revealed that HVC 

microlesions produce changes in IEG labeling in the two song regions that receive synaptic input 

from HVC (RA and Area X) demonstrating that the effects of HVC microlesions are conveyed 

throughout the song circuit.  Therefore, the vocal effects of HVC microlesions (initial 

destabilization followed by recovery of the patterned song) appear to involve an alteration or 

reorganization of neural activity within the song circuit as a whole.      

 

Spatial Organization of IEG Labeling in HVC 

Upon visual inspection of the 3-5d HVC microlesion birds, I found that neurons aligned rostrally 

and caudally to the lesion site showed an overall decrease in IEG expression (see Fig 4).  Given 

that the amount of singing was matched for all groups, the decrease in expression is likely to be a 

result of the microlesion in conjunction with vocal destabilization, as the 2wk birds displayed 

vocal recovery and did not show this expression pattern.  Additionally, neurons lying on either 

side of the lesion retained their ability to express both singing-driven immediate early genes 

(zenk and fos; see Fig 5).   

 

The loss and recovery of IEG labeling in HVC seems to suggest that neurons within HVC are 

spatially organized and connected in rostrocaudal ‘modules’.  In fact, a previous study using 

horse radish peroxidase (an antero/retrograde tracer) injected into RA suggested that HVC was 

composed of rostrocaudally organized clusters of cells with very little lateral connectivity 

between them (Nottebohm et al., 1982).  However, despite the multitude of studies that have 

been done to characterize the molecular and electrophysiological phenotypes of HVC neurons, 

no follow up studies have been conducted to examine the spatial organization of these neurons.  I 

will explore HVC connectivity further in Chapter 3 (see below). 
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 Characteristics of HVC IEG Recovery and Vocal Recovery 

Quantification of immuno-reactive neurons within HVC reveals that microlesions weaken the 

time-locked signal of the VMP following the ablation, as 3-5d birds showed significantly lower 

levels of IEG expression when compared to control birds.  These results also suggest that a 

mechanism underlying vocal recovery may involve a strengthening of neural activity within the 

VMP, as 2wk birds demonstrated a return to baseline expression (see Fig 6).  Furthermore, these 

data reveal that the majority of HVC neurons outside of the lesion site are able to undergo full 

recovery despite being initially weakened by the microlesion.   

 

Additionally, this experiment showed that 3-5d birds did not fully recover their vocal pattern, as 

demonstrated by their low post final similarity scores and decreased song production rate.  

However, all of the birds displayed some improvement from post 1 to post final, supporting 

previous reports that HVC microlesioned birds can recover their song pattern within 

approximately one week (Thompson and Johnson, 2007).  Furthermore, 2wk birds were able to 

reach baseline levels in both song production rate and similarity scores, demonstrating full vocal 

recovery.   

 

When examining vocal recovery in conjunction with the return of IEG expression in HVC, a 

positive correlation was uncovered, suggesting that the re-strengthening of the VMP (as 

demonstrated by the return of IEG labeling) is correlated with the return of the song pattern (see 

Fig 10).  This finding suggests that vocal recovery is necessary for the re-strengthening of the 

VMP.  If this is true, then one should be able to prevent song recovery and observe prolonged 

decreased IEG labeling in HVC.  This hypothesis is explored in detail in Chapter 2 (see below).   

 

Effects on IEG Labeling in Other Song Regions 

The integration of the VMP and AFP at nucleus RA suggests that both pathways play a role in 

influencing vocal output.  Given that both pathways originate in HVC, I hypothesized that HVC 

microlesions would affect both the VMP as well as the AFP.  Quantifying IEG labeled nuclei in 

RA (VMP) and Area X (AFP) in microlesioned birds revealed that lesions within HVC do in fact 

induce changes within both pathways of the song circuit.  Specifically, RA showed a significant 

increase at 2 weeks after the microlesions, where IEG expression levels were higher than even 
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control birds.  IEG labeling immediately following HVC microlesions appeared to be slightly 

dampened, although this effect did not reach statistical significance (p = 0.06).  The heightened 

levels of IEG expression in RA of the 2wk birds suggests that the effects of HVC microlesions 

continue to influence the network long after vocal recovery has ensued (~1 week).   

 

In addition to weakening the VMP, HVC microlesions also appear to weaken the AFP, at least at 

the level of Area X.  Previous work done by Thompson et al. (2007) showed removal of the AFP 

output nucleus (LMAN) following HVC microlesions results in a sudden (overnight) recovery of 

the song pattern, suggesting that during destabilized singing the time-variant signal of the AFP is 

stronger than the time-locked signal of the VMP (Aronov et al., 2008).  It is therefore surprising 

that HVC microlesions appear to weaken neural activity in Area X.  In normal adult males, IEG 

expression in Area X is dramatically decreased by presentation of a female (Jarvis et al., 1998) 

and song directed towards females is less variable in structure (Kao and Brainard, 2006).  

Therefore, one possibility is that since the microlesion-induced reduction in IEG activity appears 

to be substantially larger in HVC than in Area X, the AFP signal is still stronger relative to the 

VMP signal.  Although statistical analyses were not run for Area X for the 2wk birds, 

qualitatively it is clear that the small zones of non-labeled cells recover the ability to express 

IEGs.  Taken together, the recovery of neurons in both the AFP and VMP may contribute to the 

heightened IEG response observed in RA of the 2wk birds, which in turn may reflect the 

establishment of a new functional relationship between the VMP and AFP, one that is necessary 

to maintain the recovered vocal pattern. 
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CHAPTER 2:  IS AUDITORY FEEDBACK NECESSARY FOR RECOVERY OF IEG 

EXPRESSION FOLLOWING HVC MICROLESIONS? 

 

Overview:  

 Nucleus HVC (proper name) has been implicated as an important site of integration for 

both sensory and motor processing within the song control network of the adult male zebra finch 

brain.  Thus, HVC is thought to play a role in modulating the bird’s motor activity based on 

auditory feedback.  Previous studies have shown that a partial ablation (microlesions) of HVC 

results in a temporary destabilization of the song pattern as well as a weakening of motor-driven 

immediate early gene expression within song nuclei.  The re-strengthening of neural activity in 

these regions however, is correlated with the return of the vocal pattern which has been shown to 

be dependent on auditory feedback.  It is not known however, whether the recovery of neural 

activity also requires sensory feedback.  Here I show that bilateral HVC microlesions + 

deafening does not prevent the return of immediate early gene activity within HVC or areas of 

the avian basal ganglia, revealing that neural recovery is not dependent on auditory feedback in 

these regions.  Deafening does influence neural activity at the level of the motor output nucleus 

of the song control network, which may provide an explanation for the non-recovered vocal 

pattern of birds that lack auditory feedback.    
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INTRODUCTION 

 

Auditory feedback is a necessary component of song learning in juvenile birds as well as adult 

song maintenance.  Perturbing auditory feedback in juveniles prevents normal development of 

the vocal pattern and causes slow degradation of the phonological structure and note sequence in 

adult birds (Konishi 1965; Leonardo and Konishi, 1999; Funabiki and Konishi, 2003).  Nucleus 

HVC (proper name) has been implicated as an important site of integration for both sensory and 

motor processing within the song control network.  Several studies examining neural responses 

in HVC to the bird hearing its own song have shown strong auditory responses in anesthetized 

and sleeping birds (Margoliash, 1997; Nick and Konishi, 2001).  Additionally, HVC also 

exhibits robust pre-motor activity during song production (McCasland and Konishi, 1981; Yu 

and Margoliash, 1996; Nick and Konishi, 2001; Hahnloser et al., 2002; Cardin and Schmidt, 

2003; Rauske et al., 2003).  The auditory responses however become somewhat more variable in 

awake non-singing birds (study done in zebra finches; Cardin and Schmidt 2003, 2004; Rauske 

et al., 2003), but appear to become more selective during song production (study done in 

Bengalese finches; Sakata and Brainard, 2008).  These findings suggest that HVC may play an 

important role in modulating the bird’s motor activity based on auditory feedback.    

 

HVC is situated in the posterior half of the avian forebrain and contains two sets of projection 

neurons that individually give rise to the vocal motor pathway (VMP) and the anterior forebrain 

pathway (AFP).  The VMP is composed of HVC neurons that project directly to the motor 

nucleus RA (robust nucleus of the arcopallium).  The AFP indirectly connects to the VMP via 

HVC projections sent to Area X of the basal ganglia, which sends projections to the thalamus 

and eventually to the cortical output nucleus LMAN (lateral magnocellular nucleus of the 

anterior nidopallium).  LMAN closes the circuit by synapsing onto the same RA neurons as 

HVC, thus making RA the site of integration for both pathways (Mooney & Konishi, 1991; Stark 

& Perkel, 1999).  HVC receives direct input from several auditory regions in the songbird brain 

and LMAN receives auditory input from HVC, suggesting that auditory feedback is likely to 

play an important role in maintaining the balance of integration at RA (Margoliash, 1997; Solis 

and Doupe, 1999; Cardin and Schmidt, 2004; Coleman and Mooney, 2004; Shaevitz and 

Theunissen, 2007; Bauer et al., 2008).   
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Auditory information enters the song control system via HVC, which receives input directly 

from auditory nucleus Nif (nucleus interfacialis), a region of the nidopallium that receives input 

from secondary auditory areas (Nidopallium caudal medial (NCM), caudolateral mesopallium 

(CLM); and caudomedial mesopallium (CMM) (Vates et al., 1996).  These secondary regions 

receive input from primary auditory cortex (field L), which receives presynapic input from 

auditory thalamus (ovoidalis; Kelley and Nottebohm, 1979).  Recent studies have also suggested 

that HVC receives direct auditory input from field L, and the caudal mesopallium in addition to 

Nif (CLM and CMM; Shaevitz and Theunissen, 2007; Bauer et al., 2008).  Nuclei within both 

the VMP and AFP all contain neurons that selectively respond to spectral and temporal features 

found in the bird’s own song (Doupe and Konishi, 1991; Rosen and Mooney, 2000).  One 

example of this is found in HVC-X projecting neurons which are highly tuned to fire when 

auditory exposure of the bird’s own song is elicited (Mooney, 2000).         

 

Small lesions (microlesions) placed inside HVC cause degradation of the song pattern by 

weakening the signal from the VMP, thereby altering the integration from both pathways at RA 

(see results from Chapter 1).  Recovery of the song pattern appears to coincide with the 

recovery of immediate early gene (IEG) activity in HVC, suggesting one underlying mechanism 

of behavioral recovery is the re-strengthening of VMP input into RA.  Auditory feedback may be 

an important factor that contributes to the cellular restoration of integration at RA, as birds that 

are deafened after HVC microlesions do not exhibit full behavioral recovery (Thompson et al., 

2007).  To determine if auditory feedback is also necessary for cellular recovery, I induced HVC 

microlesions followed by deafening and observed IEG labeling in HVC.  If the re-strengthening 

of the VMP is dependent on vocal recovery, then deafening should prevent the return of IEG 

labeling in HVC.  Given that auditory feedback plays an important role throughout the song 

control system, IEG expression was also examined in RA (VMP) and Area X (AFP).  

 

METHODS 

 

Animals and Environment 

Seven adult male zebra finches (>90 posthatch), raised in our breeding colony, were individually 

housed in environmentally controlled, sound attenuating chambers designed by engineers from 
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the FSU Neuroscience program.  Birds were maintained in visual and auditory isolation from 

other birds within the acoustic chambers.  All birds were kept on a 14:10 light-dark photoperiod 

in temperatures of ~26°C both maintained by a computer.  The acoustic chambers were equipped 

with unidirectional recording microphones placed directly in front of the cage, which captured 

vocal behavior throughout the experiment.  All birds were provided free access to food and water 

throughout the experiment.  Birds were allowed one week to acclimate to the acoustic chambers 

before song recording ensued.  Furthermore, all daily care and experimental procedures of the 

birds were reviewed and approved by the Florida State University Animal Care and Use 

Committee (Protocol No. 9606). 

 

HVC Microlesion Surgery   

This experiment used the same procedure as described in Chapter 1 (see above) with the 

exception that birds were placed back in their home cages after bilateral cochlea removal, which 

followed HVC microlesion surgery.      

   

Deafening by cochlea removal 

Immediately following the HVC microlesion surgery zebra finches were given another small 

dose of anesthetic (0.02cc Equithesin) and were removed from the stereotaxic instrument, 

transferred, and secured on a pivoting surgical platform. An incision was made over the opening 

of the ear to remove the elastic skin covering the canal, allowing the tympanic membrane to be 

easily visualized. The tympanic membrane was then incised to allow access and complete 

extraction of the columella.  Invaginated slightly beneath the aperture of the oval window resides 

the cochlea which was removed with the use of a fine wire hook.  The cochlea upon extraction 

was examined under the microscope for confirmation that it was completely and not partially 

removed. Following bilateral cochlea removal, the incision was treated with an antiseptic and 

closed with veterinary adhesive and the bird was returned to its home cage and monitored 

closely.  
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Immunocytochemisty 

The current experiment used the 

same procedures as describe in 

Chapter 1 for analyzing zenk and 

fos reactivity and visualization 

(see above).  Briefly, the 

immuno-reactivity for the 

immediate early gene zenk was 

examined 2 weeks post-

microlesion for deafened birds 

(ml-deaf).  The amount of 

singing (~50 songs/hr) for ml-

deaf birds was matched to the 

other three groups (3-5d, 2wks, and control; see Fig 11) on perfusion day to ensure that 

differences in IEG expression were not due to differences in the amount of singing.   

 

Lesion Verification  

The same procedures used in Chapter 1 were used here to verify lesion placement (see above).  

Two of the seven birds had only a unilateral HVC microlesion and were not included in the 

analysis.   

 

Cellular Profiling 

To determine the relative difference in IEG immuno-reactivity, density measures were taken in 

song control nuclei using the same procedures for the ml-deaf group that were conducted for 

groups in Chapter 1 (see above).  Thresholding for the ml-deaf group was conducted 

simultaneously with birds from Chapter 1, and were thus mixed in with the other three groups 

of birds so that observers were blind to all groups.  The percent difference between observers and 

rank ordering procedures from Chapter 1 was conducted for the ml-deaf birds and no 

differences were found between the observers. 

 

 

Fig 11. Average amount of singing during the first 
hour of the light phase on perfusion day for ml-deaf 
birds and groups from experiment 1.  No significant 
differences were found between groups. 
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Song Analysis 

In this study, all songs were ‘undirected’ (i.e., not directed toward a female), as male birds were 

caged individually throughout the experiment.  Behavioral measures of recorded song were 

analyzed the same way as in Chapter 1.  Briefly, song was measured at three stages: Pre-

operative (pre), first day of singing post-operative (post 1), and final day of singing post-

operative (post final).  As in Chapter 1, both the quantity and quality of song was examined.   

 

Recording Protocol and Perfusion Day.  The same recording protocol was used in this 

experiment as is described in Chapter 1 (see above).  As in Chapter 1, songs were carefully 

tracked on perfusion day by an observer monitoring the PC running sound-event triggered 

software.  Birds were allowed to sing for one hour after lights on, after which they were removed 

from their cages and overdosed with a barbiturate anesthetic (0.08cc Equithesin).   

  

Production Analysis.  Recovery of daily song bout production following surgery for this 

experiment was measured like that in Chapter 1 (see above).  Briefly, for ml-deafened birds I 

calculated the average daily number of song bouts across three pre-operative recording days. The 

average of the three pre-operative days was used to establish a baseline for daily song bout 

production for each bird in the group. The quantification of song production recovery was 

measured by taking the average number of bouts produced on post 1 thru post final and dividing 

it by the pre-operative baseline to calculate a percent baseline of post-operative bout production. 

 

Similarity Scores (Phonological Analysis).  This study used the same procedures as describe in 

Chapter 1 for analyzing changes in motif phonology and the process of song recovery (see 

above).   

 

Syllable Duration Analysis.  Sound Analysis Pro (SA+) 1.04 software was also used here to 

measure the average change in syllable (note) duration in the ml-deaf birds. Using the default 

zebra finch settings, the Explore & Score function was selected to set acoustic parameters to 

measure the length of individual notes.  To do this, songs from pre 1 were randomly selected and 

syllable-threshold controls were manually configured to reliably identify each note in the bird’s 

motif.  SA+ can use measures of amplitude, entropy, and minimum syllable and gap duration to 
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determine syllable-thresholds. Once each note in the motif was identified, the first 100 song 

bouts from each day (pre 1, pre 2, post 1 and post final) were analyzed.  The average syllable 

duration was measured for pre 1 and used as the baseline for the subsequent days.  The average 

syllable duration from pre 2, post 1, and post final were each divided by the baseline to calculate 

a percent change.   

 

To visualize how individual notes shifted post microlesion and deafening, two dimensional 

scatter plots were created using one pair of acoustic features (e.g., duration x pitch) with 

GraphPad Prizm 3.0 software.  For example, the scatter plot from pre 1 was overlaid with the 

scatter plot from post final from the same bird.  The placement of the note clusters on the x-axis 

demonstrates the shift in syllable length post surgery (see Fig 16).   

 

Statistical Analysis 

Using the same data from groups in Chapter 1, a comparison analysis of microlesion size was 

performed and included the ml-deaf birds using a one-way (Group by % Bilateral HVC Damage) 

ANOVA.  A one-way repeated measures (Left HVC by Right HVC) ANOVA was conducted for 

the ml-deaf group to compare differences in lesion size across the two hemispheres. The 

quantification of positive zenk-labeled cells for the HVC ml-deaf group was measured as a 

percent of IEG expression in control birds from Chapter 1.  The same one-way (Group by 

Region) ANOVA was performed like that described in Chapter 1 for HVC and RA, only this 

time the ml-deaf group was included in the analysis.  A t-test was conducted to measure 

differences in IEG expression in Area X for ml-deaf and Control birds.   

 

The same statistical procedures used for analyzing song behavior in Chapter 1 were performed 

again to include the ml-deaf group.  Furthermore, the same procedure was conducted for the 

linear regression analysis. Finally, to quantify the change in syllable duration from baseline (Pre 

1) for ml-deaf birds, a one-way repeated measure (Pre 1 by Pre 2 by Post 1 by Post Final) 

ANOVA was performed.  All pair-wise comparisons of statistically significant (p < 0.05) main 

effects or interactions were evaluated using Student-Newman-Keuls (SNK) tests.     

 

 



30 

 

RESULTS   

 

HVC Microlesions 

Table 2 is a summary of lesion morphology for the two groups from Chapter 1 and the ml-deaf 

birds.  To compare bilateral lesion size across groups a one-way (Group by % Bilateral Damage) 

ANOVA was performed and revealed no significant difference between total HVC damage for 

the ml-deaf group when compared to the 3-5d and 2wk birds (F [2, 18] <1, p = 0.39).  Examining 

within group differences of unilateral lesion damage using a one-way repeated measures (Left 

Damage by Right Damage) ANOVA, showed that the left and right lesions were symmetrical in 

the ml-deaf birds (F [1, 5] <1, p = 0.69). 

 

Recovery of IEG Expression in HVC is Not Dependent on Auditory Feedback 

The amount of singing for ml-deaf birds was matched to the amount of singing from birds in the 

other 3 groups from Chapter 1 (see Fig 11).  IEG expression for HVC ml-deaf birds was 

measured as a percent of the average IEG labeling in control birds from Chapter 1.  A one-way 

(Group by Region) ANOVA was performed to examine the effects of perturbed auditory 

feedback on the recovery of IEG expression in microlesioned birds.  The results from this 

analysis revealed a significant difference in IEG expression (Group: F [3, 23] = 8.42, p < 0.001), 

where expression in 3-5d birds was significantly lower than ml-deaf birds (p 0.02), but 

expression in 2wk ml-deaf birds was not significantly different from control levels (p = 0.17).  

Furthermore, labeling in 2wk ml-deaf birds did not differ from 2wk hearing intact birds (p = 
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0.83: see Fig 12A).  These results 

suggest that the recovery of IEG 

expression observed in the 2wk 

microlesion birds is not dependent on 

auditory feedback, as labeling in the 

ml-deaf birds also returns to baseline.   

 

The HVC Microlesion-Induced 

Increase in IEG Expression in RA 

Depends on Auditory Feedback 

Chapter 1 demonstrated that birds 

allowed to recover from HVC 

microlesion surgery for 2 weeks 

showed significantly increased IEG 

labeling in RA, surpassing that of 

controls.  Here I examined the effects 

of HVC microlesions and deafening 

on changes in IEG expression in ml-

deaf birds using a one-way (Group by 

Region) ANOVA.  Results from this 

analysis revealed a significant 

difference in IEG labeling across the 

four groups (Group: [3, 23] = 79.384, 

p < 0.001).  However, RA labeling in 

the ml-deaf group did not differ from 

control birds (p = 0.78), or 3-5d birds 

(p = 0.08), but was significantly lower 

than the 2wk birds (p < 0.001: see Fig 12B).  Given that the 2wk birds showed a heightened level 

of labeling in RA and the ml-deaf birds did not may suggest that auditory feedback is a necessary 

component to this compensatory response.   

    

Fig 12 A. 3-5d birds had significantly lower 
levels of expression in HVC compared to 
controls (*), 2 wk birds (@), and ml-deaf birds 
(#).  2 wk and ml-deaf birds were not 
significantly different from controls, indicating 
that they recovered their IEG labeling.  B. IEG 
expression in RA shows 2 wk birds were 
significantly higher than controls (*). 3-5d and 
ml-deaf birds did not differ in IEG labeling from 
controls but did show significantly lower 
expression levels from 2 wk birds (@).   

A 

B 
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IEG Expression in Area X is Not 

Dependent on Auditory Feedback 

To examine the effects of HVC microlesions 

in conjunction with deafening on IEG 

expression in Area X, a t-test (ml-deaf vs. 

Control) was conducted.  The results from 

this analysis showed no significant difference 

in IEG expression in ml-deaf birds from that 

of control birds (t 8= -1.02, p = 0.34) 

suggesting that after 2 weeks, deafening does 

not affect expression levels in Area X.   

 

Behavior 

Rate of Song Production Does Not Recover 

in 2 wk ml-deaf Birds.  To examine changes 

in singing rate after HVC microlesions and deafening a one-way (Group by % Pre-op) ANOVA 

was performed.  Results from this analysis revealed a significant change in singing rate (Group: 

F [2,18] = 6.22 p = 0.011) for the 3-5d and ml-deaf groups from the 2wk birds.  The 2wk 

Fig 14.  Group averages of percent similarity scores against pre-op 1 shows 
that in 3-5d birds post-op 1 and post final are significantly lower than pre-op 1 
(*) and pre-op 2 (@) and post-op 1 is significantly lower than post final (#).  2 
wk birds show that post 1 is significantly lower than pre-op 1 (*), pre-op 2 (@), 
and post final (#).  Birds in the ml-deaf group show that post1 and post final are 
significantly lower than pre-op 1 (*), pre-op 2 (@), and post-op 1 (#), indicating 
that deafening prevents vocal recovery.  

Fig 13.  The singing rate of 3-5d and 
ml-deaf birds are measured as a 
percent of pre-op and significantly 
decreases post-operatively (*) and are 
significantly lower than 2wk birds (#).  
2wk birds recover their singing rate and 
were not significantly different from 
control birds. 
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hearing-intact birds sang significantly more than the 3-5d group (p = 0.009), as well as the ml-

deaf group (p = 0.02).  Furthermore, the singing rate of the 3-5d and ml-deaf birds were not 

significantly different from each other (p = 0.56; see Fig 13).  Given that 3-5d birds were not 

able to return to pre-operative song production levels, I ran a one-way repeated measures (Pre-op 

by Post-op) ANOVA for ml-deaf birds and found that they also had a significantly lower singing 

rate at post-op (F [1, 5] =13.81, p = 0.021).  These data reveal that auditory feedback is necessary 

for song production rate recovery in 2wk HVC microlesion birds.  

 

Similarity Scores. It has previously been reported by our laboratory that deafening prevents vocal 

recovery in HVC microlesion birds (Thompson et al., 2007).  To further test these findings 

similarity scores were calculated as a percent of pre 1 for three subsequent days (pre 2, post 1, 

and post final).  To examine changes in song phonology after microlesions and deafening a one-

way repeated measures (Pre 1 by Pre 2 by Post 1 by Post Final) ANOVA was performed for ml-

deaf birds.  Results from this analysis confirmed Thompson et al. (2007), by revealing 

significantly lower similarity scores for both post 1 (p < 0.001) and post final (p = 0.002) when 

compared to pre 1.  Furthermore, no differences were found between the two pre-op days of 

singing (Pre 1 vs. Pre 2: p = 0.78), 

therefore post1 and post final were also 

significantly different from pre 2 ( p < 

0.001 and p < 0.001, respectively).  A 

comparison of post 1 and post final days 

of singing revealed no significant change 

in similarity scores (p = 0.23), 

demonstrating that ml-deaf birds were not 

able to recover their song even 2 weeks 

post microlesion (see Fig 14).   

 

Average Duration of Song Syllables Does 

Not Recover in ml-deaf Birds.  Figure 16 

shows that in most cases the average note 

duration was shortened, shifting the 

Fig 15.  The duration of song in ml-deaf 
birds was measured as a percent of pre-op 
1.  The graph shows that microlesions + 
deafening result in a significant change in 
the duration of the bird’s song (* 
significantly different from pre-op 1; @ 
significantly different prom pre-op 2).  

* @ 
* @ 



34 

 

syllables and song as a whole to the left on the x-axis of the scatter plot.  To examine the change 

in syllable duration after HVC microlesions and deafening a one-way repeated measures (Pre 1 

by Pre 2 by Post 1 by Post Final) ANOVA was performed.  Results revealed a significant change 

in the average syllable duration from pre 1 to post 1 (p < 0.001) and pre 1 to post final (p < 

Fig 16.  Scatter plots of three ml-deaf birds depict pre-operative note clusters 
(gray) and post-operative note clusters (black) that are overlaid for post-op 1 
(left) and post final (right).  Microlesion + deafened birds show a shift in note 
duration that does not recover.  
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0.001).  No differences 

were found between the 

two pre-op days (p = 0.68), 

thus both post 1 and post 

final syllable duration were 

also significantly different 

from pre 2 (p < 0.001 and < 

0.001, respectively).  A 

comparison of post 1 and 

post final average syllable 

duration revealed no 

significant change (p = 

0.22), demonstrating that ml-deaf birds were not able to return to pre-op levels (see Fig 15).              

 

Recovery of the Vocal Pattern is Not Correlated to IEG Expression in HVC for ml-deaf 

Birds 

The amount of IEG expression in nucleus HVC was not found to be linearly proportional to the 

percent of vocal recovery when ml-deaf birds were added to the groups from Chapter 1, as 

indicated by similarity scores (r
2
 = 0.097, p = 0.21; see Fig 17).  This was because IEG 

expression in HVC was recovered in these birds even though they did not recover their song 

pattern.    

 

DISCUSSION 

 

Results from this study have provided further insight into the role of auditory feedback on the 

song control circuit by revealing three main findings: First, the recovery of IEG labeling in HVC 

after microlesions is not dependent on vocal recovery or auditory feedback.  Second, I confirm 

that auditory feedback is necessary for vocal recovery at three different levels: spectrally, 

temporally, and the rate at which song is produced. Lastly, this experiment revealed that HVC 

microlesions + deafening induce changes in IEG expression in other song regions that differ 

from the changes observed in hearing-intact HVC microlesioned birds.   

Fig 17. Regression analysis reveals HVC IEG labeling 
is not significantly correlated with vocal recovery, as ml-
deaf birds did not recover their vocal pattern, but did 
show recovery of their IEG labeling in HVC. 



36 

 

Recovery of IEG Labeling in HVC is Not Dependent on Vocal Recovery in HVC 

Microlesioned Birds 

Although the recovery of IEG labeling in HVC was significantly correlated with vocal recovery 

in Chapter 1 (see Fig 10), here I aimed to test this hypothesis further.  By removing auditory 

feedback immediately after HVC microlesion-induced vocal destabilization, I was able to 

prevent vocal recovery.  However, this did not prevent the return of IEG expression in HVC, as 

labeling in ml-deaf birds was not significantly different from 2wk or control birds from Chapter 

1 (see Fig 12).  This suggests that the re-strengthening of HVC input into RA does not depend on 

vocal recovery and/or auditory feedback.   

 

Given that HVC receives direct input from several auditory regions, this finding is somewhat 

puzzling.  However, several studies have implied that production and perception may not be 

tightly linked in adult birds, for example HVC-X projecting neurons are not sensitive to auditory 

stimuli while the bird is singing (Margoliash et al., 1994; Kozhevnikov and Fee, 2007).   

 

Although it is apparent that auditory feedback modulates behavioral recovery, as demonstrated 

by Thompson et al. (2007), other factors may be involved in promoting the return of normal IEG 

activity within HVC that are independent of sensory feedback.  Such factors could include 

underlying molecular mechanisms, such as an upregulation of central estrogens and 

neurotrophins.  Multiple studies have demonstrated the neuroprotective role of estradiol in the 

zebra finch brain, specifically after injury (Peterson et al., 2001; Wynne and Saldanha, 2004).  

Additionally, in songbirds it has been demonstrated that microglia secrete growth factors at the 

immediate site of injury as a mechanism to increase local cell survival (Lee et al., 2007). It is 

likely the case that these mechanisms are involved in the re-strengthening process of the VMP 

via the return of IEG labeling, however it is not known whether or not these mechanisms are 

suppressed in the absence of auditory feedback. 

    

Rate of Singing, Song Phonology, and Song Duration Recovery are Dependent on Auditory 

Feedback 

Results from this study reveal that deafening prevents vocal recovery at several levels.   First, the 

daily song production rate of ml-deaf birds was significantly decreased by approximately 50% 
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when compared to their pre-operative baseline amount of singing (see Fig 13).  Although 

Chapter 1 revealed that HVC microlesions alone significantly lower the singing rate 

immediately following the lesion (see above), this study showed that ml-deaf birds remain 

significantly lower than baseline even two weeks after the microlesion.  Furthermore, ml-deaf 

birds did not differ significantly from the singing rate of non-recovered 3-5d birds, 

demonstrating that auditory feedback is necessary for the recovery of song production rate in 

2wk microlesion birds.   

 

Secondly, in examining the phonological similarities between pre-op and post-op song structure, 

I found that ml-deaf birds were not able to recover their song pattern following two weeks of 

behavioral recovery.  This was demonstrated by their significantly lower post-operative 

similarity scores (see Fig 14).  These results support the findings of Thompson et al. (2007) that 

also showed a reduction in phonological similarities following HVC microlesions and deafening 

up to three weeks after the microlesion.   

 

Figure 16 shows that the removal of auditory feedback following HVC microlesions resulted in a 

shift in the duration of the song syllables.  Results from this analysis revealed that ml-deaf birds 

produced significantly shorter syllable durations post-operatively and were not able to return to 

pre-operative levels two weeks following HVC microlesions.  Most commonly, birds shortened 

the duration of longer syllables within the motif and did not have as much difficulty producing 

the shorter syllables.  This data supports previous studies in both songbirds and humans that 

deafening induces changes in the temporal as well as spectral pattern of syllables (Waldstein, 

1990; Nordeen and Nordeen, 1992; Horita et al., 2008).  

 

HVC microlesion + Deafening Induced Changes in Other Song Regions 

Quantification of IEG labeling in RA of the VMP revealed that removal of auditory feedback 

after HVC microlesions prevented the heightened IEG induction observed in the 2 wk hearing-

intact HVC microlesion birds from Chapter 1 (see Fig 12B).  This suggests that auditory 

feedback may be important for establishing new levels of balanced integration at the level of RA, 

given that RA receives input from both the VMP and AFP.   Several studies have implicated that 

RA is instrumental in integrating syllable information and thus receives auditory information 
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from both HVC and LMAN (Yu & Margoliash, 1996; Kao et al., 2005; Kubikova et al., 2007; 

Horita et al., 2008).  Given that recovery of IEG labeling in HVC does not depend on auditory 

feedback may imply that the balance of integration at RA depends on sensory input from another 

source.  Furthermore, a previous study conducted by Whitney and Johnson (2005) revealed, the 

induction of the zenk protein in RA is dependent on auditory exposure, as deafened birds and 

birds in social isolation showed a dramatic decrease in expression.  Given that this study showed 

IEG labeling in ml-deaf birds that was comparable to control levels, suggests that HVC 

microlesions cause a dramatic upregulation in IEG labeling in RA two weeks post lesion but this 

effect is hindered by deafening.   

 

When examining IEG expression patterns in the AFP, Area X labeling in ml-deaf birds did not 

differ from control birds.  This suggests that the recovery of IEG expression within the AFP is 

also not dependent on auditory feedback.  Interestingly, previous studies have shown that 

removal of the AFP prior to deafening prevents the typical changes in the vocal pattern 

associated with deafening (Brainard and Doupe, 2000, 2001), suggesting that the AFP is 

necessary to produce deafening-induced changes in the song pattern.  Given that in adult 

deafened birds it can take up to 4 weeks to observe changes in the song pattern and up to 16 

weeks to observe severe destabilization (Nordeen and Nordeen, 1992), it is possible that two 

weeks was not enough time to determine if deafening had a direct effect on IEG labeling in both 

HVC and Area X. 

 

When taken together, the effects of HVC microlesions plus deafening on the song control system 

as indexed by IEG expression are quite interesting.  Although the recovery of IEG expression did 

not seem to depend on auditory feedback in HVC (VMP) or Area X (AFP), the effects at RA (the 

site of integration) did depend on auditory feedback.  This suggests that behavioral recovery may 

take place at the level of RA, such that when birds recover their vocal pattern after HVC 

microlesions a new pattern of IEG expression emerges.  However, when birds are prevented 

from recovering their vocal pattern by removal of auditory feedback after microlesions, IEG 

expression levels in RA remain at control levels and behavioral recovery is prevented.   
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CHAPTER 3:  EXAMINING MODULAR CONNECTIVITY WITHIN HVC. 

 

Overview:  

 Within pre-motor nucleus HVC (proper name) of the zebra finch telecephalon, three 

types of neurons exist: HVC-RA projecting, HVC-X projecting, and HVC interneurons.  Several 

studies have suggested that the learned adult song pattern is encoded within HVC with HVC-RA 

neurons holding small millisecond pieces of song syllables.  However, despite the multitude of 

studies that have been done to anatomically and electrophysiologically characterize neurons 

within HVC, little is known about the organization of this pre-motor nucleus.  Interestingly, data 

examining neural activity in partially ablated HVC nuclei showed a distinct pattern of motor-

driven immediate early gene inactivation, which revealed modules of non-labeled neurons lying 

on the rostral/caudal axis of HVC.  This data seems to suggest that HVC may display either an 

anatomical or functional organization (i.e. communication between neurons is spatially 

organized).  Here I show that injecting a small amount of retrograde tracer into HVC reveals that 

cells are spatially connected in these rostrocaudal modules that extend from one end of HVC to 

the other.  That HVC is arranged into these distinct modules has profound implications for our 

understanding of how song may be encoded within this pre-motor nucleus.       
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INTRODUCTION   

 

Within pre-motor nucleus HVC (proper name) of the zebra finch telecephalon, three types of 

neurons exist: HVC-RA projecting, HVC-X projecting, and HVC interneurons (HVC-ints).  

Neurons within HVC that directly project to RA (robust nucleus of the arcopallium) make up the 

monosynaptic vocal motor pathway (VMP).  HVC-X neurons project to the anterior forebrain 

pathway (AFP) and make up the indirect polysynaptic pathway that ipsilaterally connects HVC 

and RA and includes the avian basal ganglia (Area X).  Anatomically, HVC-RA projecting 

neurons outnumber HVC-X projecting neurons 4:1 and both populations are distributed throughout 

HVC (Wild et al., 2005).  Functionally, electrophysiological data suggests that HVC-RA and HVC-X 

projection neurons are able to directly excite one another; however they indirectly inhibit one another 

via HVC-ints (Mooney and Prather, 2005).  Several studies indicate that the learned adult song 

pattern is encoded within HVC (Vu, et al., 1994; Yu and Margoliash, 1996; Troyer and Doupe, 

2000).  One study in particular revealed that each HVC-RA projection neuron holds a ~ 10ms 

segment of the song (Hahnloser et al., 2002). 

 

Data from Chapter 1 revealed a distinct pattern of IEG 

inactivation in nucleus HVC after microlesions (see Fig 4A).  

The pattern of expression indicates that neurons located 

medial/lateral to the lesion site are largely unaffected when 

compared to neurons located rostral/caudal to the lesion which 

were transiently inactivated.  These results suggest that HVC 

possesses a specific type of either cellular or functional 

organization (i.e. communication between neurons is spatially 

organized).  Although multiple studies have been conducted at 

both the anatomical and electrophysiological levels to try to 

characterize neurons within HVC, only one study alludes to the 

possibility of a distinct spatial organization.  Nottebohm et al. 

(1982) used injections of horse radish peroxidase – a 

nonspecific antero/retrograde neuronal tracer – into RA and 

suggested that HVC was composed of rostrocaudally organized 

clusters of cells with very little lateral connectivity between 

Fig 18. Adapted from 
Nottebohm et al. (1982), 
showing three modules of 
labeling in coronal sections 
of HVC after dye was 
injected into RA. 
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them (see Fig 18).   

 

Therefore, based on the unique IEG expression pattern from Chapter 1 and the minimal evidence of 

the spatial organization of HVC found in the songbird literature, I have explored the possibility of 

rostro-caudal connectivity within HVC in this experiment.  I hypothesized that a minute amount of a 

strictly retrograde tracer (Flurogold) injected into HVC could reveal one of two possible results: 1) 

either neurons within HVC will be spatially and anatomically connected in these rostro-caudal 

modules, or 2) HVC may not display a distinct spatial organization of neuronal connectivity, but 

instead the IEG expression pattern observed in 3-5d birds may be indicative of functional 

organization of neurons within HVC.       

 

METHODS 

 

Animals and Environment  

Seven adult male zebra finches (>90 days post hatch), raised in our own breeding colony, were 

individually caged in visual but not auditory isolation from each other. All birds were provided 

free access to food and water throughout the experiment and housed on a 14:10 light-dark 

photoperiod.  All daily care and experimental procedures of the birds were reviewed and approved 

by the Florida State University Animal Care and Use Committee (Protocol No. 9606). 

 

Infusion Surgery 

Birds were deeply anesthetized with an intramuscular injection of Equithesin (0.05 cc), and then 

secured in a stereotaxic instrument. The skull was exposed by making an incision down the 

center of the scalp and retracting the skin using curved forceps.  The bifurcation at the 

midsagittal sinus was used as stereotaxic zero and small craniotomies were made over bilateral 

HVC using predetermined coordinates. To label neurons within HVC the retrograde neural tracer 

Flurogold (2% in 0.02M NaCl; Flurochrome, LLC, Devner, CO) was infused into HVC in very 

small amounts (~7 nl) which occupied an approximate 10-15% volume of the nucleus.  Before 

the glass micropipette was filled, volume calibration marks were made along the barrel in order 

to allow easy visualization of the movement of the fluid level under a dissecting microscope and 

to verify that all the solution entered the brain successfully without clogging.  Micropipettes 

were then preloaded before the surgery.  Once the infusions were made the incision was sutured 
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using veterinary adhesive and all birds were placed back in their home cage and monitored 

closely for 6 days. On the 6
th

 day, birds were euthanized using Equithesin and transcardially 

perfused. Briefly, birds were overdosed with a barbiturate anesthetic (0.08cc) and perfused with 

saline (20 ml) followed by ice-cold 4% paraformaldehyde (40 ml).  Dissected brains were post-fix 

over night in 4% paraformaldehyde followed by phosphate buffered saline until sectioning.  Brains 

were sectioned serially at 60 μm on a Leica VT1000S Vibratome.  Tissue was then mounted onto 

microscope slides with DI water and allowed to dry.   

 

Microscopy, Photography, and Construction of Images  

For fluorescent microscopic examination, sections containing HVC were examined and 

photographed with an OPTRONICS MicroFIRE digital camera connected to a Leica DM 5000B 

epifluorescence microscope equipped with a motorized stage drive, coupled to a PC running 

Stereo Investigator 6.0 and Neurolucida software (MicroBrightField, Williston, VT).  Sections of 

HVC containing Flurogold labeling were photographed using a low power objective (5x).  To 

determine the spatial organization of labeled neurons within HVC, images of fluorescently 

labeled neurons were superimposed using various landmarks (e.g. blood vessels) over nissl 

stained images of the same section using Adobe Photoshop CS2 (Adobe Systems Inc.).  Briefly, 

this was done by importing the fluorescent images and using the thresholding function to 

highlight only the fluorescent labeled neurons.  Once all the labeled cells were selected, nissl 

stained images of the same section were imported and the positively labeled Flurogold neurons 

were transposed over top of the image.   

 

Verification of Retrograde Dye Transport 

To verify the complete transport of Flurogold dye within HVC, I examined the auditory region 

Nif (nucleus interfacialis of the nidopallium), which extends its axons within HVC’s borders.  I 

inspected Nif to determine if the retrograde tracer was able to label cells outside of HVC where 

the transport should take longer to reach.  This was done to demonstrate that 6 days was enough 

time for cells to be labeled within HVC and any cells that were not labeled was not a result of 

slow transport.  Pictures of fluorescing cells within Nif were taken at 20x using the same 

procedure mentioned above.   
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Nissl Staining 

After florescent pictures were taken, tissue sections were submerged in a dilute thionin solution 

(1:4 thionin stain to DI water) for 1 minute.  Once sections were removed from the thionin 

solution they were briefly rinsed with DI water.  Sections were allowed to dry for 24 hours after 

which they were coverslipped.  New pictures were then taken of regions HVC (5x) and Nif (20x) 

using the same microscope and digital camera set up as previously mentioned in Chapters 1 and 

2 (see above).   

 

 

 

Fig 19.  Arrows point to positively labeled neurons filled with Flurogold within auditory 
nucleus Nif (20x).    
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Construction of 3-D Models of HVC 

To determine rostrocaudal connectivity, sections of HVC were traced using a low power 

objective (5x) and the region containing labeled neurons was identified and separately outlined  

using the same low power objective.  Serial 3-D reconstructions of nucleus HVC were completed 

using Neurolucida software to visualize the connectivity of HVC neurons.  Briefly, the sections 

were aligned and automated connections were used to fill in the gaps based on section thickness.  

This resulted in a 3-dimensional image of nucleus HVC (see Chapter 1 for more details on serial 

3-D reconstructions).  

 

RESULTS 

 

Verification of Flurogold Dye Transport  

To confirm that the neuronal tracer Flurogold had enough time (6 days) to retrogradely transport 

throughout nucleus HVC, I examined a presynaptic region located distal from HVC.  Auditory 

nucleus Nif sends projections to HVC and resides approximately 1300-1400 μm anterior to 

HVC.  Figure 19 shows Flurogold labeling in multiple neurons located within the borders of Nif, 

demonstrating that 6 days was sufficient time to allow dye transport to neurons throughout HVC 

whose length is roughly 700 μm. 

 

Micro-injections of a Retrograde Tracer into HVC Reveal a Restricted Pattern of Rostrocaudal 

Connectivity between Neurons 

To test whether neurons within HVC were spatially organized in anatomical or functional rostro-

caudal modules, as suggested by results from Chapter 1 (see above), I injected tiny amounts of 

Flurogold into HVC and observed the pattern of labeling.  For injections that were made 

approximately in the middle of HVC, neurons on the medial and lateral borders of HVC did not pick 

up the dye, although in some cases neurons at the most distal rostral and caudal positions of HVC did 

show Flurogold labeling (see Fig 20).  This suggests that neurons within HVC extend their axons as 

far as ~360 μm and are anatomically connected in the rostral/caudal direction.  Furthermore, when 

examining neurons within the zones of fluorescent labeling at higher magnification, it appeared as if 

all the neurons within a given area were labeled.  In other words, labeling appeared to be uniformly 

distributed among the two sets of projection neurons (HVC-RA and HVC-X) and HVC interneurons  
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Fig 20.  Selected 
coronal sections 
throughout nucleus 
HVC that represent the 
most rostral (R) and 
caudal (C) sections 
outside of the lesion 
site.  Flurogold labeling 
extends to regions 
spanning HVC in the 
rostral/caudal direction, 
but does not extend in 
the medial/lateral 
direction.   
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(see Fig 21).  I also discovered that no matter 

where the injection site was within HVC (e.g. 

the medial or lateral border), the same pattern 

of dye transport was observed.  That pattern of 

labeling was confined to the area around the 

injection site and spread only in the 

rostral/caudal direction.     

 

3-D Structures of Retrograde Labeling 

Throughout HVC Reveal Rostrocaudal 

Modules of Neuronal Connectivity  

To better visualize Flurogold labeling 

throughout HVC, 3-D reconstructions were 

made by aligning serial sections of HVC and 

using computer software to automatically fill 

in the gaps based on section thickness.  This 

revealed that the spatial arrangements of 

neurons within HVC are anatomically 

connected in rostrocaudal modules (see Fig 

22).  This suggests that the visual 

observations made in Chapter 1 – that IEG 

labeling in neurons located rostral or caudal to 

the lesion site was weakened – is a result of 

the anatomical connectivity of neurons with 

HVC.  Figure 22 shows side by side 3-D models from a Flurogold bird and IEG labeling from an 

HVC microlesion bird from Chapter 1 for comparison.  

  

DISCUSSION 

 

This tracer-injection-study tested the hypothesis that neurons within HVC are spatially organized 

in columnar modules that run along a rostral/caudal axis.  Results from this experiment have 

provided important information about the organization of the pre-motor nucleus HVC of the 

Fig 21.  20x magnification of Flurogold 
labeled (top) and nissl labeled (bottom) 
HVC neurons reveals densely labeled 
neurons that appear to include both sets of 
projection neurons and interneurons. 
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songbird brain that has long been studied.  The following discussion addresses the major findings 

from this study and implications for the field of songbird research. 

 

Spatial Connectivity of Neurons in HVC 

The data from this experiment reveal that HVC neurons are anatomically organized into 

rostrocaudal modules.  This was demonstrated by the fact that the Flurogold labeling was not 

picked up by neurons that resided medial or lateral to the injection site, but was picked up by 

neurons that were rostral and caudal to the dye injection (see Fig 20).  Neurons that were labeled 

in auditory nucleus Nif provided a positive control to demonstrate that the small dye injection 

was not limited in transport and 6 days was sufficient time for the dye to move throughout HVC.  

The 3-dimensional models provided a way to visualize the columnar connectivity of neurons that 

extend throughout the entire rostral to caudal ends of HVC (see Fig 22).  These results provide 

support for the previous anatomical study by Nottebohm et al. (1982) that suggested that HVC 

neurons were arranged in small rostrocaudal clusters.  Furthermore, neurons contained within 

these modules showed no specificity in their spatial connectivity, as all neuron types (HVC-RA, 

HVC-X, and HVC-int) were labeled.    

 

Fig 22. Dorsal view 3-dimensional reconstruction of HVC from a bird (same bird in 
figure 20) who received a micro Flurogold injection into HVC (left) shows the dye 
spread in a columnar fashion in the rostral and caudal direction.  A comparison 3-
dimensional reconstruction of HVC from an HVC microlesion bird from chapter 1 
revealed a weakening of IEG labeling that spread in the rostral and caudal direction.  
Red dots indicate individual positive-IEG labeled neurons.  Yellow tracings show the 
location and size of the lesion. 
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When taken together, the results from this study and the evidence provided by the unique IEG 

labeling observed in the 3-5d birds from Chapter 1 suggests that although HVC microlesions 

damage a small amount of total HVC volume (~ 10%), the lesion actually has much wider 

effects throughout HVC.  Recall that approximately 40% of HVC neurons are affected by the 

lesion, as was demonstrated by the quantification of IEG labeling which revealed only ~ 60% of 

neurons in HVC were labeled compared to controls (see Chapter 1 results).  Given the spatial 

arrangement of neurons within HVC – rostrocaudal columns – it is evident that the weakened 

IEG labeling induced by the microlesions is a byproduct of disrupting the connectivity of 

neurons aligned on the rostrocaudal axis.  To further test this hypothesis, one could attempt to 

sever the rostrocaudal connectivity through HVC via small knife-cuts and determine if the same 

IEG labeling pattern and behavioral destabilization is produced that is observed with HVC 

microlesions.   

 

Functional Implications 

Because HVC is thought to be the site where song is encoded, it is important to think about how the 

results from this study fit into what is known about the physiology of neurons within HVC.  

Anatomical results from this study reveal that projection neurons (HVC-RA and HVC-X) as well as 

interneurons appear to be connected to one another, as Flurogold labeling was uniformly distributed 

among all neuron types.  Previous studies have demonstrated this complicated interwoven axonal 

network between the three intrinsic neuron types found in HVC (Nixdorf, 1989; Fortune and 

Margoliash, 1995; Foster and Bottjer, 1998; Mooney, 2000).  In fact, Mooney and Prather (2005) 

proposed the HVC ‘microcircuit’ based on electrophysiological evidence that both sets of projection 

neurons communicated with one another and both received synaptic input from HVC-ints.   

 

Interestingly, in the multitude of single and multiunit recording studies that have been conducted in 

HVC, to my knowledge no one has reported any spatial organization in communication between 

neurons.  For example, one study in vivo revealed that each HVC-RA projection neuron holds a ~ 

10ms segment of the song; however they found no spatial organization to the burst times in HVC, 

although it is important to note that only 16 neurons from three birds were recorded (Hahnloser et al., 

2002).  However, an in vitro slice study using sagittal sections of HVC demonstrated that synaptic 

coupling was observed in almost all neurons when the electrode tips were placed ~ 50 μm apart 

(Mooney and Prather, 2005).  Since the sagittal plane of sectioning would allow recordings to be 
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made from cells lying in the rostal/caudal axis, the result from the Mooney and Prather (2005) study 

may lend physiological support to the rostrocaudal modules within HVC.  Presumably, if the same 

neural recording were made using coronal slices (i.e. neurons would lie more in the medial/lateral 

axis), fewer synaptic couplings between neurons would be observed in HVC.    

 

Lastly, both IEG data from Chapter 1 and data from the current study revealed that lesion placement 

within HVC as well as the location of the dye infusion site did not affect cells in the medial/lateral 

direction, but did affect cells in the rostral/caudal direction throughout HVC.  Given that IEG 

expression is indicative of neuronal activity, this suggests that neuronal activity in the rostrocaudal 

modules of HVC was initially weakened by the microlesion but is able to recover, as demonstrated 

by the return of neural activity within these columns in birds two weeks after the lesion (see results 

from Chapter 1).  A possible mechanism for the recovery of IEG labeling in the 2wk birds could 

involve the formation of new axonal connections via collateral sprouting.  Typically, collateral 

sprouting is driven by the excitation of neighboring neurons allowing them to make new synaptic 

connections (Goldshmit et al., 2008).  This may be one plausible mechanism for the recovery of IEG 

activity when taken in light of the anatomical organization of HVC neurons.  Specifically, collateral 

sprouts may be driven by excitation from adjacent rostrocaudal modules that were not affected by the 

microlesion.  This would allow neurons in a weakened state the opportunity to make new synaptic 

connections, or possibly re-strengthen old ones, thus resulting in the return of IEG labeling in HVC.   

 

Overall results from this study have provided useful information regarding the organization of a pre-

motor nucleus.  Additionally, my hope is that the results from this study will provide insight to both 

past and future anatomical and physiological studies of the songbird HVC.  Specifically, 

understanding how the anatomical and functional arrangements of neurons are responsible for a 

spatial encoding of song in the zebra finch brain.   
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GENERAL DISCUSSION 

 

In the first chapter of this dissertation I set out to examine the relative contribution of the two 

motor pathways important for song production (the VMP and AFP) during vocal recovery by 

measuring motor-driven IEG expression.  Since the convergence of these two pathways occurs at 

motor nucleus RA, ablating a small portion of the VMP results in altered neural integration at 

RA and destabilization of the song pattern. By weakening the VMP via HVC microlesions, I 

observed transient vocal destabilization, and surprisingly a dampening of IEG labeling in both 

the VMP (HVC) and AFP (Area X) that recovers within two weeks.  Interestingly, the neural 

recovery that occurred within HVC was correlated with the return of the vocal pattern.  From this 

observation I hypothesized that sensory feedback may play a role in the recovery of IEG labeling 

given that it is required for vocal recovery.  Furthermore, the weakening of IEG expression in 

nucleus HVC revealed a distinct spatial pattern, such that cells aligned on the rostral/caudal axis 

of the lesion displayed little to no IEG labeling, but cells medial/lateral to the lesion were 

minimally affected.  From this observation I hypothesized that neurons within HVC are arrayed 

in distinct rostral/caudal modules.    

 

In chapter 2, I sought to uncover the effects of auditory feedback on IEG recovery in the VMP 

and AFP.  Given that there are several sources of auditory input into the song control system, it 

was surprising to find that auditory feedback was not necessary for neural recovery in either 

HVC or Area X, which suggested that other mechanisms are responsible for the return of IEG 

activity in these regions.  Interestingly, in chapter 1 I observed elevated IEG labeling in the RA 

of birds who had recovered their song, suggestive of a new functional relationship between the 

integration of the VMP and AFP that is important for maintaining the recovered song pattern.  

However, this elevation of IEG labeling did not occur in birds lacking auditory feedback and 

who did not recover their vocal pattern.  From this observation I hypothesized that RA may be 

the site where vocal recovery occurs.  

 

In chapter 3, I examined the nature of neuronal connectivity within nucleus HVC to determine if 

cells were aligned in rostral/caudal modules like the pattern of weakened IEG labeling observed 

in chapter 1 suggested.  I found that by injecting small amounts of a strictly retrograde tracer into 
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HVC, neurons were organized into modules of rostrocaudal connectivity that extend throughout 

the nucleus.  Furthermore, cells within these modules appear to include both sets of projection 

neurons (HVC-RA and HVC-X) and interneurons.  That HVC is arranged into these distinct 

modules has profound implications for our understanding of how song may be encoded within 

this pre-motor nucleus.   

 

Together, the pattern of IEG labeling 3-5 days following HVC microlesions and the pattern of 

retrograde labeling following Flurogold injection in HVC suggest that axons can extend great 

distances across the nucleus, such that neurons at the caudal end of HVC could communicate 

with neurons on the rostral end and vice versa.  Functionally, this could indicate a sort of feed-

forward type of encoding that could underlie the precise and time-locked activity of HVC-RA 

neurons during singing (Hahnloser et al., 2002).  That is, as each HVC-RA neuron in the module 

fires its signal down to RA, it simultaneously sends excitation to subsequent neurons 

downstream in the sequence in an effort to prepare them to reach firing threshold.  Furthermore, 

it is important to note that these modules seem to be at least semi-closed circuits, demonstrated 

by the fact that lesioning or injecting dye in the middle of HVC affects both the rostral and 

caudal ends of the nucleus, suggesting that connectivity and communication is bidirectional.  

This could potentially mean that as excitatory information is being transmitted in a feed-forward 

manner, inhibitory signals from HVC-ints provide feedback to upstream HVC-RA neurons so 

that they only burst once during production of the motif.   

 

Figure 23 represents a model of connectivity between HVC-RA projection neurons and HVC-

ints that could account for the pattern of Flurogold labeling observed in HVC.  Although other 

patterns of connectivity are possible, this model could provide a basic framework for thinking 

about how the song pattern is spatially encoded.  For the sake of clarity this model does not 

contain HVC-X neurons, as a study using targeted photolysis has shown that removing HVC-X 

projection neurons has no detectable affect on the encoded song pattern (Scharff et al., 2000).  

Feed-forward propagation of neural activation, which is a mechanism thought to underlie song 

encoding, may require that HVC-RA neurons receive multiple excitatory post synaptic potentials 

(EPSPs) from other HVC-RA neurons located upstream within a given module.  Furthermore, 

electrophysiological evidence shows that HVC-RA synapses onto HVC-ints can be bidirectional, 
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such that HVC-RA neurons excite HVC-ints to elicit inhibitory post synaptic potentials (IPSPs) 

which in turn can synapse back onto the same or additional HVC-RA neurons to inhibit further 

firing (Mooney and Prather, 2005).  Thus according to my model, an individual HVC-RA neuron 

would receive the strongest inhibition immediately after bursting, given that the coupled HVC-

int has the ability to relay inhibition back onto the same HVC-RA neuron.   

 

Although my model does not show how lateral communication between modules could occur, it 

is very likely that some (albeit limited) lateral connectivity must be present.  Therefore, my 

findings also identify an important new problem – how is the activity of the multiple 

rostrocaudal modules present within HVC coordinated?  For example, it may be the case that 

HVC holds multiple instances of the encoded song pattern for which a single module or a set of 

parallel modules are responsible for.  Thus far, electrophysiological data suggest that HVC-RA 

neurons burst extremely sparsely during singing, generating at most a single burst per song motif 

that seems to occur reliably on every rendition of the motif; however some HVC-RA neurons do 

not show this consistent pattern (Hahnloser et al., 2002).  Furthermore, other questions arise in 

Fig 23 A. One possible neuronal model of HVC modular connectivity that 
could allow for excitatory feed-forward HVC-RA (gray circles) neuron activity 
and inhibitory feedback HVC-int (white circles) activity.  B.  Injection of 
Flurogold into the middle of a rostrocaudal module is represented here and 
shows that the axons of all subsequent neurons within the module would pick 
up the dye and retrogradely transport it back to the cell body.  *open circles 
represent excitatory synapses while dashes represent inhibitory synapses.        
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trying to understand how bilateral communication is coordinated between both HVCs.  For 

example, multiple studies suggest that elements of the vocal pattern are lateralized, which could 

imply that encoded song is disbursed across the two hemispheres and that each module is 

responsible for a different piece of the song pattern (Wang et al., 2008).         

 

Although the complexities of understanding the spatiotemporal and anatomical organization of 

neurons within a single pre-motor region of the brain can seem overwhelming, it is only one 

piece of the puzzle.  In a broader sense, neuronal populations in several areas of the brain may 

become active in a defined spatiotemporal order when simultaneously indexing both sensory and 

motor information in tasks like that of vocal production (Pulvermuller, 1999).  Moreover, when 

perturbations of the temporal signal occur in one region it can have affects that spread to other 

regions as well, as demonstrated here by changes in IEG expression throughout the song control 

system after HVC microlesions.  Therefore, understanding this sort of network timing could 

ultimately have implications for understanding the underlying mechanisms in disorders that 

involve perturbations in motor sequences, such as stuttering, turrets syndrome, or Parkinson’s 

disease.    
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