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ABSTRACT

In this Dissertation, I detail how two vocal motor pathways (vocal motor pathway and anterior 

forebrain pathway) contribute to the vocal production in zebra inch adult song.  I irst describe a 

model of rapid dissolution and recovery based on partial damage to a primary vocal control region.  

Second I explore how recovery from destabilization requires auditory feedback and thus relects a 

period of vocal plasticity much like vocal development where sensory feedback facilitates a transi-

tion from variable to stereotyped motor production.  hirdly, I test two models for the role of the 

anterior forebrain pathway in recovery from dissolution.  I ind that the anterior forebrain path-

way largely contributes variable patterns of activity during adult vocal production and its ablation 

facilitates faster recovery.  Finally, I explore the nature of the time-variant signal generated by the 

AFP and show that instead of global modulation across acoustic features, the AFP modulates the 

variance of speciic features of song.

ix
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CHAPTER 1:  DISSOLUTION AND RECOVERY OF LEARNED SONG FOLLOWING 

BILATERAL HVC MICROLESIONS

Adapted from:

hompson JA & Johnson F (2007) HVC microlesions do not destabilize the vocal 

patterns of adult male zebra inches with prior ablation of LMAN. Developmental 

Neurobiology 67:205-218 

Overview:

 he songs of adult male zebra inches (Taeniopygia guttata) arise by an integration of activ-

ity from two neural pathways that emanate from the telencephalic nucleus HVC (proper name).  

One pathway descends directly from HVC to the vocal pre-motor nucleus RA (the robust nucleus 

of the arcopallium) whereas a second pathway descends from HVC into a basal ganglia circuit (the 

anterior forebrain pathway, AFP) that also terminates in RA.  Although HVC neurons that proj-

ect directly to RA outnumber those that contribute to the AFP, both populations are distributed 

throughout HVC.  hus, partial ablation (microlesion) of HVC should damage both pathways in 

a proportional manner.  I report here that bilateral HVC microlesions in adult male zebra inches 

produce an immediate loss of song stereotypy from which birds recover, in some cases within 3 

days.  Rapid recovery of song in birds with HVC microlesions suggests the presence of dynamic 

corrective mechanisms that favor vocal stereotypy.   
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CHAPTER 1: DISSOLUTION AND RECOVERY OF LEARNED SONG FOLLOWING 

BILATERAL HVC MICROLESIONS

INTRODUCTION

Maintenance of stable vocal patterns (motifs) in adult male zebra inches depends on an integrated 

forebrain neural network that appears to include distinct pathways for stereotypy and plasticity 

of vocal production (see Fig 1A).  Both pathways originate from within HVC (a telencephalic 

nucleus located at the dorsal-most aspect of the caudal nidopallium) and terminate in RA.  Pro-

jection neurons from RA provide the primary vocal/motor output of the telencephalon, activating 

populations of hindbrain motor-neurons that control muscle groups involved in respiration and 

the production of vocal sounds.  

 Within HVC, neurons that project to RA drive the stereotyped production of the adult 

motif (Vu et al., 1994; Yu & Margoliash, 1996; Hahnloser et al., 2002).  Moreover, partial ablation 

of this population in adults results in a transient deterioration of the stereotyped motif (Scharf et 

al., 2000).  A second, distinct, population of HVC neurons project to Area X (in the avian basal 

Figure 1. Simpliied schematics of the song control circuit illustrate the hypotheses to be tested (emphasis on HVC and its pro-

jections to RA and Area X).  A. Projections from HVC to RA form an essential pathway for production of the stereotyped adult vocal 
pattern (black pathway – Vu et al., 1994; Yu & Margoliash, 1996; Hahnloser et al. 2002), whereas projections from HVC to Area X 
begin a circuit important for juvenile vocal learning and adult vocal variability that also terminates in RA (white pathway – Bottjer et 
al., 1984; Scharff & Nottebohm, 1991; Olveczky et al., 2005; Kao et al., 2005).  Within HVC, RA-projecting neurons outnumber Area 
X-projecting neurons by over 4:1 and both populations are distributed throughout the volume encompassed by HVC (Wild et al., 
2005).  Within RA, individual neurons receive synaptic input from both HVC and LMAN (Mooney & Konishi, 1991; Stark & Perkel, 
1999); these inputs are non-topographic and topographic, respectively (Johnson et al., 1995; Foster and Bottjer, 1998).  Note that 
the projection from Area X to DLM is GABAergic, although recent evidence indicates that activation of this pathway drives rather 
than inhibits DLM activity (Person and Perkel, 2005).  See text for abbreviations.  B. Microlesions of HVC will destroy neurons pro-

jecting to both Area X and RA.  However, based on the overlapping distribution of these populations of projection neurons, damage 
to the two pathways will be proportional.
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ganglia) and comprises the irst segment of a trans-synaptic pathway involved in vocal plasticity 

(the AFP).  From Area X, neurons project to a thalamic nucleus (DLM, dorsal lateral nucleus of 

the thalamus) that in turn ascends to LMAN.  Projection neurons from LMAN terminate in RA, 

where they form synapses on the same RA neurons that receive direct synaptic input from HVC 

(Mooney & Konishi, 1991; Stark & Perkel, 1999).  herefore, LMAN is the output nucleus of the 

AFP.  

 Ablation of LMAN in juvenile males induces a premature stereotypy of a partially-learned 

motif, suggesting that this pathway serves a critical function during vocal learning (Bottjer et al., 

1984; Scharf & Nottebohm, 1991).  Although initial evidence suggested that LMAN ablation 

had no efect on adult motifs (Bottjer et al., 1984; Scharf & Nottebohm, 1991), more recent work 

indicates that LMAN ablation reduces the acoustic variation associated with undirected song.  

hat is, all vocal production exhibits the near-invariant character of female-directed song (Kao et 

al., 2005).  hus, it is thought that the adult motif results from an integration at the level of RA of 

at least two streams of correlated neural activity: one stream (direct from HVC) encodes a stereo-

typed motif whereas the second stream (from LMAN, output of the AFP) introduces variability 

to vocal production (Fig 1A).  

 Here I have studied the vocal consequences of ablating small portions (< 10%) of HVC.  

Within HVC of adult male zebra inches, RA-projecting neurons outnumber Area X-projecting 

neurons by over 4:1 and both populations are distributed throughout the volume encompassed by 

HVC (Wild et al., 2005).  Partial ablation (microlesion) of HVC will therefore damage both popu-

lations proportionally (Fig. 1B).  Assuming linear integration of synaptic input at RA, one might 

expect that slight, proportional damage to HVC’s two populations of projection neurons would 

produce only minor efects on the vocal pattern.  Instead, I found that bilateral HVC microle-

sions in adult males resulted in an immediate loss of motif stereotypy, although all birds showed 

subsequent recovery.   Recovery of motif stereotypy following HVC microlesions would seem to 

relect the existence of dynamic neural mechanisms that monitor and favor the production of ste-

reotyped motifs in adult birds.  Indeed, the rate at which motif stereotypy returned (as quickly as 

3 days) would seem to preclude neuronal replacement as the mechanism of recovery (cf. Scharf et 

al. 2000).

METHODS

Animals and Environment

Eleven adult male zebra inches (>120 days post-hatch), either raised in the breeding colony or 

obtained from a commercial breeder were individually housed in medium-sized bird cages (26.67 

x 19.05 x 39.37 cm) placed within computer-controlled environmental chambers (75.69 x 40.39 
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x 47.24 cm) that were fabricated by FSU Neuroscience Program engineering personnel.  he de-

sign of the environmental chambers prevented visual as well as auditory access to other birds.  A 

computer maintained both the photoperiod (14:10 L:D) and ambient temperature (set to 26 °C) 

within each chamber.  hroughout the experiment, birds were provisioned daily with assorted seed 

(SunSeed VitaFinch, www.sunseed.com) and tap water.  Birds acclimated to the environmental 

chambers for two weeks prior to surgical manipulation.  All daily care procedures and experimen-

tal manipulation of the birds were reviewed and approved by the Florida State University Animal 

Care and Use Committee.

 For all birds, song production was recorded in 24hr blocks using a unidirectional micro-

phone fastened to the side of the internal cage.  Sounds transmitted by the microphone were 

monitored through a computer that was running sound event triggered software (Avisoft Recorder, 

www.avisoft.de).  All vocalizations were captured and saved as time-stamped .wav iles (44 kHz 

sampling rate) onto the computer’s hard drive. 

Lesion Surgeries

To perform all lesions, the following steps were taken: birds were irst deeply anesthetized with 

Equithesin (0.04cc) and then secured in a stereotaxic instrument.  he skull was exposed by cen-

trally incising the scalp and retracting the folds with curved forceps.  Following application of 

avian saline (0.75 g NaCl/ 100 mL dH2O) to the exposed area, small craniotomies were placed 

over the approximate location of HVC.  To determine the locations of HVC, the bifurcation at the 

midsagittal sinus was used as stereotaxic zero.  Birds either received HVC microlesions (HVCml), 

or control HVC microlesions (HVCcs).  Following the lesion, the incision was treated with an an-

tiseptic, sealed with veterinary adhesive and the bird returned to its home cage.  All birds survived 

for exactly two weeks following HVC lesion surgery, which was suicient time for all destabilized 

birds to recover their vocal pattern.  

 HVCml:  Bilateral microlesions performed in HVCml birds (n=6) were placed by posi-

tioning an electrode, (Telon-insulated tungsten wire electrode, with a 200 µm diameter; A-M 

Systems, Everett, WA, www.a-msystems.com), along the anterior-posterior axis directly lateral 

from stereotaxic zero with three penetrations per side beginning at 2.1 mm.  he second and third 

lesions were at an interval distance of 0.4 mm, each with a depth of 0.06 mm.  For each penetration, 

current was run at 100 µA for 30 seconds.  

 HVCcs:  In HVCcs birds (n=5), bilateral control lesions were placed in lateral apposition 

to HVC by laterally shifting the penetration positions 0.5 mm and reducing the duration to 20 

seconds per penetration; however the number of penetrations as well as current amplitude were 

held similar.
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Conirmation of Lesions

Two weeks after HVC mi-

crolesions, all birds were giv-

en an overdose of Equithesin 

(0.08cc) and perfused with 

saline followed by ice-cold 4% 

paraformaldehyde.  After over-

night post-ix by immersion in 

4% paraformaldehyde, brains 

were sectioned coronally on 

a vibratome at 40 µm thick-

ness.  Serial sections were then 

mounted onto microscope 

slides, thionin-stained, and 

coverslipped.  he morphology 

of HVC was analyzed as fol-

lows.  

 HVC:  Photographs 

of serial sections represent-

ing HVC were captured using 

a digital camera attached to a 

microscope at low power (2.5 

x objective).   To derive the 

percent of sections with HVC 

damage per side, those sections of HVC that sustained lesion damage were summed and divided 

by the total number of HVC sections for each bird.  

  To estimate percent HVC remaining, images of bilateral serial sections were imported into 

Image-Pro 3.0 software (Media Cybernetics, Inc.).  I irst estimated the total bilateral volume of 

HVC by tracing the area of Nissl-deined HVC in these sections, including the area of any lesion 

damage that intersected the dorsal/ventral borders of HVC.  he dorsal/ventral borders of HVC 

could be clearly identiied given the coronal plane of section and dorsal/ventral borders of the 

lesion-damaged region of HVC could be visually extrapolated from adjacent unlesioned HVC.  

However, because the lateral border of HVC was occluded by microlesion damage in several sec-

tions in all birds, lesion damage that extended laterally from HVC was not included in this total 

volume estimate.  hat is, the lateral edge of HVC adjacent to any lesion damage was assumed to 

Figure 2. Tracings of serial sections show bilateral HVC lesions in representative 
birds from each of the three lesion groups.  The lesions in the HVCcs group damaged 
fewer sections and left more remaining HVC than in the other two groups (see Table 
1).  The HVCml group had a signiicantly greater number of damaged sections and 
signiicantly less remaining HVC (see Table 1).  LAD: Dorsal Lamina of the Arcopal-
lium.
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be the actual lateral border of HVC.  While my method likely underestimated the total bilateral 

volume of HVC, it provided a reasonable criterion for measuring HVC volume across birds and 

across groups.  For each bird, the value for the total bilateral area of HVC was multiplied by the 

section thickness to generate an estimated total bilateral volume for HVC.  

 I then estimated the bilateral volume of lesion damage within HVC.  Here, I only traced 

the area of lesion damage that intersected the dorsal or ventral borders of HVC (borders that were 

clearly identiiable in the coronal plane of section) and then multiplied the total bilateral lesion 

area by the section thickness to generate an estimated total bilateral volume of HVC lesion.  When 

present, lesion damage that was lateral to HVC was not included in the tracings because such le-

sion damage distorted the lateral border of HVC, preventing determination of how much of the 

lesion was inside vs. outside the lateral border of HVC.  To estimate percent HVC remaining in 

each bird, I subtracted the bilateral volume of the HVC lesion from the total bilateral volume of 

HVC and divided that value by the total bilateral volume of HVC.

Behavioral Measurements

In this study, birds were maintained in complete social isolation for the duration of the experiment.  

herefore, only ‘undirected’ (i.e., not directed toward a female) songs were recorded and used for 

analysis.  It is unknown if the presence of a female and the production of female-directed song 

during the irst few days following surgery may have prevented or lessened the severity of the de-

stabilization.  While there is a normal degree of variability that characterizes undirected song (Kao 

et al., 2005) it is far less than the variability I report here following HVC microlesions.  

 Recording Protocol:  Pre-operative song bout examples were obtained during the two-week 

acclimation period.  Post-operative song behavior was measured on the day immediately after sur-

gery and every day until the bird had produced a song resembling its pre-operative pattern.  After 

song recovery was observed, birds were recorded every other day until the end of the two week 

post-HVC surgery period.  Songs were then analyzed spectrographically using the bioacoustics 

program Avisoft-SASLab Pro (www.avisoft.de).  For use in quantiication, spectrogram parame-

ters were set to the following:  FFT window of 512 samples with a 100% of the window for view.  

 Behavioral measures consisted of analyzing song production at three stages termed PRE 

(pre-operative), POST1 (the irst two days of vocalization following bilateral HVC microlesions), 

and POST2 (the last two days of post-operative vocalization).  For each bird, 5 song bouts were 

randomly selected from the 24h recordings at each stage (total song bouts analyzed = 165).  

 Production Analysis:  he duration of motifs and the number of motifs per bout were cal-

culated for PRE and POST2 only.  Calculating change in motif duration consisted of averaging 5 

motifs at POST2, then deriving the percent change from PRE.  For the quantiication of motifs 

per bout, 5 bouts from both PRE and POST2 were selected and the average number of motifs for 
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each bout was assessed.  he average for POST2 is reported as a percent of PRE baseline.  

 Motif Analysis:  All motif segments used for analysis were created by reducing a song bout 

to a singular representation of each bird’s canonical motif.  Again, for each bird, 5 randomly select-

ed sample motifs at each stage (PRE, POST1, and POST2) were used for the following analyses: 

acoustic similarity and sequential consistency.  he irst motif following a series of introductory 

notes was used to designate the motif selected for quantiication in POST1 of HVCcs birds and in 

Figure 3. Frequency spectrograms of song bouts from representative birds from each group at all three stages.   A. In the HVCcs 
group, microlesions adjacent to the lateral border of HVC failed to induce pattern destabilization.  B.  Representative spectrograms 
from the HVCml group demonstrate that destabilization was observed upon the irst post-operative vocalization (POST1), but then 
largely recovered by the inal two days of the two-week post-operative period (POST2).  For PRE of HVCml birds, a mean duration 
is indicated over the shaded grey box, this measure was used to capture a ‘putative motif’ following introductory notes in POST1.  
Otherwise, shaded grey boxes indicate the canonical motif for each bird.
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POST2 for all groups.  

 Because the motifs of HVCml birds at the POST1 stage were severely degraded, identi-

ication of note types and motif structure at POST1 was not possible.  However, the song bouts 

of HVCml birds at POST1 still began with one or more introductory notes that were then fol-

lowed by clusters of degraded notes.  herefore, to demarcate a ‘putative motif ’ for HVCml birds 

at POST1, I used the mean duration of each bird’s PRE motif as a ixed time-window to select 

sounds that immediately followed the last introductory note in a bout (see examples in Fig. 3B).          

 To assess the change in the acoustic structure of motifs, Sound Analysis Pro (SA+) 1.04 

software (ofer.sci.ccny.cuny.edu; Tchernichovski et al., 2000) with the default zebra inch settings 

was used.  SA+ measures acoustic features (e.g., Wiener entropy, frequency modulation, amplitude, 

and goodness of pitch) to quantify the rate of pattern change during diferent phases of develop-

ment or recovery of song (e.g., Liu and Nottebohm, 2005; Deregnaucourt et al., 2005; Kittel-

berger and Mooney, 2005, Coleman and Vu, 2005).  For each bird, motifs from PRE, POST1, and 

POST2 were compared using the ‘% Similarity’ and ‘% Sequential Match’ functions of SA+.  

 he Similarity score in SA+ focuses on the acoustic structure of compared motifs but is 

not sensitive to the temporal ordering of notes within a motif.  hus, Sequential Match, which is 

sensitive to changes in note order and note omissions when motifs are compared, was used to de-

tect diferences in the temporal ordering of sounds.  hat is, if notes within a motif are only misor-

dered/omitted and not degraded, only the Sequential Match score will detect a signiicant change.  

However, these measures are not entirely independent and it should be noted that motifs with low 

Similarity scores (due to dissimilar acoustic structure) will also have low Sequential Match scores.    

 Note Analysis:  To assess change in the spectral quality of individual notes, the Correlator 

program of Avisoft-SASLab Pro was used to generate spectrogram cross-correlations of individual 

notes from pre- and post-operative stages.  For each bird, three examples of each note in the bird’s 

motif were selected randomly from PRE and POST2.  PRE notes were compared against them-

selves to determine baseline similarity (PRE/PRE) and POST2 notes were compared against PRE 

notes to assess note stability across the experiment (POST2/PRE).  For each bird, I calculated note 

spectral similarity values for PRE/PRE and for POST2/PRE by averaging the spectral similarity 

of individual notes.           

 Feature Analysis: Songs are complex acoustic entities comprised of multiple acoustic fea-

tures and any one feature could be afected diferently than another when the pattern as a whole 

has been destabilized.  hus, I narrowed this analysis down to a across hour, within day analysis of 

acoustic feature quality for three separate features (mean pitch: average change in harmonic fre-

quency structure, mean FM: average change in frequency modulation sweep, and mean entropy: 

average measure of tonal quality). 

 his feature-focused analysis was applied to a day of pre-operative vocalizing and the irst 
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and last day of post-operative vocalization from one bird in the HVCcs group.  Pre-operative 

singing, the irst three days of post-operative vocalization as well as the last day of recovery were 

analyzed in two birds from the HVCml group.  For each hour, 5 bouts were selected randomly for 

analysis.  Mean pitch, mean FM, and mean entropy were selected for their pertinence in the litera-

ture (Tchernichovski et al., 2001; Deregnaucourt et al., 2005).  hough the pitch of the individual 

notes that comprise a motif varied greatly from one another, an average measure across bouts in an 

unafected bird generated a consistent value.   

Statistics 

All analyses were performed using the statistical program SigmaStat 2.03 (SPSS, Inc).  Group dif-

ferences in motif duration were analyzed with a one-way ANOVA for the percent change in motif 

duration from PRE to POST2.   A one-way ANOVA was also used to analyze data for motifs per 

bout at PRE and POST2.  For SA+ analyses (Similarity Score and Sequential Match), a two-way 

(Group x Stage Comparison) repeated measures ANOVA was performed for each comparison per 

group.  hat is, all three stages (PRE, POST1, and POST2) were compared against each other (e.g. 

PRE/POST1) and compared against themselves (e.g. PRE/PRE), generating three across-group 

and three within-group comparisons.  Spectral similarity of individual note elements was analyzed 

with a two-way repeated measures ANOVA (Group x Note) for PRE and POST2.  All pairwise 

comparisons of statistically signiicant (p<0.05) main efects or interactions were evaluated using 

Student-Newman-Keuls tests.  

RESULTS 

HVC lesions

Table 1 shows a sum-

mary of HVC lesion 

damage that includes 

percent sections with 

HVC damage and 

percent HVC re-

maining.  For percent 

sections with HVC 

damage, I used a two-

way ANOVA (Group 

x Hemisphere) to analyze group diferences in the amount of HVC damage, and to determine 

whether the amount of HVC damage was bilaterally symmetrical.  Results from this analysis re-
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vealed signiicant group diferences in HVC damage (main efect of Group:  F [1, 9] = 6.57, p < 

0.01), but the extent of HVC damage showed no bilateral diference (main efect of Hemisphere:  

F [1, 15] <1, p = 0.86).  While there was some damage to HVC in birds that received the control 

surgery (HVCcs), post hoc tests showed that the HVCml group had signiicantly more sections 

with HVC damage than the HVCcs 

group (p < 0.05, both comparisons; see 

Figure 3).  Table 1 shows that HVCcs 

birds sustained slight damage to HVC 

but had signiicantly more remaining 

HVC than HVCml (p < 0.05; see Fig-

ure 3).  

Motif Analysis  

Figure 3 shows sonograms from representative birds from each of the two lesion groups (one 

example from both HVCcs and HVCml groups) at each of the three stages (PRE, POST1, and 

POST2).  Control lesions laterally apposed 

to HVC did not induce any perturbations 

to any of the measured motif or note pa-

rameters (Fig. 2A).  In contrast, microle-

sion of HVC caused a clear destabilization 

of the motif at POST1, with gross deicits 

in spectral and temporal organization (Fig. 

2B).  However, by POST2 the motif of 

the HVCml bird showed recovery that ap-

proached pre-operative spectral and tem-

poral organization.  

 Table 2 shows two measures of song 

motifs made during the two-week post-op-

erative period.  Statistical analysis (one-way 

ANOVA) revealed that motif duration was 

unafected by any lesion manipulation mea-

sured at the inal stage of recovery (Group: 

F [1, 9] = 1.50, p = 0.25).  

 Similarity Scores, Across-Stage Com-

parisons.  Recovery of the acoustic struc-

ture of motifs was assessed by generating 

Figure 4 Across-stage comparisons of motifs demonstrate the loss 
and subsequent recovery of motif stereotypy following HVC microle-

sions.  A. HVC microlesions (HVCml), but not control lesions (HVCcs) 
caused a signiicant decrease in acoustic similarity to pre-operative mo-

tifs at POST1.  However, recovery of motif stereotypy in HVCml birds 
was indicated by the high degree of acoustic similarity between motifs 
produced at PRE and POST2.  B. A signiicant decrease in temporal 
sequencing was detected only in the HVCml group and only at POST1.  
This decrease derived from the poor spectral quality of notes and an 
apparent loss/misordering of notes.  Similar sequential match scores 
between PRE and POST2 motifs relect the subsequent recovery of the 
temporal structure of motifs.  For both graphs, signiicant differences be-

tween groups (p<0.001) indicated by (a) PRE/POST1 vs. PRE/POST2 
and (b) POST2/POST1 vs. PRE/POST2. 



11

Similarity scores across three stages:  a pre-operative stage (PRE) and two post-operative stages 

(POST1, the irst two days of vocalization following HVC surgery and POST2, the inal two days 

of post-operative vocalization).  A two-way repeated measures ANOVA (Group x Across-Stage 

Comparison) of Similarity scores revealed signiicant efects of Group (F [2, 26] =18.49, p < 0.001), 

Across-Stage Comparison (F [2, 26] = 9.72, p < 0.001) and interaction of Group and Stage (F [4, 

26] = 9.10, p <0.001).   Figure 4A shows that the HVCcs group had equivalent motif Similarity 

scores across all stage comparisons.  However, for HVCml birds, PRE and POST2 motifs were 

more similar than either PRE/POST1 or POST2/POST1 comparisons (p < 0.001, both compari-

sons); the low similarity of POST1 comparisons to PRE and POST2 motifs were not diferent 

(p = 0.58).  hus, HVCml birds showed reduced acoustic similarity in their POST1 motifs when 

compared to their pre-operative motifs, but their motifs recovered to pre-operative similarity by 

the end of the two-week post-operative period.   

 Similarity Scores, Within-Stage Comparisons.  Similarity scores within a stage indicate vari-

ability in that stage of recovery, with lower scores indicating greater motif variability within a given 

stage.  A two-way repeated measures ANOVA (Group x Within-Stage Comparison) revealed 

a signiicant efect of Group (F [2, 28] = 9.49, p < 0.05), Within-Stage Comparison (F [2, 28] 

= 11.81, p < 0.001) and interaction of Group and Stage (F [4, 28] = 7.68, p <0.001).  Figure 5A 

shows that there were no diferences in 

within-stage Similarity scores in HVCcs.  

hat is, at each stage measured (PRE, 

POST1, POST2) the HVCcs birds pro-

duced motifs with a consistent acoustic 

structure.  In contrast, within-stage motif 

Similarity scores for HVCml birds were 

signiicantly reduced at POST1 (PRE/

POST1: p < 0.001), indicating that mo-

tifs produced at this stage were variable 

and showed reduced acoustic similarity 

with each other.  However, Figure 5A also 

shows that within-stage motif Similarity 

scores for HVCml birds showed recov-

ery that approached pre-operative levels 

by POST2 (PRE/POST2: p = 0.19)

 Sequential Match, Across-Stage 

Comparisons.  Recovery of the temporal 

structure of motifs was analyzed with 

Figure 5. Within-stage comparisons of motifs revealed that HVC mi-
crolesions increased the variability of motifs produced at POST1.  How-

ever, HVCml birds recovered a high degree of stereotypy in the acoustic 
and temporal structure of their motifs by POST2.  A. HVC microlesions 
(HVCml), but not control lesions (HVCcs) caused a signiicant decrease 
of acoustic similarity during POST1.  However, motif comparisons at 
POST2 in HVCml revealed a return to a pre-operative level of stereotypy 
in the acoustic structure of motifs, relecting the recovery from destabili-
zation.  B. HVCml birds were signiicantly less consistent in the tempo-

ral organization of motifs produced at POST1 than at PRE or POST2.  
However, POST2 was not different from PRE, indicating a recovery of 
stereotypy in the temporal organization of the motif.  Ssigniicant differ-
ences between groups (p<0.001) indicated by (a) POST1 vs. PRE and 
(b) POST1 vs. POST2.
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Sequential Match scores, a measure that is sensitive to diferences in the temporal ordering of 

sounds when two motifs are compared.  Comparisons were made across and within pre and post-

operative stages.  A two-way repeated measures ANOVA (Group x Across-Stage Comparison) 

of Sequential Match scores revealed a signiicant efect of Group (F [2, 26] = 11.79, p < 0.001), 

Across-Stage Comparison (F [2, 26] = 5.42, p < 0.05) and interaction of Group and Stage (F [4, 

26] = 3.95, p <0.05).  Figure 4B shows that while the motifs of HVCcs birds had an equivalent 

temporal structure across all stage comparisons, the POST1 motifs of HVCml birds showed a 

reduced Sequential Match to PRE and POST2 motifs (p < 0.001, both comparisons).  However, 

the Sequential Match of PRE and POST2 motifs was not diferent for HVCml birds (p = 0.625), 

indicating a recovery of the temporal structure of motifs by the end of the two-week post-operative 

period.  

 Sequential Match, Within-Stage Comparisons.  A two-way repeated measures ANOVA 

(Group x Within-Stage Comparison) of the Sequential Match of motifs revealed a signiicant 

main efect of Group (F [2, 28] = 5.24, p <0.05), Within-Stage Comparison (F [2, 28] = 4.87, p 

< 0.05) and interaction of Group and Stage (F [4, 28] = 5.17, p <0.05).  hat is, Figure 5B shows 

that the motifs of HVCcs birds showed a consistent temporal structure at all stages (PRE, POST1, 

POST2), whereas the motifs of HVCml birds were highly variable in temporal structure during 

the irst two days of post-operative vocalization, resulting in a lower Sequential Match for POST1 

(p < 0.001 when compared to PRE).  However, subsequent recovery in the temporal structure of 

HVCml motifs approached pre-operative levels so that Sequential Match levels were not diferent 

between PRE and POST2 (p = 0.54).

Note Analysis

 Spectral Analysis.  Spectral variation in individual notes 

produced by HVCml birds at POST1 was evident from vi-

sual inspection of the sonograms (see POST1 in Fig. 2B).  

However, since the POST1 notes of HVCml birds could not 

be reliably identiied, only notes from PRE and POST2 were 

used for these comparisons.  A two-way repeated measures 

ANOVA (Group x Stage) performed on the spectral correla-

tion data failed to show a signiicant efect of Group (F [2, 

15] = 0.20, p =0.81), but did reveal a signiicant main efect of 

Stage (F [1, 15] = 41.14, p < 0.001), and of the interaction of 

Figure 6. Visual inspection of sonograms from HVCml birds indicated that notes were severely degraded at POST1 
(see Fig. 2B).  In measuring note morphology I found that even though motif structure at POST2 appeared highly similar 
to PRE, the spectral quality of notes was not completely recovered to pre-operative levels.  Control lesions had no ef-
fect.  For this graph, the signiicant difference between groups (p<0.001) is indicated by (a) POST2 /PRE.
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Group and Stage (F [2, 15] = 3.87, p < 0.05).  Figure 6 shows that the spectral correlation of notes 

produced by HVCcs birds did not change from PRE to POST2 (p = 0.25), whereas the notes of 

HVCml birds showed a signiicant decrease in spectral correlation at POST2, (p < 0.001, both com-

parisons).  hus, the post-operative notes of HVCml birds exhibited a loss of spectral stability that 

did not recover.   

Feature Analysis

In order to further characterize the change in the acoustic properties of the destabilized motifs of 

HVCml birds and to visualize the trajectory of their recovery, hourly measurements of the pitch, FM, 

and entropy of song bouts were made during a pre-operative day and during selected post-operative 

days.  Figure 7 shows the overall stability of these measures during the pre- and post-operative sing-

Figure 7. Quantiication of hourly change in modulation for several acoustic features during a day of pre-op and the irst day and 
the last day of post-operative vocalization for one bird with control surgery and quantiication during a day of pre-op and the irst 
three days and the last day of post-operative vocalization for two birds in the HVCml group.  A. Control lesions had no effect on the 
modulation of pitch, FM, or entropy during post-operative recovery.  B. In this bird (555), HVC microlesions induced a large decrease 
in the modulation of mean pitch, mean FM, and mean entropy during the irst day of post-operative singing.  By the third day of post-
operative singing those features had returned to pre-operative levels and then remained stable to the end of recovery.  The trajectory 
of recovery in this bird occurred predominantly across days and suggests the possibility of a circadian component to recovery (Dereg-

naucourt et al., 2005).  C. In this bird (560), destabilization was characterized by an increase in the modulation of mean pitch, mean 
FM, and mean entropy, instead of the decrease evidenced in (B).  However, by the end of day two those features had also restabilized 
to pre-operative levels.  Further demonstrating individual differences in destabilization, the trajectory of recovery in this bird showed 
dramatic within-day improvement. 
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ing of an HVCcs bird.  In contrast, an hourly analysis of acoustic features from two birds in the 

HVCml group demonstrated distinct forms of destabilization (see Fig. 7).  hat is, the initial de-

stabilization could occur via an initial decrease of all three feature scores (Fig. 7B) or it could occur 

via a marked increase of all three feature scores (Fig. 7C).  One possibility suggested by the two 

examples is that the acoustic properties of the pre-operative song may inluence the direction of 

destabilization (compare the pre-operative features scores in Fig. 7B to those in Fig. 7C).  he two 

examples also suggest the possibility of distinct pathways to recovery; whereas one bird appeared to 

improve predominately across days (Fig. 7B), the other bird showed evidence of rapid within-day 

improvement (Fig. 7C).  However, in both cases and for all three features, recovery appeared to oc-

cur within three days and remained stable to the end of the two-week post-operative period.

DISCUSSION

I derived two main indings from this study:  First, I found that bilateral HVC microlesions in 

adult male zebra inches destabilized song motifs.  Second, motif impairment was surprisingly 

short-lived as all HVCml birds recovered most aspects of vocal stereotypy within the two-week 

post-operative period; an hourly analysis of recovery in selected birds indicated that this recovery 

could occur within 3 days.  

Characteristics of Vocal Destabilization and Recovery

Quantitative analysis of the destabilized vocalizations of HVCml birds revealed pervasive efects 

on the structure of motifs:  decreased acoustic and temporal similarity to pre-operative motifs 

(Fig. 4) and increased variation in the acoustic and temporal structure of motifs (Fig. 5).  However, 

destabilized motifs were still produced in the context of discrete bouts and bouts still began with 

the production of introductory notes although they appeared to be generated at a slower rate (see 

POST1 in Fig. 2B).  hus, while HVC microlesions may have had some efect on the underlying 

mechanisms that drive the initiation of a song bout (e.g., production of introductory notes), efects 

on motif structure were more pronounced.

 By monitoring birds continuously after surgery I found that HVCml birds made rapid and 

signiicant progress toward pre-lesion motif stability in all measured features, save note spectral 

quality.  Even though note spectral quality did not return to pre-operative levels, there was still 

signiicant improvement over the course of recovery.  

 Although all HVCml birds demonstrated a similar level of motif destabilization and re-

covery, an analysis of hour by hour change in several acoustic features (pitch, FM, and entropy) 

revealed that motif recovery could be surprisingly rapid (within 3 days).  his inding seems to 

rule out the possibility that the return of motif stereotypy was due to the incorporation of newly-
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generated RA-projecting neurons in HVC.  While the death of RA-projecting neurons can trigger 

a subsequent increase in their incorporation into HVC (Scharf et al., 2000), the available data 

suggest that this is a process that requires at least 2-3 weeks (Kirn et al., 1999).  herefore, a rapid 

lesion-induced remodeling of synaptic connectivity within the song control system (cf. Kittelberger 

and Mooney, 1999) would seem a more likely candidate for mediation of the vocal recovery that I 

observed.  

 he features analysis also revealed individual diferences in the direction of destabilization 

and the trajectory of recovery.  For example, destabilization of the motif could occur with modula-

tion that either increased or decreased from baseline (see examples in Figs. 7B and C).  Similarly, 

the trajectory to recovery of motif stability could occur predominately across days (Fig. 7B) or pre-

dominately within days (Fig. 7C).  he ‘across-days’ pattern suggests a possible role for neural song 

replay during sleep in vocal recovery (Dave and Margoliash, 2000; Derégnaucourt et al., 2005), or 

at least indicates a circadian component. 

 My indings also conirm observations from previous experiments showing that HVC 

damage impairs stereotyped song parameters (acoustic structure and sequential pattern; Simpson 

and Vicario, 1990; Williams et al., 1992; Scharf et al., 2000).  Of these prior studies, my microle-

sion approach most resembles that of Scharf et al. (2000), who found motif destabilization when 

HVC neurons that project to RA were selectively ablated (selective ablation of HVC neurons that 

project to Area X had no efect).  Moreover, Scharf et al. (2000) reported that birds with selective 

ablation of RA-projecting neurons showed substantial recovery of motif stereotypy, although this 

recovery was not assessed until 3 months after ablation.  

 However, whereas Scharf et al. (2000) only observed a loss of motif stereotypy in 4 of 9 

birds where RA-projecting HVC neurons were selectively ablated, all of the HVCml birds (n=6) 

showed destabilized motifs.  Diferences in ablation technique may have contributed to these dif-

ferences in behavioral outcome.  hat is, while the total volume of HVC that I removed was small 

(<10%), I used electrolytic lesions that ablated all cells near the electrode.  HVC contains a large 

population of interneurons that form local connections between RA- and X-projecting neurons 

(Mooney and Prather, 2005; Wild et al., 2005) and it is likely that the additional ablation of these 

cells had functional efects on RA- and X-projecting neurons that surrounded the electrolytic 

microlesions.  herefore, the more consistent behavioral consequences of electrolytic microlesions 

may have been due to functional inactivation of a more substantial portion of HVC.   

Comparison to Other Manipulations that Induce Adult Song Variability

In addition to the work of Scharf et al. (2000), two other central manipulations of the song control 

system produce transient destabilization of the vocal pattern.  Kittelberger and Mooney (2005) 

made bilateral BDNF infusions into RA of adult male zebra inches and observed a destabiliza-
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tion of the vocal pattern from which birds recovered within 10 days.  Interestingly, recovery was 

preceded by increased sprouting of the axon terminals of RA-projecting neurons in HVC, suggest-

ing that the return to stereotypy might have involved a strengthening of input from this pathway.  

Coleman and Vu (2005) made unilateral lesions of Uva (a thalamic aferent to HVC) in adult male 

zebra inches and observed a transient destabilization of the vocal pattern from which birds recov-

ered within two weeks.  However, birds with bilateral lesions to Uva were destabilized but unable to 

recover their vocal pattern, suggesting that restoration of the vocal pattern in birds with unilateral 

Uva lesions depended on the intact connectivity that remained in the unlesioned side.  

 here have also been numerous demonstrations that reversible manipulation of peripheral 

sensory and motor components of the song control system in adult birds will induce transient vocal 

variability.  hese include temporary alteration/reduction of auditory input (Leonardo and Konishi, 

1999; Woolley and Rubel, 2002; Zevin et al., 2004) and temporary removal or alteration of syringe-

al motor control and proprioception (Williams and McKibben, 1992; Williams and Mehta, 1999; 

Hough and Volman, 2002).  However, in all of these cases, vocal stereotypy returns once normal 

auditory or motor function has been restored (Leonardo and Konishi, 1999; Woolley and Rubel, 

2002; Hough and Volman, 2002; Zevin et al., 2004), although in some instances notes can either 

be lost (Zevin et al., 2004; Williams and McKibben, 1992) or gained (Williams and McKibben, 

1992).    

 here are two important limitations to my hypothesis that should be emphasized.  First, I 

cannot say whether induction of motif variability by BDNF infusion into RA (Kittelberger and 

Mooney, 2005) or unilateral ablation of Uva (Coleman and Vu, 2005) also involves altered integra-

tion of HVC and LMAN synaptic input to RA.  While the results of these studies do not contra-

dict my hypothesis, the role of the AFP was not a focus of either study.  Secondly, my hypothesis 

only addresses the onset of vocal destabilization following peripheral or HVC damage.  Juvenile 

birds require the AFP for the trials-based learning process that enables them to match their vo-

calizations to those of a tutor (Bottjer et al., 1984; Scharf and Nottebohm, 1990; Olveczky et al., 

2005) and it is presently unclear whether recovery from transient vocal instability in adult birds 

involves a recapitulation of the juvenile learning process.  I plan to test this possibility in future 

experiments where bilateral ablation of LMAN will be made before and after motif structure has 

been destabilized with HVC microlesions.     
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CHAPTER 2:  ROLE OF AUDITORY FEEDBACK IN THE RECOVERY OF LEARNED 

SONG FOLLOWING BILATERAL HVC MICROLESIONS

Adapted from:

hompson JA, Wu W, Bertram R, Johnson F (2007) Auditory dependent vocal recovery 

in adult male zebra inches is facilitated by lesion of a forebrain pathway that 

includes the basal ganglia. Journal of Neuroscience 27:12308-12320

Overview:

 he integration of two neural pathways generates learned song in zebra inches.  he vo-

cal motor pathway (VMP) is a direct connection between HVC (proper name) and RA (robust 

nucleus of the arcopallium), whereas the anterior forebrain pathway (AFP) comprises an indirect 

circuit from HVC to RA that traverses the basal ganglia.  Partial ablation (microlesion) of HVC 

in adult birds alters the integration of VMP and AFP synaptic input within RA and destabilizes 

singing.  However, the vocal pattern shows surprising resilience as birds subsequently recover their 

song in ~1 week.  Here I show that deafening prevents vocal recovery following HVC microlesions, 

indicating that birds require auditory feedback to restore/relearn their vocal patterns.  In part, au-

ditory feedback may restore song by strengthening the VMP component of synaptic input to RA 

relative to the AFP component.
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CHAPTER 2: ROLE OF AUDITORY FEEDBACK IN THE RECOVERY OF LEARNED 

SONG FOLLOWING BILATERAL HVC MICROLESIONS

INTRODUCTION

he learned songs of passerine birds arise from the integration of two forebrain neural pathways, 

the vocal motor pathway (VMP) and the anterior forebrain pathway (AFP).  Both pathways origi-

nate within HVC and both terminate in the pre-motor nucleus RA.  he VMP consists of a popu-

lation of HVC neurons that form synapses within RA (Fig. 8A).  A second, distinct population of 

HVC neurons project to Area X (within avian basal ganglia), forming the irst synaptic connection 

within the AFP.  From Area X, the pathway traverses the thalamus and then LMAN before termi-

nating in RA (Fig. 8A).  Excitatory input from both HVC (VMP) and LMAN (AFP) converge 

onto individual RA neurons (Mooney and Konishi, 1991), although in adult birds HVC synapses 

in RA far outnumber those from LMAN (~20 to 1; Canady et al., 1988). 

 Electrophysiological and behavioral evidence suggests that the VMP and AFP have dis-

tinct roles in vocal behavior.  For example, neural activity within the VMP drives stereotyped adult 

Figure 8. Simpliied schematics of the song control circuit illustrate the hypotheses to be tested with emphasis on HVC and the 
integrated connectivity within RA.  (A) Projections from HVC to RA form the vocal motor pathway (VMP), a pathway essential for 
production of the stereotyped adult vocal pattern (black pathway), whereas projections from HVC to Area X begin a circuit (the AFP; 
anterior forebrain pathway) important for juvenile vocal learning and adult vocal variability that also terminates in RA (white path-

way). Although the gray pathways (auditory feedback) terminate in the vicinity of both HVC and RA, HVC is the primary recipient of 
auditory information in the song control system (Vates et al., 1996; Coleman and Mooney, 2004).  Within HVC, RA-projecting neu-

rons outnumber Area X-projecting neurons by over 4:1 and both populations are distributed throughout the volume encompassed 
by HVC (Wild et al., 2005).  Within RA, individual neurons receive synaptic input from both HVC and LMAN (lateral magnocellular 
nucleus of the anterior nidopallium; Mooney and Konishi, 1991; Stark and Perkel, 1999); these inputs are nontopographic and 
topographic, respectively (Johnson et al., 1995; Foster and Bottjer, 1998).  However, in the adult bird, VMP synapses within RA 
outnumber those of the AFP (~20 to 1, Canady et al., 1988).  (B) To test the role of auditory feedback during vocal recovery follow-

ing HVC microlesions, birds were deafened by bilateral cochlea removal following HVC microlesions.  



19

song (Yu and Margoliash, 1996; Hahnloser et al., 2002), and complete ablation of either HVC or 

RA abolishes the production of learned vocalizations (Simpson and Vicario, 1990).  In contrast, 

the AFP is implicated in vocal plasticity, both during vocal learning (Bottjer et al., 1984), and adult 

vocal change caused by altered sensory or motor function (Williams and Mehta, 1999; Brainard 

and Doupe, 2000).  

 Juvenile birds depend on auditory feedback to acqiure song through reinforecment of tem-

plate based matches.  hus, deafening juveniles prevents acquisition of normal adult song and audi-

tory perturbation in adults casues song sequence and acoustic structure to degrade (Konishi 1965; 

Leonardo and Konishi, 1999; Funabiki and Konishi, 2003).  Here, I tested whether recovery from 

HVC microlesions requires auditory feedback an extrinsic mechanism necessary for vocal develop-

ment and vocal maintenance (Fig. 8B).  I found that deafened adult birds fail to recover their vocal 

patterns following HVC microlesions. 

 

METHODS

Animals and Environment

Seventeen adult male zebra inches (>120 days posthatch), either raised in the breeding colony or 

obtained from a commercial breeder, were individually housed in medium sized bird cages (26.67 

x 19.05 x 39.37 cm) placed within computer-controlled environmental chambers (75.69 x 40.39 x 

47.24 cm) that were fabricated by FSU Neuroscience Program engineering personnel.  he design 

of the environmental chambers prevented visual as well as auditory access to other birds.  A com-

puter maintained both the photoperiod (14:10 L/D) and ambient temperature (set to 26°C) within 

each chamber.  hroughout the experiment, birds were provisioned daily with primarily millet-

based assorted seed (400 Finch Blends, www.jones-seed.com) and tap water.  Birds acclimated to 

the environmental chambers for two weeks prior to pre-operative recordings and surgical manipu-

lation.  All daily care procedures and experimental manipulations of the birds were reviewed and 

approved by the Florida State University Animal Care and Use Committee.

Surgeries

All birds received two of the following surgeries:  bilateral HVC microlesions (HVCml), bilateral 

cochlea removal (Deaf), or bilateral control surgery (cs).  For all birds, the irst surgery followed 

a two-week acclimation period and three pre-operative recording days.  he second surgery was 

performed following the irst day of singing after the irst surgery.  Following the second surgery 

all birds survived for three weeks.  he groups were as follows: HVCml + Deaf (n=5), HVCcs + 

Deaf (n=6), and HVCml + Deafcs (n=6).  he procedures used for HVC microlesions and LMAN 

ablation were similar to those described in hompson and Johnson (2007).
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 For the HVC microlesion surgery the following steps were taken:  birds were deeply anes-

thetized with Equithesin (0.04 cc) and then secured in a stereotaxic instrument.  he skull was 

exposed by centrally incising the scalp and retracting the folds with curved forceps.  Following 

application of avian saline (0.75 g NaCl/100 mL dH2O) to the exposed area, small craniotomies 

were placed over the approximate location of HVC bilaterally.  To determine the locations of these 

nuclei, the bifurcation at the midsagittal sinus was used as stereotaxic zero.  Following the surgery, 

the incision was treated with an antiseptic, sealed with veterinary adhesive, and the bird returned 

to its home cage. 

HVCml.  Bilateral microlesions in HVC were placed by positioning an electrode (Telon insulated 

tungsten, 200 µm diameter; A-M Systems, Everett, WA, www.a-msystems.com) directly lateral 

from stereotaxic zero with two penetrations per side.  Predetermined coordinates for the location 

of HVC were used to estimate placement of optimal lesion sites.  he most medial lesion was 0.4 

mm from the lateral penetration site which was 2.4 mm from the midline.  Each penetration had 

a depth of 0.6 mm and current was run at 100 µA for 35 s.

Deaf.  Birds were deeply anesthetized with Equithesin (0.04 cc) and then secured to an adjustable 

surgical platform.  A small incision was made in the skin covering the outer surface of the external 

meatus.  he tympanic membrane was exposed, pierced, and retracted.  Within the middle ear the 

extracolumella was disconnected from the columella.  he footplate is bound to the dorsal end of 

the columella and both were removed by extraction with ine forceps.  Briely, the columella can be 

grasped with forceps by the stem which protrudes from the oval window.  With the opening to the 

oval window cleared, a ine wire hook was used to extract the cochlea.  he extracted cochlea was 

examined under a microscope to verify that it had been removed in its entirety.  Following surgery, 

the incision was treated with an antiseptic, sealed with veterinary adhesive, and the bird returned 

to its home cage. 

Control Surgery. For Deaf control surgeries, birds were deeply anesthetized, received a scalp inci-

sion, and removal of a small cranial plate over the location of the respective nuclei for which it was 

a control.  Following surgery, the incision was treated with an antiseptic, sealed with veterinary 

adhesive, and the bird returned to its home cage.  Standard deafening controls are typically ei-

ther no surgery (Nordeen and Nordeen, 1992; Lombardino and Nottebohm, 2000; Brainard and 

Doupe, 2000; Brainard and Doupe, 2001; Watanabe et al., 2006) or control surgery up to the point 

of cochlea removal (Wang et al., 1999; Lombardino and Nottebohm, 2000) and results from both 

control methods do not difer (Wang et al., 1999).  herefore, the control surgery was suicient to 

control for the non-speciic efects of a second surgery following deafening. 
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Conirmation of Lesions

At the end of the three week post-operative period birds were given an overdose of Equithesin 

(0.08 cc) and intracardially perfused with saline followed by ice-cold 4% paraformaldehyde.  Af-

ter overnight postix by immersion in 4% paraformaldehyde, brains were sectioned coronally on 

a vibratome at 40 µm thickness.  Serial sections were then mounted onto microscope slides, thi-

onin- stained, and coverslipped.  he procedures used for lesion conirmation were similar to those 

described in hompson and Johnson (2007).

HVC. Nissl stained serial sections of caudal telencephalon that contained HVC were examined 

using a digital camera attached to a light microscope at low power (5X objective).  Neurolucida 

(Microbrightield Inc.), a 3D reconstruction program, was used to trace and estimate the volume 

of intact HVC and the volume of HVC damage (~23 serial sections contained HVC, ~10 of which 

contained lesion damage).  Briely, intact HVC and HVC damage were serially traced by aligning 

the outlines of previously traced sections with the tissue section to be traced in view on the com-

puter monitor.  Tracing sections using this software resulted in two discrete contours (i.e., traced 

regions; intact HVC and damaged HVC).   Analysis tools incorporated into the Neurolucida pro-

gram generated volume estimates for serially-traced contours of intact HVC and damaged HVC.

 Percent of sections with HVC damage.  To quantify the bilateral extent of microlesion damage, 

all sections of HVC that sustained lesion damage were summed and divided by the total bilateral 

number of HVC sections for each bird.  

 Percent HVC remaining.  To estimate the total bilateral volume of HVC, I traced two con-

tours for each hemisphere using Neurolucida, one for Nissl-deined intact HVC, and one for HVC 

damage that intersected the dorsal/ventral borders of HVC.  Here, I only traced the area of lesion 

damage that intersected the dorsal or ventral borders of HVC (borders that were clearly identii-

able in the coronal plane of section) to generate an estimated total bilateral volume of HVC lesion.  

When present, lesion damage lateral to HVC was not included in the tracings because such lesion 

damage distorted the lateral border of HVC, preventing determination of how much of the lesion 

was inside versus outside the lateral border of HVC.  he volumes of these two contours (intact 

HVC and HVC damage) bilaterally were summed to estimate the total bilateral volume and the 

volume for the HVC damage contour was divided by the total to estimate percent HVC remain-

ing.  

he dorsal/ventral borders of HVC could be clearly identiied given the coronal plane of section, 

and dorsal/ventral borders of the lesion-damaged region of HVC could be visually extrapolated 

from adjacent intact HVC.  However, because the lateral border of HVC was occluded by microle-

sion damage in several sections in all birds, lesion damage that extended laterally from HVC was 

not included in the total volume estimate.  hat is, the lateral edge of HVC adjacent to any lesion 
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damage was assumed to be the actual lateral border of HVC.  While this method likely underes-

timated the total bilateral volume of HVC, it provided a reasonable criterion for measuring HVC 

volume across birds and across groups.  

Recording Protocol

Birds were maintained in complete social isolation for the duration of the experiment.  herefore, 

only ‘‘undirected’’ songs (i.e., not directed toward a female) were recorded and analyzed.  While 

there is a normal degree of variability that characterizes undirected song (Sossinka and Bohner, 

1980; Kao et al., 2005) it is far less than the variability I report here following HVC microlesions.  

 For all birds, song production was recorded in 24 h blocks using a unidirectional micro-

phone fastened to the side of the internal cage.  Sounds transmitted by the microphone were moni-

tored through a computer that was running sound-event triggered software (Avisoft Recorder, 

www.avisoft.de).  Song was captured in bouts (2-7s bursts of continuous singing during which the 

motif may be repeated 1-5 times) and each song bout was saved as a time-stamped .wav ile (44 

kHz sampling rate) onto the computer hard drive where each day of singing by each bird was saved 

under a single directory.  

 hree pre-operative days of singing were obtained following the two-week acclimation 

period.   Post-operative singing was monitored every day beginning with the irst day after the irst 

surgery up to the day of sacriice.  Birds took on average 3 (± 1; S.E.) days to begin singing follow-

ing the irst surgery and following the second surgery birds took an average of 2 (± 1; S.E.) days 

before they resumed singing.  To insure that I captured all pre- and post-operative song bouts, trig-

gering settings for Avisoft Recorder were biased in favor of false-positive captures (i.e., .wav iles 

were comprised of repeated calls and/or cage noises).  his was particularly important for accurate 

capture of song bouts following HVC microlesions, where song destabilization persists for several 

days.  herefore, for each bird and on each day of pre and post-operative singing, false-positive 

sound iles were selectively deleted from each bird’s database of .wav iles.   

 Detection and deletion of false-positive .wav iles involved a three step process.  First, I used 

Spectrogram 13.0 (www.visualizationsoftware.com) to convert sound iles (.wav) into frequency 

spectrograph image iles (.jpg).  Second, I used an image-management program that contains an 

image-pattern recognition module (IMatch, www.photools.com) to identify .jpg iles that con-

tained singing-related spectra and deleted those images from the .jpg database.  For the third and 

inal step, I converted the ile names of remaining false-positive images (i.e., .jpg iles that did not 

contain singing-related spectra) from .jpg back to .wav and then batch-deleted those iles from 

the main database of .wav iles.  hus, each day of singing by each bird was reduced to a directory 

that contained only .wav iles with song bouts.  While each of these .wav iles contained a song 

bout, some iles also included cage noises (pecking on the cage loor, wing laps or beak-wiping on 



23

the perch) and short and long calls that birds often produce in close temporal proximity to a song 

bout.  

Analysis of Song Behavior

As described above, I allowed one day of post-operative vocalization following the irst surgery, 

which then served as a basis for behavioral comparison between groups with diferent manipula-

tions, and between the two manipulations within a particular group.  Following the second surgery, 

all birds had three weeks of post-operative recovery.  Selection of a three-week post-operative 

period was based on previous work showing that recovery of stereotyped song following HVC 

microlesions is typically achieved within one week (hompson and Johnson, 2007).  Since all birds 

in the present study experienced two surgeries I extended the recovery period to three weeks rather 

than two weeks (hompson and Johnson, 2007) in the event that some birds were slow to recover.  

However, upon visual and auditory inspection of song behavior from birds in all experimental 

groups it was clear that song stabilized within one week following the second surgery.  herefore, 

for statistical analysis I selected the irst three days of preoperative singing (PRE1, PRE2, and 

PRE3), the irst day of singing after the irst surgery (POST1), the next seven days of singing after 

the second surgery (POST2-8), and the inal day of singing before sacriice (Final).  his resulted 

in analysis of 12 days of singing from each bird in the study.  

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

for each bird in all groups I calculated the average daily number of song bouts across the three 

pre-operative recording days (PRE1-3).  he average of the three pre-operative days was used 

to establish a baseline for daily bout production for each bird.  To quantify the recovery of song 

bout production, the number of bouts produced on POST1-8 and Final were divided by the pre-

operative baseline to calculate a percent baseline of song bout production.  

Phonology Analysis (note measurement).  For each bird, I measured phonology using the irst 300 

song bouts produced on each of the 12 days selected for statistical analysis (PRE1-3, POST1-8, 

and Final).  his resulted in the analysis of ~5000 notes per bird per day [motif note number was 

similar across all groups (mean ± SE):  HVCml + Deaf = 3.6 ± 0.51, HVCcs + Deaf = 4.5 ± 0.43, 

and HVCml + Deafcs = 3.67 ± 0.33].  However, if a bird produced fewer than 300 bouts on a given 

day (common in all birds during initial post-operative days) all song bouts produced during that 

day were analyzed.  

 I quantiied each bird’s song by converting each day of singing (PRE1-3, POST1-8, Final) 

into a data set where each sound (note) was isolated and measured for duration and four inde-

pendent spectral features (pitch, FM, entropy, pitch goodness).  his was accomplished using the 
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Feature Batch module in the Sound Analysis Pro (SA+) software (version 1.04, ofer.sci.ccny.cuny.

edu; Tchernichovski et al., 2000).  Briely, syllable-threshold controls in SA+ (amplitude, entropy, 

minimum syllable and gap duration) were manually conigured for the song of each individual bird 

so that the software reliably identiied each note in the bird’s motif.  Initially, 20-40 randomly-

selected song bouts from PRE1 were used to identify threshold settings for each bird.  Scatter plots 

were then used to verify that threshold settings had been accurately speciied – for these plots note 

duration was always plotted on the x-axis and one of the measured spectral features (pitch, FM, 

entropy, pitch goodness) was plotted on the y-axis.  Within these plots, each data point represents 

an individual note and thus discrete clusters of data points signify repeated production of a speciic 

note type.  Finally, clusters observed within the scatter plots were compared against a frequency 

spectrograph of the bird’s motif to conirm that individual notes were represented by discrete clus-

ters of data points.  Following this process, threshold settings for each bird were noted and then 

applied without change to all song bouts produced in PRE2-3, POST1-8, and Final, insuring valid 

pre/post comparisons of bout phonology.  

Phonology Analysis (K-L distance).  Each day of singing by each bird resulted in a data sheet that 

contained values for the duration, pitch, FM, entropy, and pitch goodness of each note.  For each 

bout analyzed these values were listed in the sequence that the notes were produced.  he data 

sheets were then used to generate four feature scatter plots that described each day of singing (du-

ration vs. pitch, duration vs. FM, duration vs. entropy, duration vs. pitch goodness).  To assess vocal 

change in each bird, the feature scatter plots generated from a baseline day of singing (PRE1) were 

compared to those generated on succeeding singing days (PRE2-3, POST1-8, and Final) using the 

K-L (Kullback-Leibler distance), described below.   

 Let P1, P2, P3 represent the two dimensional scatter plots for one pair of features (e.g., 

duration vs. entropy) generated during the three pre-operative singing days (PRE1-3), respec-

tively.  Also, let P4, P5, …, P12 represent the scatter plots in the nine post-operative singing days 

(POST1-8 and Final), respectively. To quantify the rate of recovery of the birdsong following 

surgeries I estimated the recovery of Pk towards P1, where k = 4, 5, …, 12.  As a baseline criterion 

to quantify the normal day-to-day variation in bout phonology, I also estimated the “recovery” 

of P2 and P3 towards P1.  he tool that I used for these analyses, the K-L distance, is a standard 

information-theoretic measure for the dissimilarity of two patterns (Kullback and Leibler, 1951).  

In this case, the patterns are the scatter plots obtained during the 12 recording sessions (days).    

 To use the K-L distance to measure the recovery rate, a procedure was developed for es-

timating the two-dimensional distribution of the data points in each of the recording sessions.  I 

partition the two-dimensional scatter plot into an M by N array of bins (note duration is parti-

tioned into M equally-spaced bins and a second feature is partitioned into N equally-spaced bins). 
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hus, I have M×N two-dimensional bins. To have an appropriate and consistent estimation of the 

distribution, M and N are chosen as a constant value, 15, over all the data recordings.  he prob-

ability distribution in each session can be estimated by simply counting the number of data points 

in each bin and dividing by the total number of data points in the session. 

 Let Q1, Q2, Q3 denote the estimated two-dimensional probability distributions in the 

three pre-operative days, respectively, and Q4, Q5, …, Q12 denote the distributions in the nine 

post-operative days, respectively.  For k = 1, 2, …, 12, the K-L distance (measured in units of bits) 

between Qk and Q1 is deined as:

                                                                                                                                       

where q1(m, n) and qk(m, n) are the estimated probabilities for bin (m, n) for PRE1 and the kth 

session, respectively. he K-L distance describes the “distance” between two distributions, with 

DKL(Q1 || Qk) ≥ 0 for any Q1 and Qk, and DKL(Q1 || Qk) = 0 if and only if Q1 and Qk are the 

same distributions. 

 For the HVCml + Deaf, and HVCcs + Deaf groups, there was either no recovery or no loss 

of stable song, so the DKL’s in the post-operative sessions remained relatively constant.  herefore, 

I computed δ that describes the diference in the time-averaged K-L distance before and after the 

irst surgery. hat is,   

he size of δ relects the extent of pre- vs. post-operative change in the scatter plots, with a large 

δ indicating that post-operative bout phonology is highly dissimilar from pre-operative bout pho-

nology.

Statistics

All analyses were performed using SigmaStat 2.03 (SPSS, Inc) and Matlab (Mathworks Inc).  A 

two-way ANOVA (group x hemisphere) was used to assess the group diferences in percent sec-

tions with HVC damage.  Group diferences in amount of remaining HVC were evaluated with a 

one-way ANOVA.  Group diferences in bout production were analyzed with a two-way ANOVA 

(group x day).  Group diferences in δ were evaluated by a one-way ANOVA.  All pair-wise com-

parisons of statistically signiicant (p < 0.05) main efects or interactions were evaluated using 

Student- Newman-Keuls (SNK) tests.

(Eq. 1)

(Eq. 2)
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RESULTS

Microlesion and Ablation Morphometry 

Table 3 shows a summary of 

HVC lesion damage that in-

cludes percent sections with 

HVC damage and percent 

HVC remaining.  Overall, 

there were no group difer-

ences for these measures.

 Sections with HVC 

damage: For this analysis I 

used a two-way ANOVA 

(group x hemisphere) to 

determine whether groups 

varied in amount of HVC 

damage and whether the 

amount of damage was bilaterally symmetrical.  Results from this analysis revealed no signiicant 

group diferences in HVC damage for HVCml + Deaf, and HVCml + Deafcs [main efect of 

group: F(2, 33) = 0.283; p = 0.756], moreover, for all groups, the extent of HVC damage showed 

no bilateral diference [main efect 

of hemisphere: F(1, 33) = 0.155; p = 

0.697]. 

 Amount of remaining HVC: 

here were no signiicant group dif-

ferences in the amount of remain-

ing HVC [one-way ANOVA, main 

efect of group: F(2, 16) = 1.26; p = 

0.314].  

Post-operative Recovery of Bout 

Production

Figure 9 depicts quantiication of 

the recovery of bout production for 

Figure 9. Recovery of bout production across post-operative days of singing.  
The x-axis represents days of post-operative singing: 1 indicates the irst day 
of post-operative singing following the irst surgery, 2-8 indicates the irst seven 
days of post-operative singing following the second surgery and Final repre-

sents the last day of singing (3 weeks post second surgery). 
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all groups.  Regardless of surgery manipulation singing was reduced on POST1 (irst day of singing 

following irst surgery) and POST2 (irst day of singing following second surgery), with a gradual 

recovery of daily bout production over the 3-week post-operative period.  Although singing was 

reduced on POST1 and POST2, all birds with HVC microlesions produced a suicient number of 

song bouts (42 ± 16; mean ± SE) to characterize phonology and note sequence.  

 Statistical analysis of bout production data (two-way ANOVA; group x day) revealed that 

there was a signiicant efect of day [F(8, 251) = 15.15; p < 0.001].  However, singing did not vary 

by group [F(4, 251) = 1.909; p = 0.110] nor was there an interaction of group by day [F(32, 251) = 

0.593; p = 0.960].  Because the recovery of bout production was similar across all experimental and 

control groups, diferences in the recovery of bout phonology and note sequence are not attribut-

able to group diferences in bout production. 

Figure 10. Duration vs. pitch scatter plots for representative birds from HVCcs + Deaf, HVCml + Deaf, and HVCml + Deafcs 
groups (gray dots represent pre-operative notes and black dots indicate post-operative notes).  (A) Control surgery and deafening 
had little effect on bout phonology.  (B) HVC microlesions caused the production of notes that were relatively limited in pitch and 
duration (POST1) that continued following deafening (POST2).  However, by the end of recovery there was an increase in the 
phonological range of destabilized note types (FINAL).  (C) HVC microlesions followed by control surgery caused the production 
of destabilized notes that were limited in pitch and duration (POST1 and POST2); however, by the end of the recovery period pre-
operative bout phonology was restored (FINAL). 
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Vocal Recovery Requires Auditory Feedback

Figure 10 shows duration vs. pitch scatter plots of bout phonology for representative birds from 

HVCcs + Deaf, HVCml + Deaf groups and HVCml + Deafcs.  I selected duration vs. pitch scatter 

plots to visualize bout phonology because birds actively tune their vocal tract to the fundamental 

frequencies of their song (Reide et al., 2006).  However, scatter plots using the other spectral fea-

tures (duration vs. FM, entropy, or pitch goodness) produced patterns that were always similar to 

the duration vs. pitch scatter plots.  Figure 10A shows that control surgery (HVCcs) and deafening 

produced modest change in the phonology of some notes (i.e., black post-operative note clusters 

were primarily localized over gray pre-operative note clusters).  

 In contrast, Figure 10B shows that following HVC microlesions notes produced at POST1 

fell into the lower left corner of the scatter plot indicating that these notes exhibited relative tem-

poral and spectral homogeneity (i.e., limited in duration and pitch).  Moreover, most pre-operative 

note types were not produced at all.  Vocal impairment persisted following deafening (see POST2 

in Fig. 10B) and the production of dissimilar note types (characterized primarily by notes with 

highly variable duration) increased by the end of the recovery period.  Figure 11 shows example 

spectrographs from two representative birds in the HVCml + Deaf group. 

 Figure 12 shows group data for the 4 spectral features used for K-L distance analysis (pitch, 

FM, entropy, and pitch goodness).  When compared to PRE1, K-L distance values for PRE2 and 

PRE3 were low in all groups, indicative of highly stable bout phonology across pre-operative days of 

singing.  For birds in the HVCcs + Deaf group there were slight changes in bout phonology follow-

ing HVC control surgery (POST1) and deafening (POST2) that persisted through the inal day of 

recovery (see Fig. 12A).  Previous literature indicates that song change following the loss of audi-

tory feedback does not occur until many weeks after surgery (Nordeen and Nordeen, 1992; Lom-

Figure 11. Frequency spectrographs from two representative birds from HVCml + Deaf and HVCml + LMAN Ablation groups.  
Loss of auditory feedback following HVC microlesions prevented recovery of the pre-operative motif.  
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bardino and Nottebohm, 

2000; Brainard and Doupe, 

2000), therefore I empha-

size that these changes in 

bout phonology detected 

by K-L distance are mod-

est and likely related to the 

non-speciic efects of the 

two surgical manipulations.  

By comparison, K-L dis-

tance analysis applied to the 

HVCml + Deaf group (Fig. 

12B) revealed that HVC 

microlesions produced a 

substantial increase in K-L 

distance at POST1 that was 

then sustained in the ab-

sence of auditory feedback 

during the entire period of 

recovery (POST2-Final).  

 he bout phonology 

of both deafening groups 

(HVCcs + Deaf and HVC-

ml + Deaf ) was relatively 

stable from POST3 to the 

inal day of the recovery pe-

riod (i.e., consistently low 

K-L distance values for 

HVCcs + Deaf and con-

sistently high K-L distance 

values for HVCml + Deaf ).  

hus, I used δ, deined as 

the diference between the 

time-averaged K-L distance 

before (PRE2 and PRE3) 

and after the irst surgery (POST1-8, Final) to statistically quantify the behavioral diference be-

Figure 12.  Mean K-L distance values from PRE1 describe changes in post-operative 
bout phonology for birds in the HVCcs + Deaf and HVCml + Deaf groups.  Pre-operative 
comparisons (PRE2 and PRE3) show very little variation in bout phonology.  (A) HVC 
control surgery followed by deafening caused a slight change to bout phonology.  (B) HVC 
microlesions induced a marked increase in phonological dissimilarity that was sustained by 
the loss of auditory feedback.  (C) HVC microlesions induced a marked increase in phono-

logical dissimilarity that gradually declined during the course of the recovery period.
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tween these groups (see Methods for details).  To statistically compare the post-operative vocal 

behavior of the two deafening groups (HVCcs + Deaf and HVCml + Deaf ) I used δ, deined as the 

diference between the time-averaged K-L distance before (Pre2 and Pre3) and after the irst sur-

gery (Post1-8, Final).  δ is expressed in units of bits (see Methods).  For each bird, δ was calculated 

for each of the 4 spectral features (pitch, FM, entropy, and pitch goodness).  Statistical analysis of 

δ values for each bird revealed that HVCml + Deaf birds (δ ± S.E.M. = 3.83 ± 0.37 bits) had a 

signiicantly larger post-operative change in phonology than HVCcs + Deaf birds [d ± S.E.M. = 

0.87 ± 0.04 bits; F(1, 43) = 78.36; p < 0.001].  hus, deafening produced a substantial and sustained 

increase in phonological dissimilarity only when preceded by HVC microlesions.    

DISCUSSION

hese data reveal that the recovery of phonology and syllable order characteristic of normal adult 

song following HVC microlesions requires auditory feedback.  Although recovery of song struc-

ture following partial damage is not complete recapitualtion of song development, these two pro-

cesses at least share the requirement for auditory experience.   My inding addresses a key question 

of whether recovery of song following partial HVC damage requires mechansims associated with 

vocal development, or would recover with restortation of HVC circuitry.

A Novel Role for Auditory Feedback:  Integration of VMP and AFP Activity

In both juveniles and adults, perturbation of auditory feedback leads to changes in the structure 

and sequence of notes.  However, restoration of auditory function enables learning (juveniles) or 

recovery (adults) of song (Leonardo and Konishi, 1999; Funabiki and Konishi, 2003; but cf. Zevin 

et al., 2004).  herefore, once juvenile birds establish an auditory memory of song (the song tem-

plate) it appears that perturbed auditory feedback does not overwrite the stored template, or com-

pletely prevent access to the song template in adulthood.  heoretical models developed to explain 

and predict the underlying mechanisms that enable vocal plasticity suggest that a computational 

mechanism compares the bird’s singing to the song template and generates a Hebbian reinforce-

ment signal when matches occur, constraining subsequent vocal production to the sounds present 

within the song template (Toyer and Doupe, 2000a,b; Troyer and Bottjer, 2001).  

 While an auditory feedback mechanism for reinforcement of template-matched vocaliza-

tions seems necessary for juvenile learning, my indings reveal an additional role for auditory feed-

back that is focused solely on regulating the relative strength of VMP and AFP input to RA.  hat 

is, my present results show that auditory feedback is necessary for vocal recovery following HVC 

microlesions (Fig. 12).  In previous work I also found that if LMAN is removed prior to HVC 

microlesions birds will produce their pre-operative song at their very irst post-operative utterance 
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(hompson and Johnson, 2007).   Auditory feedback appears to enable vocal recovery by gradually 

strengthening VMP input, weakening AFP input, or perhaps both.  

 Auditory feedback may therefore play two distinct but complementary roles during vocal 

development:  1) guiding the development of motor programming to achieve songs that match an 

encoded template, and 2) gradually favoring the production of stereotyped song by reducing the 

inluence of AFP activity in RA.  While these two processes would occur largely in parallel during 

juvenile vocal development, vocal recovery following HVC microlesions may be driven primar-

ily by a change in the relative strength of VMP and AFP input to RA, rather than a wholesale 

relearning of song.  Interestingly, this view provides additional explanation for the indings of 

Brainard and Doupe (2000), who found that prior ablation of LMAN prevents deafening-induced 

destabilization of song.  Although this report is often cited in support of template-based models, if 

auditory feedback regulates the relative strength of VMP and AFP input to RA (normally favoring 

VMP input), then deafening may contribute to song destabilization by allowing a gradual increase 

in ability of the AFP to drive a variable vocal output.    
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CHAPTER 3: ROLE OF THE ANTERIOR FOREBRAIN PATHWAY IN THE ONSET 

OF AND RECOVERY FROM DESTABILIZATION OF LEARNED SONG FOLLOW-

ING BILATERAL HVC MICROLESIONS

Adapted from:

hompson JA & Johnson F (2007) HVC microlesions do not destabilize the vocal 

patterns of adult male zebra inches with prior ablation of LMAN. Developmental 

Neurobiology 67:205-218 

&

hompson JA, Wu W, Bertram R, Johnson F (2007) Auditory dependent vocal recovery 

in adult male zebra inches is facilitated by lesion of a forebrain pathway that 

includes the basal ganglia. Journal of Neuroscience 27:12308-12320

Overview:

 he integration of two neural pathways generates learned song in zebra inches.  he vo-

cal motor pathway (VMP) is a direct connection between HVC (proper name) and RA (robust 

nucleus of the arcopallium), whereas the anterior forebrain pathway (AFP) comprises an indirect 

circuit from HVC to RA that traverses the basal ganglia.  Partial ablation (microlesion) of HVC 

in adult birds alters the integration of VMP and AFP synaptic input within RA and destabilizes 

singing.  However, the vocal pattern shows surprising resilience as birds subsequently recover their 

song in ~1 week.  Here the contribution of the AFP to the onset of song destabilization was tested 

by ablating the output nucleus of this circuit (LMAN, the lateral magnocellular nucleus of the 

anterior nidopallium) prior to bilateral HVC microlesions.  Song stereotypy was largely unafected.  

I then tested the role of the AFP (basal ganglia circuit) during auditory dependent recovery by 

ablating the output nucleus of the AFP (LMAN, lateral magnocellular nucleus of the anterior 

nidopallium) after the onset of destabilization.  I found that LMAN ablation following HVC mi-

crolesions induced a sudden recovery of the vocal pattern.  Together, my indings suggest that adult 

vocal production involves non-proportional integration of two streams of neural activity with op-

posing efects on song – HVC’s direct projection to RA underlies production of stereotyped song 

whereas the AFP seems to facilitate vocal variation.  hus, the AFP cannot be the neural locus of 

an instructive/learning mechanism that uses auditory feedback to guide vocal recovery – at least in 

this form of adult vocal plasticity.  Instead, the AFP appears to be the source of the variable motor 

patterns responsible for vocal destabilization.  
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CHAPTER 3: ROLE OF THE ANTERIOR FOREBRAIN PATHWAY IN THE ONSET 

OF AND RECOVERY FROM DESTABILIZATION OF LEARNED SONG FOLLOW-

ING BILATERAL HVC MICROLESIONS

INTRODUCTION

he learned songs of passerine birds arise from the inte-

gration of two forebrain neural pathways, the vocal motor 

pathway (VMP) and the anterior forebrain pathway (AFP).  

Both pathways originate within HVC and both termi-

nate in the pre-motor nucleus RA.  he VMP consists of a 

population of HVC neurons that form synapses within RA 

(Fig. 13A).  A second, distinct population of HVC neurons 

project to Area X (within avian basal ganglia), forming the 

irst synaptic connection within the AFP.  From Area X, 

the pathway traverses the thalamus and then LMAN before 

terminating in RA (Fig. 13A).  Excitatory input from both 

HVC (VMP) and LMAN (AFP) converge onto individ-

ual RA neurons (Mooney and Konishi, 1991), although in 

adult birds HVC synapses in RA far outnumber those from 

LMAN (~20 to 1; Canady et al., 1988). 

 Electrophysiological and behavioral evidence sug-

gests that the VMP and AFP have distinct roles in vocal be-

havior.  For example, neural activity within the VMP drives 
Figure 13. Simpliied schematics of the song control circuit illustrate the 
hypotheses to be tested with emphasis on HVC and the integrated connectiv-

ity within RA.  (A) Projections from HVC to RA form the vocal motor pathway 
(VMP), a pathway essential for production of the stereotyped adult vocal pat-
tern (black pathway), whereas projections from HVC to Area X begin a circuit 
(the AFP; anterior forebrain pathway) important for juvenile vocal learning and 
adult vocal variability that also terminates in RA (white pathway). Although the 
gray pathways (auditory feedback) terminate in the vicinity of both HVC and 
RA, HVC is the primary recipient of auditory information in the song control 
system (Vates et al., 1996; Coleman and Mooney, 2004).  Within HVC, RA-
projecting neurons outnumber Area X-projecting neurons by over 4:1 and both 
populations are distributed throughout the volume encompassed by HVC (Wild 
et al., 2005).  Within RA, individual neurons receive synaptic input from both 

HVC and LMAN (lateral magnocellular nucleus of the anterior nidopallium; Mooney and Konishi, 1991; Stark and Perkel, 1999); 
these inputs are nontopographic and topographic, respectively (Johnson et al., 1995; Foster and Bottjer, 1998).  However, in the 
adult bird, VMP synapses within RA outnumber those of the AFP (~20 to 1, Canady et al., 1988).  (B) If LMAN input to RA con-

tributes to the loss of vocal stereotypy following HVC microlesions, ablation of LMAN prior to HVC microlesions should eliminate 
or reduce this loss.  (C) HVC microlesions alter the integration in RA to favor AFP input which may underlie the increase in vocal 
variability (Thompson and Johnson, 2007).  To determine the role of the AFP in vocal recovery following HVC microlesions, birds 
received complete bilateral ablation of LMAN (the output nucleus of the AFP) following HVC microlesions.
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stereotyped adult song (Yu and Margoliash, 1996; Hahnloser et al., 2002), and complete ablation 

of either HVC or RA abolishes the production of learned vocalizations (Simpson and Vicario, 

1990).  In contrast, the AFP is implicated in vocal plasticity, both during vocal learning (Bottjer 

et al., 1984), and adult vocal change caused by altered sensory or motor function (Williams and 

Mehta, 1999; Brainard and Doupe, 2000).  

 Here I have studied the vocal consequences of ablating small portions (< 10%) of HVC 

(See Chapter 1).  Within HVC of adult male zebra inches, RA-projecting neurons outnumber 

Area X-projecting neurons by over 4:1 and both populations are distributed throughout the volume 

encompassed by HVC (Wild et al., 2005).  Partial ablation (microlesion) of HVC will therefore 

damage both populations proportionally (Fig. 13B).  Assuming linear integration of synaptic input 

at RA, one might expect that slight, proportional damage to HVC’s two populations of projection 

neurons would produce only minor efects on the vocal pattern.  Instead, I found that bilateral 

HVC microlesions in adult males resulted in an immediate loss of motif stereotypy, although all 

birds showed subsequent recovery.    

 I further investigated whether the onset of motif variability in birds with HVC microle-

sions relected an altered inluence of the AFP on vocal production by ablating the output of the 

AFP (LMAN) prior to making HVC microlesions (Fig. 13C).  hese birds showed highly stereo-

typed motifs following HVC microlesions.  Together, my indings suggest that motif production 

in adult male zebra inches involves non-proportional integration of two streams of neural activity 

that have opposing efects on the vocal pattern (stereotypy vs. variability).  However, recovery of 

motif stereotypy following HVC microlesions alone would seem to relect the existence of dynamic 

neural mechanisms that monitor and favor the production of stereotyped motifs in adult birds.  

Indeed, the rate at which motif stereotypy returned (as quickly as 3 days) would seem to preclude 

neuronal replacement as the mechanism of recovery (cf. Scharf et al. 2000).

 While AFP signaling is necessary for vocal plasticity, the underlying mechanisms of vocal 

change are unclear.  Two models of AFP function have been proposed, each focused on a diferent 

aspect of vocal plasticity.  A ‘purposive variation model’ suggests that the AFP directly inluences 

vocal production, with LMAN driving the vocal-motor variability necessary for trial and error 

song learning by juvenile birds (Kao et al., 2005; Olveczky et al., 2005).  An ‘instructive model’ 

suggests that the AFP utilizes auditory feedback to compare vocal output against a memorized 

auditory template, selecting and reinforcing the production of template-matched vocalizations by 

the VMP (Troyer and Doupe, 2000a,b; Troyer and Bottjer, 2001).

 Previously, I tested the functional roles of VMP and AFP in adult zebra inches by reducing 

VMP synapses in RA (via bilateral partial ablation – microlesion – of HVC) without altering the 

number of AFP synapses in RA (hompson and Johnson, 2007).  I observed an initial increase in 

vocal variability, suggesting that the AFP continues to generate vocal-motor variation in adulthood 
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(cf. Kao et al., 2005).  However, all birds subsequently recovered their pre-operative song, raising 

the possibility of auditory-dependent relearning of the vocal pattern.  

 I then tested predictions from the two models for AFP function (Fig. 13C).  LMAN abla-

tion following HVC microlesions will either prevent recovery (instructional) or facilitate recovery 

(purposive variation).  I found that LMAN ablation following HVC microlesions induced a sud-

den recovery of the vocal pattern, efectively ruling out the AFP as the neural locus of an instructive 

mechanism that guides adult vocal recovery.

METHODS

Animals and Environment

hirty adult male zebra inches (>120 days posthatch), either raised in the breeding colony or ob-

tained from a commercial breeder, were individually housed in medium sized bird cages (26.67 x 

19.05 x 39.37 cm) placed within computer-controlled environmental chambers (75.69 x 40.39 x 

47.24 cm) that were fabricated by FSU Neuroscience Program engineering personnel.  he design 

of the environmental chambers prevented visual as well as auditory access to other birds.  A com-

puter maintained both the photoperiod (14:10 L/D) and ambient temperature (set to 26°C) within 

each chamber.  hroughout the experiment, birds were provisioned daily with primarily millet-

based assorted seed (400 Finch Blends, www.jones-seed.com) and tap water.  Birds acclimated to 

the environmental chambers for two weeks prior to pre-operative recordings and surgical manipu-

lation.  All daily care procedures and experimental manipulations of the birds were reviewed and 

approved by the Florida State University Animal Care and Use Committee.

Surgeries

To determine the role of the AFP in the onset of destabilization following  HVC microlesions I 

compared a group of six birds that received HVC microlesions to a group of seven birds that re-

ceived HVC microlesion one week subsequent to LMAN ablation (hompson & Johnson, 2007).  

To determine the role of the AFP in the recovery from destabilization following HVC microle-

sions I used the following three groups.  All birds received two of the following surgeries:  bilateral 

HVC microlesions (HVCml), bilateral LMAN ablation (LMAN Ablation), or bilateral control 

surgery (cs).  For all birds, the irst surgery followed a two-week acclimation period and three pre-

operative recording days.  he second surgery was performed following the irst day of singing after 

the irst surgery.  Following the second surgery all birds survived for three weeks.  he groups were 

as follows: HVCml + LMAN Ablation (n=6), HVCml + LMANcs (n=6), and HVCcs + LMAN 

Ablation (n=5).  he procedures used for HVC microlesions and LMAN ablation were similar to 

those described in hompson and Johnson (2007).
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 For both HVC microlesion and LMAN ablation surgeries the following steps were taken:  

birds were deeply anesthetized with Equithesin (0.04 cc) and then secured in a stereotaxic instru-

ment.  he skull was exposed by centrally incising the scalp and retracting the folds with curved 

forceps.  Following application of avian saline (0.75 g NaCl/100 mL dH2O) to the exposed area, 

small craniotomies were placed over the approximate location of HVC or LMAN bilaterally.  To 

determine the locations of these nuclei, the bifurcation at the midsagittal sinus was used as stereo-

taxic zero.  Following the surgery, the incision was treated with an antiseptic, sealed with veterinary 

adhesive, and the bird returned to its home cage. 

HVCml.  Bilateral microlesions in HVC were placed by positioning an electrode (Telon insulated 

tungsten, 200 µm diameter; A-M Systems, Everett, WA, www.a-msystems.com) directly lateral 

from stereotaxic zero with two penetrations per side.  Predetermined coordinates for the location 

of HVC were used to estimate placement of optimal lesion sites.  he most medial lesion was 0.4 

mm from the lateral penetration site which was 2.4 mm from the midline.  Each penetration had 

a depth of 0.6 mm and current was run at 100 µA for 35 s.

LMAN Ablation. Complete bilateral lesion of LMAN was accomplished with predetermined co-

ordinates for optimal lesion placement.  LMAN surgery involved 8 penetrations all of which had 

a depth of 2.6 mm: the irst four were placed 3.8 mm anterior from zero, mirrored laterally at 1.4 

and 1.9 mm from the midline.  Two of the second four penetrations were placed more anterior (5.4 

mm) from zero and positioned at 1.6 mm from the midline (which is midway between the irst two 

lateral positions).  he other two penetrations were more posterior (2.2 mm) from zero and again 

1.6 mm lateral from the midline.  he irst four lesions were 3.5 min in duration and the second 

four were 2 min in duration.  All eight lesions had a 100 µA current.

Control Surgery.  For HVC and LMAN control surgeries (HVCcs, LMANcs), birds were deeply 

anesthetized, received a scalp incision, and removal of a small cranial plate over the location of the 

respective nuclei for which it was a control.  Following surgery, the incision was treated with an 

antiseptic, sealed with veterinary adhesive, and the bird returned to its home cage.  

Conirmation of Lesions

At the end of the three week post-operative period birds were given an overdose of Equithesin 

(0.08 cc) and intracardially perfused with saline followed by ice-cold 4% paraformaldehyde.  Af-

ter overnight postix by immersion in 4% paraformaldehyde, brains were sectioned coronally on a 

vibratome at 40 µm thickness.  Serial sections were then mounted onto microscope slides, thionin- 

stained, and coverslipped.  he procedures used for lesion conirmation (both HVC microlesions 
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and LMAN ablation) were similar to those described in hompson and Johnson (2007).

HVC. Nissl stained serial sections of caudal telencephalon that contained HVC were examined 

using a digital camera attached to a light microscope at low power (5X objective).  Neurolucida 

(Microbrightield Inc.), a 3D reconstruction program, was used to trace and estimate the volume 

of intact HVC and the volume of HVC damage (~23 serial sections contained HVC, ~10 of which 

contained lesion damage).  Briely, intact HVC and HVC damage were serially traced by aligning 

the outlines of previously traced sections with the tissue section to be traced in view on the com-

puter monitor.  Tracing sections using this software resulted in two discrete contours (i.e., traced 

regions; intact HVC and damaged HVC).   Analysis tools incorporated into the Neurolucida pro-

gram generated volume estimates for serially-traced contours of intact HVC and damaged HVC.

 Percent of sections with HVC damage.  To quantify the bilateral extent of microlesion damage, 

all sections of HVC that sustained lesion damage were summed and divided by the total bilateral 

number of HVC sections for each bird.  

 Percent HVC remaining.  To estimate the total bilateral volume of HVC, I traced two con-

tours for each hemisphere using Neurolucida, one for Nissl-deined intact HVC, and one for HVC 

damage that intersected the dorsal/ventral borders of HVC.  Here, I only traced the area of lesion 

damage that intersected the dorsal or ventral borders of HVC (borders that were clearly identii-

able in the coronal plane of section) to generate an estimated total bilateral volume of HVC lesion.  

When present, lesion damage lateral to HVC was not included in the tracings because such lesion 

damage distorted the lateral border of HVC, preventing determination of how much of the lesion 

was inside versus outside the lateral border of HVC.  he volumes of these two contours (intact 

HVC and HVC damage) bilaterally were summed to estimate the total bilateral volume and the 

volume for the HVC damage contour was divided by the total to estimate percent HVC remaining.  

he dorsal/ventral borders of HVC could be clearly identiied given the coronal plane of section, 

and dorsal/ventral borders of the lesion-damaged region of HVC could be visually extrapolated 

from adjacent intact HVC.  However, because the lateral border of HVC was occluded by microle-

sion damage in several sections in all birds, lesion damage that extended laterally from HVC was 

not included in the total volume estimate.  hat is, the lateral edge of HVC adjacent to any lesion 

damage was assumed to be the actual lateral border of HVC.  While this method likely underes-

timated the total bilateral volume of HVC, it provided a reasonable criterion for measuring HVC 

volume across birds and across groups. 

LMAN. Photomicrographs of Nissl-stained, bilateral, serial sections through the rostral telenceph-

alon were imported into Image-Pro 3.0 (Media Cybernetics, Inc.).  Analysis tools incorporated 

into the Image-Pro program generated area estimates for serially traced contours of LMAN.
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Percent LMAN remaining. Non-ablated regions (i.e., area remaining) of LMAN, deined by 

Nissl stain, were traced and the areas summed and multiplied by section thickness.  he remaining 

LMAN volume from each side was then divided by an average volume for intact unilateral LMAN 

(0.11 mm3, obtained from ive intact birds) to estimate a percent unilateral LMAN remaining.  

Both unilateral estimates of remaining LMAN were then averaged to derive a value for total per-

cent bilateral LMAN remaining. 

Recording Protocol

Birds were maintained in complete social isolation for the duration of the experiment.  herefore, 

only ‘‘undirected’’ songs (i.e., not directed toward a female) were recorded and analyzed.  While 

there is a normal degree of variability that characterizes undirected song (Sossinka and Bohner, 

1980; Kao et al., 2005) it is far less than the variability I report here following HVC microlesions. 

 For all birds, song production was recorded in 24 h blocks using a unidirectional micro-

phone fastened to the side of the internal cage.  Sounds transmitted by the microphone were moni-

tored through a computer that was running sound-event triggered software (Avisoft Recorder, 

www.avisoft.de).  Song was captured in bouts (2-7s bursts of continuous singing during which the 

motif may be repeated 1-5 times) and each song bout was saved as a time-stamped .wav ile (44 

kHz sampling rate) onto the computer hard drive where each day of singing by each bird was saved 

under a single directory.  

 hree pre-operative days of singing were obtained following the two-week acclimation 

period.   Post-operative singing was monitored every day beginning with the irst day after the irst 

surgery up to the day of sacriice.  Birds took on average 3 (± 1; S.E.) days to begin singing follow-

ing the irst surgery and following the second surgery birds took an average of 2 (± 1; S.E.) days 

before they resumed singing.  To insure that I captured all pre- and post-operative song bouts, trig-

gering settings for Avisoft Recorder were biased in favor of false-positive captures (i.e., .wav iles 

were comprised of repeated calls and/or cage noises).  his was particularly important for accurate 

capture of song bouts following HVC microlesions, where song destabilization persists for several 

days.  herefore, for each bird and on each day of pre and post-operative singing, false-positive 

sound iles were selectively deleted from each bird’s database of .wav iles.   

 Detection and deletion of false-positive .wav iles involved a three step process.  First, I used 

Spectrogram 13.0 (www.visualizationsoftware.com) to convert sound iles (.wav) into frequency 

spectrograph image iles (.jpg).  Second, I used an image-management program that contains an 

image-pattern recognition module (IMatch, www.photools.com) to identify .jpg iles that con-

tained singing-related spectra and deleted those images from the .jpg database.  For the third and 

inal step, I converted the ile names of remaining false-positive images (i.e., .jpg iles that did not 

contain singing-related spectra) from .jpg back to .wav and then batch-deleted those iles from 
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the main database of .wav iles.  hus, each day of singing by each bird was reduced to a directory 

that contained only .wav iles with song bouts.  While each of these .wav iles contained a song 

bout, some iles also included cage noises (pecking on the cage loor, wing laps or beak-wiping on 

the perch) and short and long calls that birds often produce in close temporal proximity to a song 

bout. 

Analysis of Song Behavior

Role of AFP in onset of desta-

bilization (comparisons be-

tween LMAN+HVCml and 

HVCml). 

Behavioral measures con-

sisted of analyzing song 

production at three stages 

termed PRE (pre-opera-

tive), POST1 (the irst two 

days of vocalization follow-

ing bilateral HVC microle-

sions), and POST2 (the last 

two days of post-operative 

vocalization).  For each bird, 

5 song bouts were randomly 

selected from the 24h re-

cordings at each stage (total 

song bouts analyzed = 175).  

Two of the seven LMAN-

HVCml birds did not pro-

duce post-operative singing 

until the last two days of re-

covery and thus did not have 

any POST1 examples for 

comparison. 

 Production Analy-

sis:  he duration of motifs 

and the number of motifs 

per bout were calculated for 

Figure 14. Frequency spectrograms of song bouts from representative birds from each 
group at all three stages.   A. In the LMAN-HVCml group, LMAN ablation prevented the 
severe pattern destabilization induced by HVC microlesions at POST1.  B. Representative 
spectrograms from the HVCml group demonstrate that destabilization was observed upon 
the irst post-operative vocalization (POST1), but then largely recovered by the inal two 
days of the two-week post-operative period (POST2).  For PRE of HVCml birds, a mean 
duration is indicated over the shaded grey box, this measure was used to capture a ‘puta-

tive motif’ following introductory notes in POST1.  Otherwise, shaded grey boxes indicate 
the canonical motif for each bird. 
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PRE and POST2 only.  Calculating change in motif duration consisted of averaging 5 motifs at 

POST2, then deriving the percent change from PRE.  For the quantiication of motifs per bout, 5 

bouts from both PRE and POST2 were selected and the average number of motifs for each bout 

was assessed.  he average for POST2 is reported as a percent of PRE baseline.  

 Motif Analysis:  All motif segments used for analysis were created by reducing a song bout 

to a singular representation of each bird’s canonical motif.  Again, for each bird, 5 randomly select-

ed sample motifs at each stage (PRE, POST1, and POST2) were used for the following analyses: 

acoustic similarity and sequential consistency.  he irst motif following a series of introductory 

notes was used to designate the motif selected for quantiication in POST1 of LMAN-HVCml 

birds and in POST2 for all groups.  Because the motifs of HVCml birds at the POST1 stage were 

severely degraded, identiication of note types and motif structure at POST1 was not possible.  

However, the song bouts of HVCml birds at POST1 still began with one or more introductory 

notes that were then followed by clusters of degraded notes.  herefore, to demarcate a ‘putative 

motif ’ for HVCml birds at POST1, I used the mean duration of each bird’s PRE motif as a ixed 

time-window to select sounds that immediately followed the last introductory note in a bout (see 

examples in Fig. 14B).  

 To assess the change in the acoustic structure of motifs, Sound Analysis Pro (SA+) 1.04 

software (ofer.sci.ccny.cuny.edu; Tchernichovski et al., 2000) with the default zebra inch settings 

was used.  SA+ measures acoustic features (e.g., Wiener entropy, frequency modulation, amplitude, 

and goodness of pitch) to quantify the rate of pattern change during diferent phases of develop-

ment or recovery of song (e.g., Liu and Nottebohm, 2005; Deregnaucourt et al., 2005; Kittel-

berger and Mooney, 2005, Coleman and Vu, 2005).  For each bird, motifs from PRE, POST1, and 

POST2 were compared using the ‘% Similarity’ and ‘% Sequential Match’ functions of SA+.  

 he Similarity score in SA+ focuses on the acoustic structure of compared motifs but is 

not sensitive to the temporal ordering of notes within a motif.  hus, Sequential Match, which is 

sensitive to changes in note order and note omissions when motifs are compared, was used to de-

tect diferences in the temporal ordering of sounds.  hat is, if notes within a motif are only misor-

dered/omitted and not degraded, only the Sequential Match score will detect a signiicant change.  

However, these measures are not entirely independent and it should be noted that motifs with low 

Similarity scores (due to dissimilar acoustic structure) will also have low Sequential Match scores.    

 Note Analysis:  To assess change in the spectral quality of individual notes, the Correlator 

program of Avisoft-SASLab Pro was used to generate spectrogram cross-correlations of individual 

notes from pre- and post-operative stages.  For each bird, three examples of each note in the bird’s 

motif were selected randomly from PRE and POST2.  PRE notes were compared against them-

selves to determine baseline similarity (PRE/PRE) and POST2 notes were compared against PRE 

notes to assess note stability across the experiment (POST2/PRE).  For each bird, I calculated note 
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spectral similarity values for PRE/PRE and for POST2/PRE by averaging the spectral similarity 

of individual notes.

 Feature Analysis: Songs are complex acoustic entities comprised of multiple acoustic fea-

tures and any one feature could be afected diferently than another when the pattern as a whole 

has been destabilized.  hus, I narrowed the analysis down to a across hour, within day analysis of 

acoustic feature quality for three separate features (mean pitch: average change in harmonic fre-

quency structure, mean FM: average change in frequency modulation sweep, and mean entropy: 

average measure of tonal quality). 

 his feature-focused analysis was applied to a day of pre-operative vocalizing and the irst 

and last day of post-operative vocalization from one bird in the LMAN-HVCml groups.  Pre-

operative singing, the irst three days of post-operative vocalization as well as the last day of re-

covery were analyzed in two birds from the HVCml group.  For each hour, 5 bouts were selected 

randomly for analysis.  Mean pitch, mean FM, and mean entropy were selected for their pertinence 

in the literature (Tchernichovski et al., 2001; Deregnaucourt et al., 2005).  hough the pitch of the 

individual notes that comprise a motif varied greatly from one another, an average measure across 

bouts in an unafected bird generated a consistent value.   

Statistics 

All analyses were performed using the statistical program SigmaStat 2.03 (SPSS, Inc).  Group dif-

ferences in motif duration were analyzed with a one-way ANOVA for the percent change in motif 

duration from PRE to POST2.   A one-way ANOVA was also used to analyze data for motifs per 

bout at PRE and POST2.  For SA+ analyses (Similarity Score and Sequential Match), a two-way 

(Group x Stage Comparison) repeated measures ANOVA was performed for each comparison per 

group.  hat is, all three stages (PRE, POST1, and POST2) were compared against each other (e.g. 

PRE/POST1) and compared against themselves (e.g. PRE/PRE), generating three across-group 

and three within-group comparisons.  Spectral similarity of individual note elements was analyzed 

with a two-way repeated measures ANOVA (Group x Note) for PRE and POST2.  All pairwise 

comparisons of statistically signiicant (p<0.05) main efects or interactions were evaluated using 

Student-Newman-Keuls tests.

Role of AFP in onset of destabilization (comparisons between HVCml + LMANcs, HVCcs + LMAN 

ablation and HVCml+ LMAN ablation). 

Similar to the experimental design in Chapter 3, for birds in these three groups (HVCml + 

LMANcs, HVCml + LMAN Ablation, and HVCcs + LMAN Ablation), I allowed one day of 

post-operative vocalization following the irst surgery, which then served as a basis for behavioral 

comparison between groups with diferent manipulations, and between the two manipulations 
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within a particular group.  Following the second surgery, all birds had three weeks of post-operative 

recovery.  Selection of a three-week post-operative period was based on previous work showing that 

recovery of stereotyped song following HVC microlesions is typically achieved within one week 

(hompson and Johnson, 2007).  Since all birds in the present study experienced two surgeries I 

extended the recovery period to three weeks rather than two weeks (hompson and Johnson, 2007) 

in the event that some birds were slow to recover.  However, upon visual and auditory inspection 

of song behavior from birds in all experimental groups it was clear that song stabilized within one 

week following the second surgery.  herefore, for statistical analysis I selected the irst three days 

of preoperative singing (PRE1, PRE2, and PRE3), the irst day of singing after the irst surgery 

(POST1), the next seven days of singing after the second surgery (POST2-8), and the inal day 

of singing before sacriice (Final).  his resulted in analysis of 12 days of singing from each bird in 

the study. 

 Production Analysis.  To measure the recovery of daily song bout production following sur-

gery, for each bird in all groups I calculated the average daily number of song bouts across the three 

pre-operative recording days (PRE1-3).  he average of the three pre-operative days was used 

to establish a baseline for daily bout production for each bird.  To quantify the recovery of song 

bout production, the number of bouts produced on POST1-8 and Final were divided by the pre-

operative baseline to calculate a percent baseline of song bout production.  

 Phonology Analysis (note measurement).  For each bird, I measured phonology using the irst 

300 song bouts produced on each of the 12 days selected for statistical analysis (PRE1-3, POST1-

8, and Final).  his resulted in the analysis of ~5000 notes per bird per day [motif note number was 

similar across all groups (mean ± SE): HVCml + LMAN Ablation = 4.17 ± 0.17, HVCcs + LMAN 

Ablation = 4.6 ± 0.75, and HVCml + LMANcs = 3.67 ± 0.33].  However, if a bird produced fewer 

than 300 bouts on a given day (common in all birds during initial post-operative days) all song 

bouts produced during that day were analyzed.  

 I quantiied each bird’s song by converting each day of singing (PRE1-3, POST1-8, Final) 

into a data set where each sound (note) was isolated and measured for duration and four inde-

pendent spectral features (pitch, FM, entropy, pitch goodness).  his was accomplished using the 

Feature Batch module in the Sound Analysis Pro (SA+) software (version 1.04, ofer.sci.ccny.cuny.

edu; Tchernichovski et al., 2000).  Briely, syllable-threshold controls in SA+ (amplitude, entropy, 

minimum syllable and gap duration) were manually conigured for the song of each individual bird 

so that the software reliably identiied each note in the bird’s motif.  Initially, 20-40 randomly-

selected song bouts from PRE1 were used to identify threshold settings for each bird.  Scatter plots 

were then used to verify that threshold settings had been accurately speciied – for these plots note 

duration was always plotted on the x-axis and one of the measured spectral features (pitch, FM, 

entropy, pitch goodness) was plotted on the y-axis.  Within these plots, each data point represents 
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an individual note and thus discrete clusters of data points signify repeated production of a speciic 

note type.  Finally, clusters observed within the scatter plots were compared against a frequency 

spectrograph of the bird’s motif to conirm that individual notes were represented by discrete clus-

ters of data points.  Following this process, threshold settings for each bird were noted and then 

applied without change to all song bouts produced in PRE2-3, POST1-8, and Final, insuring valid 

pre/post comparisons of bout phonology. Phonology Analysis (K-L distance).  Each day of singing 

by each bird resulted in a data sheet that contained values for the duration, pitch, FM, entropy, and 

pitch goodness of each note.  For each bout analyzed these values were listed in the sequence that 

the notes were produced.  he data sheets were then used to generate four feature scatter plots that 

described each day of singing (duration vs. pitch, duration vs. FM, duration vs. entropy, duration 

vs. pitch goodness).  To assess vocal change in each bird, the feature scatter plots generated from 

a baseline day of singing (PRE1) were compared to those generated on succeeding singing days 

(PRE2-3, POST1-8, and Final) using the K-L (Kullback-Leibler distance), described below.   

 Let P1, P2, P3 represent the two dimensional scatter plots for one pair of features (e.g., 

duration vs. entropy) generated during the three pre-operative singing days (PRE1-3), respec-

tively.  Also, let P4, P5, …, P12 represent the scatter plots in the nine post-operative singing days 

(POST1-8 and Final), respectively. To quantify the rate of recovery of the birdsong following 

surgeries I estimated the recovery of Pk towards P1, where k = 4, 5, …, 12.  As a baseline criterion 

to quantify the normal day-to-day variation in bout phonology, I also estimated the “recovery” 

of P2 and P3 towards P1.  he tool that I used for these analyses, the K-L distance, is a standard 

information-theoretic measure for the dissimilarity of two patterns (Kullback and Leibler, 1951).  

In this case, the patterns are the scatter plots obtained during the 12 recording sessions (days).    

 To use the K-L distance to measure the recovery rate, a procedure was developed for es-

timating the two-dimensional distribution of the data points in each of the recording sessions.  I 

partition the two-dimensional scatter plot into an M by N array of bins (note duration is parti-

tioned into M equally-spaced bins and a second feature is partitioned into N equally-spaced bins). 

hus, I have M×N two-dimensional bins. To have an appropriate and consistent estimation of the 

distribution, M and N are chosen as a constant value, 15, over all the data recordings.  he prob-

ability distribution in each session can be estimated by simply counting the number of data points 

in each bin and dividing by the total number of data points in the session. 

 Let Q1, Q2, Q3 denote the estimated two-dimensional probability distributions in the 

three pre-operative days, respectively, and Q4, Q5, …, Q12 denote the distributions in the nine 

post-operative days, respectively.  For k = 1, 2, …, 12, the K-L distance (measured in units of bits) 

between Qk and Q1 is deined as:
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where q1(m, n) and qk(m, n) are the estimated prob-

abilities for bin (m, n) for PRE1 and the kth session, respectively. he K-L distance describes the 

“distance” between two distributions, with DKL(Q1 || Qk) ≥ 0 for any Q1 and Qk, and DKL(Q1 

|| Qk) = 0 if and only if Q1 and Qk are the same distributions. 

 To calculate the relative rate of recovery for each of the four features in the post-operative 

sessions, I irst normalize DKL so that DKL = 1 at POST1.  I then it each normalized curve with 

an exponential decay function, 

                                                                nDk = exp(-(k-4)/τ),
where nDk denotes the normalized K-L distance at the kth session, k = 4, ..., 12, and τ denotes 

the recovery rate (in units of days).  A large τ implies a slow recovery, while a small τ implies a fast 

recovery.  he τ’s are then used for statistical comparison of the rate of feature recovery across the 

HVCml + LMAN Ablation and HVCml + LMANcs groups. 

Sequence Analysis.  Data sheets generated for the phonology analysis were organized so that both 

bouts and notes 

were listed in the 

order that they were 

produced.  hese 

bout and note order 

data were used to as-

sess the recovery of 

note sequencing in 

HVCml + LMAN 

Ablation and HVC-

ml + LMANcs birds 

(these were the only 

groups to show vo-

cal destabilization 

and subsequent re-

covery).   

 For each in-

dividual bird, note 

sequencing was accomplished by irst examining a frequency spectrograph of the bird’s motif at 

PRE1 and comparing it to each of the four duration vs. feature scatter plots generated at PRE1.  

Figure 15. Note types in the spectrograph and note clusters in the scatter plot are color-matched 
to demonstrate how notes were identiied for note transition probabilities.  (A) Bird 610 had three 
motif notes (a, b and c) and two intro note variants.  Although notes ‘b’ and ‘c’ had similar durations 
their corresponding clusters in the scatter plot were easily distinguished by the difference in their 
pitch.  Similarly note ‘a’ was distinguished from the intro notes by both duration and pitch.  (B) Pitch 
goodness generated the most distinct clusters for Bird 628 and thus was the feature used to identify 
notes.  Notes ‘b’ and ‘c’ share similar durations but were easily differentiated by their pitch goodness.  
Likewise, note ‘d’ was only distinguished from intro notes by its pitch goodness; however note ‘a’ 
was set apart by its duration and pitch.  A small cluster of black dots outside the note boundaries is 
indicated by ‘call’ and represented an infrequent call produced during singing. 

(Eq. 1)



45

Each note within a motif tended to fall within a cluster in a scatter plot (see color-coded examples 

in Fig. 15).  For the sequence analysis, I selected the duration vs. feature scatter plot with the great-

est number of distinct note clusters.  hat is, although there were never more note clusters than 

notes in a bird’s motif, some duration vs. feature scatter plots produced fewer note clusters than 

actual notes in a bird’s motif.  For example, if a bird’s motif contained 5 notes, the duration vs. pitch 

goodness scatter plot may have 5 distinct clusters, while only 4 clusters may be apparent in the du-

ration vs. FM plot due to cluster overlap – this would occur if 2 or more of the motif notes shared 

a similar duration and FM, but difered in pitch goodness.  I would then use the duration vs. pitch 

goodness scatter plot for the sequence analysis in this bird.    

 A polygonal boundary was traced around each note cluster in the PRE1 scatter plot to de-

ine the range of temporal and spectral values typical of each note type in the motif (see examples 

in Fig. 15).  hese note boundaries were used to identify note types produced on each subsequent 

day of singing.  Any point that fell outside of the note boundaries was deined as note type ‘n’, or 

noise (this included occasional call notes that occurred within a bout). Introductory notes in a bout 

were classiied as ‘intro’.

 For each day of singing, I obtained the temporal ordering of note types within, but not be-

tween bouts, thus omitting transitions between bouts. I then computed the number of transitions 

between note types a and b, or a and c, etc.  I denote these as Nab, Nac, etc.  Using Ntot to denote 

the total number of transitions made within bouts, the estimated transition probabilities are  Tab = 

Nab/Ntot, Tac = Nac/Ntot, etc.  It was found that most of the transition probabilities were very small.  

To focus on the major transitions, I grouped all transition types with probability less than 0.05 as 

a single type, denoted as “others”.  

 I refer to the transitions that occur between notes in a motif as “motif transitions”. For each 

recording session and each bird, the motif transition probabilities are summed, and then the sums 

are averaged across the population of birds in a particular group to obtain the “average probability 

of motif transitions”.  his is computed for PRE1, POST1, POST2, and Final and used as a mea-

sure of the perturbation away from and recovery of the correct note sequence following the surgical 

manipulations. 

Statistics

All analyses were performed using SigmaStat 2.03 (SPSS, Inc) and Matlab (Mathworks Inc).  A 

two-way ANOVA (group x hemisphere) was used to assess the group diferences for HVC damage.  

Group diferences in amount of remaining LMAN and HVC were each evaluated with a one-way 

ANOVA.  Group diferences in bout production were analyzed with a two-way ANOVA (group 

x day).  Group diferences in τ were each evaluated by a one-way ANOVA.  For motif note transi-

tion probabilities, a one-way ANOVA was used for each of the HVCml + LMAN Ablation and 
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HVCml + LMANcs groups.  All pair-wise comparisons of statistically signiicant (p < 0.05) main 

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

RESULTS

Role of AFP in onset of destabilization (comparisons between LMAN+HVCml and HVCml). 

HVC and LMAN lesions

Table 4 shows a summary of HVC 

and LMAN lesion damage that in-

cludes percent sections with HVC 

damage, percent HVC remaining, 

and percent LMAN remaining.  For 

percent sections with HVC damage, 

I used a two-way ANOVA (Group 

x Hemisphere) to analyze group diferences in the amount of HVC damage, and to determine 

whether the amount of HVC damage was bilaterally symmetrical.  Results from this analysis 

revealed signiicant group diferences in 

HVC damage (main efect of Group:  F 

[2, 15] = 6.57, p < 0.01), but the extent 

of HVC damage showed no bilateral dif-

ference (main efect of Hemisphere:  F 

[1, 15] <1, p = 0.86).  By comparison, 

HVCml and LMAN-HVCml groups 

had similar amounts of HVC damage (p 

= 0.96).

 Table 4 also shows that remaining 

LMAN in the LMAN-HVCml group 

was on average close to 10%, with the 

highest bird in this group showing a 23% 

remaining LMAN.  Kao et al. (2005) 

found that >70% ablation of LMAN was 

suicient to abolish the behavioral inlu-

ence of LMAN in adult zebra inches.

Motif Analysis  

Figure 14 shows sonograms from rep-

Figure 16. Across-stage comparisons of motifs demonstrate the loss 
and subsequent recovery of motif stereotypy following HVC microle-

sions.  A. HVC microlesions (HVCml), but not HVC microlesions preced-

ed by LMAN ablation (LMAN-HVCml), caused a signiicant decrease in 
acoustic similarity to pre-operative motifs at POST1.  However, recovery 
of motif stereotypy in HVCml birds was indicated by the high degree of 
acoustic similarity between motifs produced at PRE and POST2.  B. A 
signiicant decrease in temporal sequencing was detected only in the 
HVCml group and only at POST1.  This decrease derived from the poor 
spectral quality of notes and an apparent loss/misordering of notes (see 
Fig. 3C, D).  Similar sequential match scores between PRE and POST2 
motifs relect the subsequent recovery of the temporal structure of mo-

tifs.  For both graphs, signiicant differences between groups (p<0.001) 
indicated by (a) PRE/POST1 vs. PRE/POST2 and (b) POST2/POST1 
vs. PRE/POST2.  
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resentative birds from each of the two lesion groups (one example from LMAN-HVCml, and 

one example from HVCml) at each 

of the three stages (PRE, POST1, 

and POST2).  Microlesion of HVC 

caused a clear destabilization of mo-

tifs at POST1, with gross deicits in 

spectral and temporal organization 

(Fig. 14B).  However, by POST2 the 

motifs of HVCml birds showed re-

covery that approached pre-operative spectral and temporal organization.  Sonograms of LMAN-

HVCml birds revealed that prior ablation of LMAN reduced the impact of subsequent microle-

sion of HVC (Fig. 14A).  When compared to their pre-operative motifs, LMAN-HVCml birds 

showed no gross deicits in motif structure at POST1 or POST2. 

 Table 5 shows two measures of song motifs made during the two-week post-operative pe-

riod.  Statistical analysis (one-way ANOVA) revealed that motif duration was unafected by any le-

sion manipulation measured at the inal stage of recovery (Group: F [1, 15] = 1.50, p = 0.25).  How-

ever, there were signiicant group diferences in number of motifs per bout (one-way ANOVA:  F 

[1, 15] = 4.91, p < 0.05).  Table 5 shows that the LMAN-HVCml birds produced fewer motifs per 

bout during the last two days of post-operative vocalization (p < 0.05), whereas HVCml birds were 

not signiicantly diferent from preoperative baseline (p = 0.18).  

 Similarity Scores, Across-Stage Comparisons.  Recovery of the acoustic structure of motifs 

was assessed by generating Similarity scores across three stages:  a pre-operative stage (PRE) and 

two post-operative stages (POST1, the irst two days of vocalization following HVC surgery and 

POST2, the inal two days of post-operative vocalization).  A two-way repeated measures ANOVA 

(Group x Across-Stage Comparison) of Similarity scores revealed signiicant efects of Group (F 

[1, 26] =18.49, p < 0.001), Across-Stage Comparison (F [1, 26] = 9.72, p < 0.001) and interaction 

of Group and Stage (F [2, 26] = 9.10, p <0.001).   Figure 16A shows that the LMAN-HVCml 

group had equivalent motif Similarity scores across all stage comparisons.  However, for HVCml 

birds, PRE and POST2 motifs were more similar than either PRE/POST1 or POST2/POST1 

comparisons (p < 0.001, both comparisons); the low similarity of POST1 comparisons to PRE and 

POST2 motifs were not diferent (p = 0.58).  hus, HVCml birds showed reduced acoustic similar-

ity in their POST1 motifs when compared to their pre-operative motifs, but their motifs recovered 

to pre-operative similarity by the end of the two-week post-operative period.   

 Similarity Scores, Within-Stage Comparisons.  Similarity scores within a stage indicate vari-

ability in that stage of recovery, with lower scores indicating greater motif variability within a given 

stage.  A two-way repeated measures ANOVA (Group x Within-Stage Comparison) revealed a 
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signiicant efect of Group (F [1, 28] = 9.49, p < 0.05), Within-Stage Comparison (F [1, 28] = 11.81, 

p < 0.001) and interaction of Group and Stage (F [2, 28] = 7.68, p <0.001).  Figure 17A shows that 

there were no diferences in within-stage Similarity scores in the LMAN-HVCml group.  hat is, 

at each stage measured (PRE, POST1, POST2) the LMAN-HVCml birds produced motifs with 

a consistent acoustic structure.  In contrast, within-stage motif Similarity scores for HVCml birds 

were signiicantly reduced at POST1 (PRE/POST1: p < 0.001), indicating that motifs produced at 

this stage were variable and showed reduced acoustic similarity with each other.  However, Figure 

17A also shows that within-stage motif Similarity scores for HVCml birds showed recovery that 

approached pre-operative levels by POST2 (PRE/POST2: p = 0.19)

 Sequential Match, Across-Stage Comparisons.  Recovery of the temporal structure of motifs 

was analyzed with Sequential Match scores, a measure that is sensitive to diferences in the tempo-

ral ordering of sounds when two motifs are compared.  Comparisons were made across and within 

pre and post-operative stages.  A two-way repeated measures ANOVA (Group x Across-Stage 

Comparison) of Sequential Match scores revealed a signiicant efect of Group (F [1, 26] = 11.79, p 

< 0.001), Across-Stage Comparison (F [1, 26] = 5.42, p < 0.05) and interaction of Group and Stage 

(F [2, 26] = 3.95, p <0.05).  Figure 16B shows that while the motifs of the LMAN-HVCml birds 

had an equivalent temporal structure across all stage comparisons, the POST1 motifs of HVCml 

birds showed a reduced Sequential Match to PRE and POST2 motifs (p < 0.001, both compari-

sons).  However, the Sequential Match of PRE and POST2 motifs was not diferent for HVCml 

birds (p = 0.625), indicating a recovery of 

the temporal structure of motifs by the 

end of the two-week post-operative pe-

riod.  

 Sequential Match, Within-Stage 

Comparisons.  A two-way repeated mea-

sures ANOVA (Group x Within-Stage 

Comparison) of the Sequential Match 

of motifs revealed a signiicant main ef-

fect of Group (F [1, 28] = 5.24, p <0.05), 

Figure 17. Within-stage comparisons of motifs revealed that HVC microlesions increased the variability of motifs produced 
at POST1.  However, HVCml birds recovered a high degree of stereotypy in the acoustic and temporal structure of their motifs 
by POST2.  A. HVC microlesions (HVCml), but not HVC microlesions preceded by LMAN ablation (LMAN-HVCml), caused a 
signiicant decrease of acoustic similarity during POST1.  However, motif comparisons at POST2 in HVCml revealed a return to 
a pre-operative level of stereotypy in the acoustic structure of motifs, relecting the recovery from destabilization.  B. HVCml birds 
were signiicantly less consistent in the temporal organization of motifs produced at POST1 than at PRE or POST2.  However, 
POST2 was not different from PRE, indicating a recovery of stereotypy in the temporal organization of the motif.  LMAN ablation 
prior to HVC microlesions prevented the sequencing variability evidenced at POST1 in HVCml birds. For both graphs, signiicant 
differences between groups (p<0.001) indicated by (a) POST1 vs. PRE and (b) POST1 vs. POST2. 
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Within-Stage Comparison (F [1, 28] = 4.87, p < 0.05) and interaction of Group and Stage (F [2, 

28] = 5.17, p <0.05).  hat is, Figure 17B shows that the motifs of LMAN-HVCml birds showed a 

consistent temporal structure at all stages (PRE, POST1, POST2), whereas the motifs of HVCml 

birds were highly variable in temporal structure during the irst two days of post-operative vocal-

ization, resulting in a lower Sequential Match for POST1 (p < 0.001 when compared to PRE).  

However, subsequent recovery in the temporal structure of HVCml motifs approached pre-op-

erative levels so that Sequential Match levels were not diferent between PRE and POST2 (p = 

0.54). 

Note Analysis

Spectral Analysis.  Spectral variation in individual notes pro-

duced by HVCml birds at POST1 was evident from visual 

inspection of the sonograms (see POST1 in Fig. 14B).  How-

ever, since the POST1 notes of HVCml birds could not be 

reliably identiied, only notes from PRE and POST2 were 

used for these comparisons.  A two-way repeated measures 

ANOVA (Group x Stage) performed on the spectral correla-

tion data failed to show a signiicant efect of Group (F [2, 

15] = 0.20, p =0.81), but did reveal a signiicant main efect of 

Stage (F [1, 15] = 41.14, p < 0.001), and of the interaction of 

Group and Stage (F [2, 15] = 3.87, p < 0.05).  Figure 18 shows 

that the notes of HVCml and LMAN-HVCml birds showed 

a signiicant decrease in spectral correlation at POST2, (p < 

0.001, both comparisons).  hus, the post-operative notes of 

LMAN-HVCml birds exhibited a loss of spectral stability 

that did not recover, similar to the HVCml birds.   

Feature Analysis

In order to further characterize the change in the acoustic properties of the destabilized motifs of 

HVCml birds and to visualize the trajectory of their recovery, hourly measurements of the pitch, 

FM, and entropy of song bouts were made during a pre-operative day and during selected post-

operative days.  Figure 19 shows the overall stability of these measures during the pre- and post-

operative singing of an LMAN-HVCml bird.  In contrast, an hourly analysis of acoustic features 

from two birds in the HVCml group demonstrated distinct forms of destabilization (see Fig. 19).  

hat is, the initial destabilization could occur via an initial decrease of all three feature scores (Fig. 

19B) or it could occur via a marked increase of all three feature scores (Fig. 19C).  One possibil-

Figure 18. Visual inspection of sonograms 
from HVCml birds indicated that notes were 
severely degraded at POST1.  In measuring 
note morphology I found that even though mo-

tif structure at POST2 appeared highly similar 
to PRE, the spectral quality of notes was not 
completely recovered to pre-operative levels.  
Similarly, in LMAN-HVCml, POST2 was sig-

niicantly decreased from PRE indicating a 
loss in the spectral quality of individual notes.  
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ity suggested by the two examples is that the acoustic properties of the pre-operative song may 

inluence the direction of destabilization (compare the pre-operative features scores in Fig. 19B to 

those in Fig. 19C).  he two examples also suggest the possibility of distinct pathways to recovery; 

whereas one bird appeared to improve predominately across days (Fig. 19B), the other bird showed 

evidence of rapid within-day improvement (Fig. 19C).  However, in both cases and for all three 

features, recovery appeared to occur within three days and remained stable to the end of the two-

week post-operative period.

Role of AFP in onset of destabilization (comparisons between HVCml + LMANcs, HVCcs + LMAN 

ablation and HVCml+ LMAN ablation). 

Figure 19. Quantiication of hourly change in modulation for several acoustic features during a day of pre-op and the irst day 
and the last day of post-operative vocalization and the irst day and the last day of post-operative vocalization for one bird with 
control surgery and quantiication during a day of pre-op and the irst three days and the last day of post-operative vocalization 
for two birds in the HVCml group.  A.  LMAN ablation preceding HVC microlesions resulted in no change to the modulation of any 
measured acoustic feature, as indicated by similar feature scores across the recovery period.  Missing hourly data points indicate 
hours in which this bird did not produce any song bouts.  B. In this bird (555), HVC microlesions induced a large decrease in the 
modulation of mean pitch, mean FM, and mean entropy during the irst day of post-operative singing.  By the third day of post-
operative singing those features had returned to pre-operative levels and then remained stable to the end of recovery.  The trajec-

tory of recovery in this bird occurred predominantly across days and suggests the possibility of a circadian component to recovery 
(Deregnaucourt et al., 2005).  C. In this bird (560), destabilization was characterized by an increase in the modulation of mean 
pitch, mean FM, and mean entropy, instead of the decrease evidenced in (B).  However, by the end of day two those features had 
also restabilized to pre-operative levels.  Further demonstrating individual differences in destabilization, the trajectory of recovery 
in this bird showed dramatic within-day improvement.  
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Microlesion and Ablation Morphometry 

Table 6 shows a summary 

of HVC and LMAN lesion 

damage that includes percent 

sections with HVC damage, 

percent HVC remaining, and 

percent LMAN remaining.  

Overall, there were no group 

diferences for these mea-

sures.

Sections with HVC damage: 

For this analysis I used a two-

way ANOVA (group x hemi-

sphere) to determine whether groups varied in amount of HVC damage and whether the amount 

of damage was bilaterally symmetrical.  Results from this analysis revealed no signiicant group 

diferences in HVC damage for HVCml + LMAN Ablation, or HVCml + LMANcs [main efect 

of group: F(2, 33) = 0.283; p = 0.756], moreover, for all groups, the extent of HVC damage showed 

no bilateral diference [main efect of hemisphere: F(1, 33) = 0.155; p = 0.697]. 

 Amount of remaining HVC: here were no signiicant group diferences in the amount of 

remaining HVC [one-way ANOVA, main efect of group: F(2, 16) = 1.26; p = 0.314].  

 Amount of remaining LMAN: Between HVCml + LMAN Ablation and HVCcs + LMAN 

Ablation groups there were no signiicant diferences in amount of remaining LMAN [one-way 

ANOVA, main efect of group: F(1, 10) = 0.544; p = 0.480].  Table 6 also indicates that remain-

ing LMAN (in both groups) was on average close to 7%.  From these birds the largest remaining 

LMAN was 27%.  Kao et al. (2005) found that >70% ablation of LMAN was suicient to abolish 

the behavioral inluence of LMAN in adult zebra inches.

Post-operative Recovery of Bout Production

Figure 20 depicts quantiication of the recovery of bout production for all groups.  Regardless of 

surgery manipulation singing was reduced on POST1 (irst day of singing following irst surgery) 

and POST2 (irst day of singing following second surgery), with a gradual recovery of daily bout 

production over the 3-week post-operative period.  Although singing was reduced on POST1 and 

POST2, all birds with HVC microlesions produced a suicient number of song bouts (42 ± 16; 

mean ± SE) to characterize phonology and note sequence.  
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 Statistical analysis of bout produc-

tion data (two-way ANOVA; group x day) 

revealed that there was a signiicant efect 

of day [F(8, 251) = 15.15; p < 0.001].  How-

ever, singing did not vary by group [F(4, 

251) = 1.909; p = 0.110] nor was there an 

interaction of group by day [F(32, 251) = 

0.593; p = 0.960].  Because the recovery of 

bout production was similar across all ex-

perimental and control groups, diferences 

in the recovery of bout phonology and note 

sequence are not attributable to group dif-

ferences in bout production. 

Sudden Vocal Recovery Following LMAN 

Ablation: Bout Phonology

Figure 21 shows duration vs. pitch scatter plots of bout phonology for representative birds from 

HVCml + LMANcs, HVCml + LMAN Ablation and HVCcs + LMAN Ablation groups.  For 

birds that received HVC microlesions (Fig. 21A, B) scatter plots from POST1 show that post-

operative bouts consisted of notes characterized by low pitch and duration (compare with spectro-

graphs for POST1 in Fig. 22).  Scatter plots from POST2 bouts show that LMAN ablation but 

not control surgery facilitated recovery of notes that resembled pre-operative note types (compare 

POST2 in Fig. 21A, B).  Comparison of spectrographs of bout examples from POST1 and POST2 

show that ablation of LMAN induced a sudden recovery of song; in fact, 3 of 6 birds showed ap-

parent recovery of the motif in the irst bout produced on POST2 (see Fig. 22) and all HVCml + 

LMAN Ablation birds produced their pre-operative motif during POST2.  Importantly, LMAN 

ablation did not induce a dramatic change in bout phonology when it was preceded by control 

HVC surgery (see Figure 21C).  he slight ofset in note clustering seen at Final in birds with 

LMAN ablation (B, C) may relect the inluence of LMAN ablation on note variation (Kao et al., 

2005; Kao and Brainard, 2006).  

 Figure 23 shows group data for the 4 spectral features used for K-L distance analysis (pitch, 

FM, entropy, and pitch goodness).  For HVCml + LMANcs birds (Fig. 23A) there was a dramatic 

increase in dissimilarity between pre-operative notes and notes generated following HVC mi-

crolesion (i.e., high K-L distance between PRE1 and POST1).   At POST2, K-L distance values 

for these birds remained high, indicating dissimilarity in bout phonology from PRE1.   During 

POST2-8, recovery of bout phonology involved a gradual accretion of similarity.  his result rep-

Figure 20. Recovery of bout production across post-operative days 
of singing.  The x-axis represents days of post-operative singing: 1 
indicates the irst day of post-operative singing following the irst sur-
gery, 2-8 indicates the irst seven days of post-operative singing follow-

ing the second surgery and Final represents the last day of singing (3 
weeks post second surgery). 
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licates my earlier report on the efects of HVC microlesions (hompson and Johnson, 2007).  In 

contrast, LMAN ablation following HVC microlesions (Fig. 23B) produced a precipitous decline 

in K-L distance values, indicating rapid restoration of bout phonology at POST2 that stabilized 

by POST3.  

 For HVCcs + LMAN Ablation birds the removal of LMAN had only a modest impact 

on bout phonology for all spectral features.  Here, there were only slight increases in the dissimi-

larity on POST1 and POST2.  Comparatively, these increases in dissimilarity were not nearly of 

Figure 21. Duration vs. pitch scatter plots for representative birds from HVCml + LMANcs, HVCml + LMAN Ablation, and HVCcs 
+ LMAN Ablation groups (gray dots represent pre-operative notes and black dots indicate post-operative notes).  (A) HVC microle-

sions followed by control surgery caused the production of destabilized notes that were limited in pitch and duration (POST1 and 
POST2); however, by the end of the recovery period pre-operative bout phonology was restored (FINAL).  (B) LMAN ablation 
restored pre-operative bout phonology at POST2, although a few dissimilar notes were still produced.  (C)  Control surgery and 
LMAN ablation had little effect on bout phonology. 
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the same magnitude as 

the dissimilarity that 

followed HVC mi-

crolesions (compare 

POST1 and POST2 in 

Fig. 23A, B, and C).  

 Both HVCml + 

LMAN Ablation and 

HVCml + LMANcs 

groups exhibited vo-

cal recovery.  here-

fore, their behavior 

was characterized by a 

recovery curve derived from the K-L distance analysis of bout phonology.  he recovery curve for 

each of these two groups was it by an exponential decay function for days POST1-8 and Final, 

yielding a recovery rate τ (see Methods). his was done for each of the 4 spectral features (pitch, 

FM, entropy, and pitch goodness). 

 Both HVCml + LMAN Ablation and HVCml + LMANcs groups exhibited vocal recov-

ery.  herefore, their behavior was characterized by a recovery curve derived from the K-L distance 

analysis of phonology.  he recovery curve for each of these two groups was it by an exponential 

decay function for days Post1-8 and Final, yielding a recovery time-constant t (expressed in units 

of days, see Methods).  A small t indicates that recovery is rapid.  For each bird, t was calculated 

for each of the 4 spectral features (pitch, FM, entropy, and pitch goodness).  Statistical analysis of 

mean t values for each bird revealed that HVCml + LMAN Ablation birds (mean t ± S.E.M. = 

2.74 ± 0.04 days) recovered their pre-operative song more rapidly than HVCml + LMANcs birds 

[mean t ± S.E.M. = 6.48 ± 0.86 days; F(1, 47) = 5.797, p < 0.05].  hus, LMAN ablation signii-

cantly accelerated the process of vocal recovery following HVC microlesions.  

Sudden Vocal Recovery Following LMAN Ablation: Note Sequencing

Figure 24A shows sequence analysis for a representative bird from the HVCml + LMAN Ablation 

group (Bird 610).  Note transition probabilities at PRE1 were highest for transitions that included 

introductory notes and/or motif notes (compare to Bird 610’s frequency spectrograph and scat-

ter plot in Fig. 15A).  At POST1, HVC microlesions produced an increase in the probability of 

transitions that contained noise and a decrease in note transition probabilities associated with the 

motif.  Subsequent to LMAN ablation, however, note transition probabilities that included noise 

decreased and probabilities for note transitions within the motif increased; this increase was sus-

Figure 22. Frequency spectrographs from two representative birds from HVCml + Deaf and 
HVCml + LMAN Ablation groups.  (A) LMAN ablation subsequent to HVC microlesions induced 
sudden recovery of the pre-operative motif.  The POST2 spectrographs for Bird 610 and Bird 
618 are motifs from the irst bout produced following LMAN ablation.   
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tained to the end of the recovery period (see POST2 and Final in Fig. 24A).  

 Conversely, when HVC microlesions were followed by control surgery (see Bird 628, Fig. 

24B and Fig. 15B) recovery of note transitions within the motif did not occur as rapidly.  hat is, at 

both POST1 and POST2 transition probabilities for notes within the motif were low and transi-

tions comprised of noise were high.   However, note transitions within the motif recovered by the 

last day of singing (see Final in Fig. 24B).

 To quantify the recovery of note sequence I analyzed the average probability of motif tran-

sitions (i.e., note transitions that occur within the motif, which excludes introductory notes) at 

PRE1, POST1, POST2, and Final for each bird.  A one-way ANOVA of the average probability 

of motif transitions for HVCml + LMAN Ablation birds resulted in a main efect for day F(3, 

23) = 4.783; p < 0.05.  Figure 24C shows that there was a signiicant decrease in the probability 

of note transitions within the mo-

tif at POST1 when compared with 

PRE1, POST2, and Final (SNK test, 

all comparisons p < 0.05).  here was 

no diference between POST2 and 

PRE1 (or Final), indicating that note 

sequence recovered rapidly following 

LMAN ablation.

 For HVCml + LMANcs 

birds, a one-way ANOVA revealed a 

main efect for day F(3, 23) = 8.022; 

p < 0.001.  Figure 24D shows that 

here was a signiicant decrease in the 

probability of motif transitions dur-

Figure 23. Mean K-L distance values from 
PRE1 describe changes in post-operative bout 
phonology for birds in the HVCml + LMANcs, 
HVCml + LMAN Ablation, and HVCcs + LMAN Ab-

lation groups.  Pre-operative comparisons show 
little variation in bout phonology.  (A) HVC microle-

sions induced a marked increase in phonological 
dissimilarity that gradually declined during the 
course of the recovery period. (B) LMAN ablation 
following HVC microlesions caused a precipitous 
drop in dissimilarity from POST1 to POST2.  Bout 
phonology stabilized by POST3.  (C)  HVC control 
surgery and LMAN ablation caused a slight differ-
ence in bout phonology that stabilized by POST3 
and remained so to the end of recovery.  
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ing POST1 when com-

pared to PRE1, however 

this decrease persisted 

during POST2 (PRE1 

vs. POST1 and PRE1 vs. 

POST2, SNK tests, both 

comparisons p < 0.05).  

POST1 was not difer-

ent from POST2 indi-

cating that on both post-

operative days of singing 

the probability of motif 

transitions was equally 

low.  However, Final and 

PRE1 were not difer-

ent, indicating that motif 

sequence had recovered 

by the last day of singing 

(see Fig. 24D).

DISCUSSION

I derived two main indings from my study:  First, I observed that with prior ablation of LMAN, 

HVC microlesions failed to impair the stereotyped structure and sequence of the vocal pattern.  

Secondly, LMAN ablation following HVC microlesions facilitated rapid recovery of phonology 

and note sequence.  hus, vocal recovery following HVC microlesions requires auditory feedback, 

but this recovery can be gradual (LMAN intact) or surprisingly abrupt (LMAN ablated).  he lat-

ter inding provides further support for my hypothesis that HVC microlesions lead to destabilized 

singing by weakening VMP input to RA, thereby favoring a vocal-variability signal carried by the 

AFP (hompson and Johnson, 2007).  However, my indings also address a key issue related to vo-

cal plasticity –the role of the AFP.  

he AFP and Onset of Destabilization 

My inding that HVC microlesions fail to destabilize motifs in birds with prior ablation of LMAN 

would seem to complement recent reports that greater activity in LMAN (output nucleus of the 

Figure 24. Note transition probabilities for HVCml + LMAN Ablation and HVCml + LMANcs 
groups.  (A) Bird 610 shows note transition probabilities at PRE1 were primarily introduc-

tory note (i) and motif note transitions (for description of ‘other’ and ‘noise’ see Methods).  
HVC microlesions (POST1 HVCml) abolished motif note transitions and induced an increase 
in transitions comprised of noise.  LMAN ablation (POST2 LMAN Ablation) restored pre-
operative note transition probabilities of motif-notes. (B) Bird 628 shows that in the absence 
of LMAN ablation motif note transition probabilities were not immediately recovered.  (C) The 
average probability of motif note transitions from the HVCml + LMAN Ablation birds indicate 
that LMAN ablation induced a sudden restoration of note sequence following HVC microle-

sions.  (D)  Although birds from the HVCml + LMANcs group recovered their note sequence 
by Final, few motif transitions were produced at POST1 and POST2.  Signiicant differences 
between days (p < 0.05).
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AFP) is associated with greater variability in song production.  For example, microstimulation 

within LMAN of adult birds during singing causes slight aberration of the fundamental frequency 

of the note being sung (Kao et al., 2005) and in juvenile males reversible inactivation of LMAN 

generates the same vocal abnormalities associated with permanent loss of LMAN, presumably 

by interruption of its fast synaptic input to RA (Olveczky et al., 2005).  Additionally, it has been 

demonstrated that lesion of LMAN prevents decay of song stereotypy following deafening and 

reduces the variability normally associated with undirected song (Brainard and Doupe, 2001; Kao 

et al 2005).

 Because RA neurons are modulated independently by the synaptic input that they receive 

from HVC and LMAN (Mooney and Konishi, 1991; Stark & Perkel, 1999) one explanation for 

my indings is that a loss of HVC input temporarily altered (increased) the response of RA neurons 

to LMAN input.  Alternatively, because axonal connectivity within the AFP shows a high degree 

of topographic organization (Vates & Nottebohm, 1995; Johnson et al., 1995; Luo et al., 2001) 

it is also possible that the HVC microlesions (via damage to HVC neurons that project to Area 

X) altered the spatial pattern of neural activity within the AFP, which may have had the efect of 

increasing the variability normally associated with this pathway (Kao et al., 2005).

 My indings in LMAN-HVCml birds are consistent with previous studies that demonstrate 

a role for the AFP in vocal variability induced by removal of auditory input as well as denervation 

of the syrinx.  hat is, prior removal of LMAN attenuates the efects of deafening (Brainard and 

Doupe, 2000) or syringeal denervation (Williams and Mehta, 1999) on vocal variation.  herefore, 

the available evidence suggests a unifying hypothesis where an altered integration of synaptic input 

to RA (from HVC and LMAN) may contribute to the induction of motif variability that follows 

peripheral auditory or motor damage, or partial HVC ablation.  According to this hypothesis, the 

induction of motif variability could involve a weakening of HVC input to RA, a strengthening of 

LMAN input to RA, or some combination of both. 

Role of the AFP:  Instructive, Motor or Both?

Lesion studies in juveniles and adults demonstrate that vocal plasticity does not occur in the absence 

of LMAN (Bottjer et al., 1984; Scharf and Nottebohm, 1991; Morrison and Nottebohm, 1993; 

Williams and Mehta, 1999; Brainard and Doupe, 2000; Kao et al., 2005).  hree models explain AFP 

function in vocal plasticity:  an instructive model where auditory feedback reinforces the production 

of template-matched vocalizations (Troyer and Doupe, 2000a,b; Troyer and Bottjer, 2001), a pur-

posive variation model where motor variability facilitates trial and error learning of song (Ölveczky 

et al., 2005; Kao et al., 2005), and a permissive model where AFP activity inluences the release 

of plasticity factors (e.g., BDNF) that enable morphological or synaptic changes within the VMP 

(Brainard, 2004).  Conceptually, the three models are not mutually exclusive.  However, I focus here 
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on a comparison of 

instructive and pur-

posive variability 

models – these two 

models make unam-

biguous and opposing 

predictions about the 

role of the AFP in vo-

cal recovery following 

HVC microlesions.  

 C u r r e n t 

knowledge limits the 

predictive value of the 

permissive model.  I 

do not know whether 

an AFP-driven re-

lease of BDNF (or 

other plasticity fac-

tors) in RA occurs at 

the onset of vocal de-

stabilization follow-

ing HVC microle-

sions (cf. Kittelberger 

and Mooney, 2005), 

or whether such fac-

tors might also be re-

leased during the pro-

cess of vocal recovery.  

Figure 25. Duration vs. pitch scatter plots compare juvenile vocal development and adult vocal recovery following HVC microle-

sions.  (A) Each scatter plot represents one day in each of the irst eight weeks of vocal development compared to a day of adult 
singing (20 randomly selected bouts from each day; gray dots represent adult notes and black dots indicate developing notes).  
Notes produced during subsong (WEEKS 1, 2) exhibit substantial variation in duration, but are initially limited in pitch.  Plastic song 
(WEEKS 3-8) marks the gradual trend toward stereotypy, during which speciic note types emerge.  (B) Scatter plots compare con-

secutive days of post-operative singing following HVC microlesions with pre-operative singing (20 randomly selected bouts from 
each day; gray dots indicate pre-operative notes and black dots represent post-operative notes; Bird 557’s data from Thompson 
and Johnson, 2007).  Note phonology following HVC microlesions is similar to subsong; variable duration and limited pitch (POST1-
3).  Vocal recovery (POST4-Final) is similar to plastic song, although the emergence of stereotypy occurs more rapidly (time course 
of days instead of weeks).
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hus, it is not clear whether removal of such factors by LMAN ablation would prevent or facilitate 

vocal recovery.      

 Instructive Model.  During juvenile vocal development the song control system shapes vocal 

output by guiding vocal approximations towards a desired goal (the song template; see Fig. 25A).  

he instructive model suggests that LMAN ablation impairs vocal development because the AFP 

contains the computational mechanism that selectively biases VMP output towards sounds that 

match the template (Troyer and Doupe, 2000a,b; Troyer and Bottjer, 2001).  While LMAN abla-

tion in adults produces only subtle efects on learned song (see below and Kao et al., 2005), prior 

ablation of LMAN blocks deterioration of the vocal pattern caused by syringeal denervation or 

deafening (Williams and Mehta, 1999; Brainard and Doupe, 2000).  hus, the instructive model 

suggests that altered sensory-motor feedback in adult birds causes the AFP to bias VMP output in 

an aberrant direction.

 In adult birds, neurons within the song control system respond selectively to playback of the 

bird’s own song (BOS) under conditions of anesthesia or sleep (Doupe and Konishi, 1991; Dave 

and Margoliash, 2000; Hahnloser et al., 2006; Hahnloser and Fee, 2007).  Selectivity for BOS 

responses in the AFP of juvenile birds emerges in parallel with behavioral development (Solis and 

Doupe, 1997, 1999).  hus, as the instructive model predicts, the AFP contains neurons that could 

utilize auditory feedback to recognize and reinforce the development of template-matched sounds.  

However, BOS responses within the AFP do not occur when birds are awake and singing, nor does 

motor-related AFP activity change in response to perturbation of auditory feedback (Hessler and 

Doupe, 1999; Leonardo, 2004; Kozhevnikov and Fee, 2007).  Nevertheless, sleep-related (of-line) 

BOS responses may still guide feedback-based reinforcement of template-matched vocalizations 

(Dave and Margoliash, 2000; Hahnloser et al., 2006; Hahnloser and Fee, 2007; Crandall et al., 

2007).  Indeed, Deregnaucourt et al. (2005) demonstrate that during early vocal development 

an active process of sleep-related vocal plasticity may contribute to the emergence of structured 

sounds.

 Vocal recovery following HVC microlesions requires auditory feedback and exhibits be-

havioral features that resemble juvenile vocal development (compare A and B in Fig. 25).  here-

fore, an instructive model of AFP function would predict that vocal recovery should be impaired by 

LMAN ablation.  Instead, I found that LMAN ablation following HVC microlesions dramatically 

facilitated vocal recovery.  hese data efectively rule out the AFP as the neural locus of an instruc-

tive mechanism that guides adult vocal recovery following HVC microlesions.

 I emphasize that an instructive mechanism appears to contribute to vocal recovery follow-

ing HVC microlesions – only 3 of 6 birds in the HVCml + LMAN Ablation group produced their 

pre-operative motif in their very irst song bout following LMAN ablation, and all birds showed 

additional recovery across the following post-operative day (compare POST2 and POST3 for 
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HVCml + LMAN Ablation birds in Fig. 23).  hus, my data show that this mechanism must lie 

outside of the AFP – at least in adult birds.  It is possible that the AFP functions as an instructive 

mechanism during juvenile vocal learning, but then loses this function in adulthood.      

 Purposive Variation Model.  he purposive variation model asserts that LMAN ablation 

impairs juvenile vocal development because the AFP generates variable patterns of vocal-motor 

activity necessary for trial and error learning of song (Ölveczky et al., 2005; Kao et al., 2005).  

In adult males the AFP contributes motor variability to undirected song (Kao et al., 2005, Kao 

and Brainard, 2006), but AFP activity is suppressed during the production of highly-stereotyped 

female-directed courtship song ( Jarvis et al., 1998; Hessler and Doupe, 1999; Kao and Brainard, 

2006).  Although the normal variation associated with undirected song is subtle, LMAN inluences 

moment-to-moment variability in phonological structure of individual notes (Kao et al., 2005).

 I have hypothesized that HVC microlesions destabilize song by weakening VMP input to 

RA, thereby increasing the inluence of the AFP on vocal output (hompson and Johnson, 2007).  

hus, interpreted in light of the purposive variation model of AFP function, LMAN ablation 

should restore a pattern of RA connectivity that favors VMP input and facilitates vocal recovery.  

My results conirm this interpretation, providing strong support for the purposive variation model 

of AFP function (Ölveczky et al., 2005; Kao et al., 2005).  hus, during periods of adult vocal 

change the AFP appears to generate vocal-motor variation, rather than an instructive signal.  

 While the AFP’s contribution to vocal variability in adult zebra inches is modest and of 

unknown behavioral signiicance, many songbird species show seasonal relearning and/or modii-

cation of song in adulthood (Brenowitz and Beecher, 2005) and in these species the AFP may play 

an adult role that is similar to that seen in juvenile zebra inches.  More generally, my results also 

support the emerging view that cortico-basal ganglia circuits provide the motor variability neces-

sary to acquire new behavioral sequences through a process of trial and error learning (Graybiel, 

2005).       
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CHAPTER 4: CONTRIBUTION OF THE ANTERIOR FOREBRAIN PATHWAY TO 

VOCAL VARIATION

Adapted from:

hompson JA, Wu W, Bertram R, Johnson F (2008) Ablation of a vocal motor pathway that in-

cludes basal ganglia selectively reduces acoustic variance in adult zebra inch song. (in preparation) 

&

Wu W, hompson JA, Bertram R, Johnson F (2008) A statistical method for quantifying songbird 

phonology and syntax. Journal of Neuroscience Methods 174:147-54

Overview:

Evidence suggests that the anterior forebrain pathway contributes substantial variation to adult 

song, however, it is unknown whether this variable signal efects all acoustic features equally or 

causes select modulation of speciic features.  I will test the hypothesis that the AFP signal is 

largely comprised of noise that efects all song features equally.  hus, LMAN ablation should re-

duce the variance in all measured acoustic features equivalently.  I report here that bilateral LMAN 

ablation in adult male zebra inches selectively reduces variance in speciic acoustic features.  Selec-

tive modulation of acoustic variance by the AFP signal suggests that some song features receive 

modulation predominantly from within the VMP.  Moreover, these results suggest that the AFP 

may regulate the development of speciic acoustic features during subsong.   
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CHAPTER 4: CONTRIBUTION OF THE ANTERIOR FOREBRAIN PATHWAY TO 

VOCAL VARIATION

INTRODUCTION

 Zebra inches, a species of passerine songbird, learn to produce a song consisting of a short 

series (3-7) of complex acoustic elements.  he stereotypy of syllable sequence and acoustic struc-

ture observed in adult zebra inch song emerges from integrated activity between two telencephalic 

neural pathways.  he vocal motor pathway (VMP), a descending pre-motor circuit, is associated 

with encoding the temporal and spectral structure of song, and the anterior forebrain pathway 

(AFP), a recursive circuit that traverses basal ganglia and thalamus before terminating in the pre-

motor output of the VMP, generates the syllable-to-syllable variation in song.  Young zebra inches 

begin vocalizing with utterances characterized as babbling that share remarkable semblance to the 

inceptive stage of human speech acquisition.  Moreover, adult zebra inches that receive complete 

bilateral ablation of HVC (origin of the VMP) at the outset of vocal learning continue to gener-

ate unstructured babbling-like vocalizations (Aronov et al., 2008).  his evidence suggests that the 

motor variation underlying vocal babbling largely originates within the AFP and that variability 

typiies motor production predominated by AFP activity.  hus, the AFP largely drives variable 

song during development and vocal consistency gradually emerges as a function of the increase in 

HVC synaptic connectivity within RA (Nordeen & Nordeen 1988; Hermann & Arnold 1991).

 Recent behavioral and electrophysiological data suggest that the AFP facilitates vocal plas-

ticity in song and contributes subtle modulation to the acoustic structure of song on a syllable-

to-syllable scale (Bottjer et al. 1984; Scharf and Nottebohm 1991; Williams and Mehta 1999; 

Brainard and Doupe 2000; Ölveczky et al. 2005; Kao et al. 2005; Kao and Brainard 2006; homp-

son and Johnson 2007).  However, we do not know whether the AFP signal modulates song with 

up-regulation of noise or if variance of speciic spectral features show selective modulation.  Recent 

work has only demonstrated that variability in LMAN activity correlates highly with variability in 

fundamental frequency and amplitude (Kao et al. 2005).  

 Here, we have analyzed the phonological quality of canonical syllables following LMAN 

ablation to determine the contribution of the AFP to the total variance for four acoustic features 

(pitch, FM, entropy, and pitch goodness) and syllable duration.   We hypothesized that LMAN 

ablation would substantially reduce the variance in acoustic structure of repeated syllable instances 

observed over the course of a day.  Consistent with previous results, which suggest that removal of 

LMAN should reduce plasticity, we found that LMAN ablation reduced variance in FM, entropy, 

and pitch goodness.  However, unexpectedly, LMAN ablation did not afect pitch variance.  Sub-

tracting the AFP from total variance revealed that LMAN had less inluence over the variance 
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in pitch.  When we assessed the range of acoustic variance for a day of singing during subsong 

(a period during vocal development when AFP activity drives vocal production) compared to the 

range of variance during adult song, we discovered that in parallel to our LMAN ablation inding, 

only pitch showed an increased range in adult song.  Both indings suggest that the AFP selectively 

drives vocal variation in speciic acoustic features of song and that a signiicant proportion of the 

remaining variation observed in adult song occurs as a function of variance within the VMP.

METHODS

Animals and Environment

Fifteen adult male zebra inches (>120 days posthatch), either raised in our breeding colony or 

obtained from a commercial breeder, were individually housed in medium sized bird cages (26.67 

x 19.05 x 39.37 cm) placed within computer-controlled environmental chambers (75.69 x 40.39 x 

47.24 cm) that were fabricated by FSU Neuroscience Program engineering personnel.  he design 

of the environmental chambers prevented visual as well as auditory access to other birds.  A com-

puter maintained both the photoperiod (14:10 L/D) and ambient temperature (set to 26°C) within 

each chamber.  hroughout the experiment, birds were provisioned daily with primarily millet-

based assorted seed (400 Finch Blends, www.jones-seed.com) and tap water.  Birds acclimated to 

the environmental chambers for two weeks prior to pre-operative recordings and surgical manipu-

lation.  All daily care procedures and experimental manipulations of the birds were reviewed and 

approved by the Florida State University Animal Care and Use Committee.

Surgeries

LMAN Ablation. Ten birds received bilateral LMAN ablation.  First, birds were deeply anesthetized 

with Equithesin (0.04 cc) and then secured in a stereotaxic instrument.  he skull was exposed by 

centrally incising the scalp and retracting the folds with curved forceps.  Following application of 

avian saline (0.75 g NaCl/100 mL dH2O) to the exposed area, small craniotomies were placed over 

the approximate location of LMAN bilaterally.  To determine the locations LMAN, the bifurca-

tion at the midsagittal sinus was used as stereotaxic zero.  Complete bilateral lesion of LMAN 

was accomplished with predetermined coordinates for optimal lesion placement.  LMAN surgery 

involved eight penetrations all of which had a depth of 2.6 mm: the irst four were placed 3.8 mm 

anterior from zero, mirrored laterally at 1.4 and 1.9 mm from the midline.  Two of the second four 

penetrations were placed more anterior (5.4 mm) from zero and positioned at 1.6 mm from the 

midline (which is midway between the irst two lateral positions).  he inal two of the second four 

penetrations were more posterior (2.2 mm) from zero and again 1.6 mm lateral from the midline.  

he irst four lesions were 3.5 min in duration and the second four were 2 min in duration.  All 
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eight lesions had a 100 µA current.   Following the surgery, the incision was treated with an anti-

septic, sealed with veterinary adhesive, and the bird returned to its home cage.

Control Surgery.  Five birds received control surgery.  First, birds were deeply anesthetized with 

Equithesin (0.04 cc) and then secured in a stereotaxic instrument.   Removal of two small cranial 

lealets at 2.2 mm and -2.2 mm lateral to the midsagittal sinus followed scalp incision and retrac-

tion.  Following surgery, the incision was treated with an antiseptic, sealed with veterinary adhesive, 

and the bird returned to its home cage.   

Conirmation of Lesions

At the end of the two week post-operative period birds were given an overdose of Equithesin 

(0.08 cc) and intracardially perfused with saline followed by ice-cold 4% paraformaldehyde.  Af-

ter overnight postix by immersion in 4% paraformaldehyde, brains were sectioned coronally on 

a vibratome at 40 µm thickness.  Serial sections were then mounted onto microscope slides, thi-

onin- stained, and coverslipped.  he procedures used for lesion conirmation were similar to those 

described in hompson et al (2007).

Percent LMAN remaining.  Photomicrographs of Nissl-stained, bilateral, serial sections through the 

rostral telencephalon were imported into Image-Pro 3.0 (Media Cybernetics, Inc.).  Analysis tools 

incorporated into the Image-Pro program generated area estimates for serially traced contours of 

LMAN.  Briely, non-ablated regions (i.e., area remaining) of LMAN, deined by Nissl stain, were 

traced and the areas summed and multiplied by section thickness.  he remaining LMAN volume 

from each side was then divided by an average volume for intact unilateral LMAN (0.11 mm3, 

obtained from ive intact birds) to estimate a percent unilateral LMAN remaining.  Both unilat-

eral estimates of remaining LMAN were then averaged to derive a value for total percent bilateral 

LMAN remaining.

Recording Protocol

Birds were maintained in complete social isolation for the duration of the experiment.  herefore, 

only ‘‘undirected’’ songs (i.e., not directed toward a female) were recorded and analyzed.  For all 

birds, song production was recorded in 24 h blocks using a unidirectional microphone fastened to 

the side of the internal cage.  Sounds transmitted by the microphone were monitored through a 

computer that was running sound-event triggered software (Avisoft Recorder, www.avisoft.de).  

Song was captured in bouts (2-7s bursts of continuous singing during which the motif may be 

repeated 1-5 times) and each song bout was saved as a time-stamped .wav ile (44 kHz sampling 

rate) onto the computer hard drive where each day of singing by each bird was saved under a single 

directory.  
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 Five to seven pre-operative days of singing were obtained following the two-week acclima-

tion period.   Post-operative singing was monitored every day beginning with the irst day after 

surgery up to the day of sacriice.  Following LMAN ablation, birds took on average 2.7 (± 0.4; 

S.E.) days to begin singing following surgery, whereas song production recovered 0.6 (± 0.2; S.E.) 

days after control surgery.  To insure that we captured all pre- and post-operative song bouts, trig-

gering settings for Avisoft Recorder were biased in favor of false-positive captures (i.e., .wav iles 

were comprised of repeated calls and/or cage noises).  herefore, for each bird and on each day of 

pre and post-operative singing, false-positive sound iles were selectively deleted from each bird’s 

database of .wav iles.   

 Detection and deletion of false-positive .wav iles involved a three step process.  First, we 

used Spectrogram 13.0 (www.visualizationsoftware.com) to convert sound iles (.wav) into fre-

quency spectrograph image iles (.jpg).  Second, we used an image-management program that 

contains an image-pattern recognition module (IMatch, www.photools.com) to identify .jpg iles 

that contained singing-related spectra and deleted those images from the .jpg database.  For the 

third and inal step, we converted the ile names of remaining false-positive images (i.e., .jpg iles 

that did not contain singing-related spectra) from .jpg back to .wav and then batch-deleted those 

iles from the main database of .wav iles.  hus, each day of singing by each bird was reduced to a 

directory that contained only .wav iles with song bouts.  While each of these .wav iles contained 

a song bout, some iles also included cage noises (pecking on the cage loor, wing laps or beak-

wiping on the perch) and short and long calls that birds often produce in close temporal proximity 

to a song bout.    

Analysis of Song Behavior

Selection of a two-week post-operative period was based on previous work showing that within 

one week post surgery birds typically resume song behavior and achieve maximal bout produc-

tion (hompson and Johnson, 2007).  To account for across day variance in song production, we 

analyzed an equivalent number of preoperative and postoperative days.  In most birds (12 of 15), 

we analyzed seven days each of postoperative and preoperative behavior.  hree of the ifteen birds 

received surgery before we extended the preoperative recording period, and thus limited the num-

ber of postoperative days we could use for comparison.  For those three birds the average number 

of compared days was 5 (range 4-6).  his resulted in analysis of 8-14 days of singing from each 

bird in the study.  

Syllable Phonology Variance Analysis (Interquartile Range)

For each bird, phonology was measured on each of the days selected for statistical analysis.  To 

reduce the variance associated with daily bout production, we normalized the total number of 
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syllables analyzed each day by 

each bird’s lowest day of syl-

lable production across both 

pre and postoperative days of 

singing.  his resulted in the 

analysis of 7760 ± 594 pre-

operative syllables and 7847 

± 594 postoperative syllables 

per bird per day in the LMAN 

Ablation group and 8467 ± 

1561 preoperative and 8442 

± 1640 postoperative syllables 

in the control surgery group.  

 Measurement of the 

change in the variance of 

phonology following LMAN 

ablation or control surgery 

required a two step process.  

Each day of singing by each 

bird resulted in a data sheet 

that contained values for the 

duration, pitch, FM, entropy, 

and pitch goodness of each 

note.  For each bout analyzed, 

these values were listed in the 

sequence that the notes were 

produced.  he data sheets 

were then used to generate 

four scatter plots that de-

scribed each day of singing 

(duration vs. pitch, duration vs. FM, duration vs. entropy, duration vs. pitch goodness).  To assess 

vocal change in each bird, the feature scatter plots generated from a baseline day of singing (Pre1) 

were compared to those generated on succeeding preoperative and postoperative singing days using 

the diference (pre - post surgery) in interquartile range of the variance for each syllable, described 

below.  First, we converted each day of singing into a data set where each sound (syllable) was iso-

lated and measured for duration and four independent spectral features (pitch, FM, entropy, pitch 

Figure 26.  (A). Panel of duration versus entropy scatter plots represen-

tative of the reduction in variance following LMAN ablation.  Each point in 
the scatter plot represents a single syllable and the color opacity conveys 
the density of aligned syllables within syllable-like clusters.  The red post 
LMAN ablation scatter plot consists of clusters that appear darker (an indi-
rect measure of consistency; darker areas equate with less variability) than 
the blue clusters within the preoperative scatter plot.  Consequently, when 
combined, the post LMAN ablation clusters (red) appear less variable than 
the preoperative clusters (blue). (B). Scatter plot exemplars from a day of 
preoperative and post LMAN ablation singing that show the calculation of 
interquartile range (IQR), which was used to assess the variance of syllable 
clusters.  (C). The difference between IQRpre and IQRpost describes the 
change in entropy variance following LMAN ablation for the three syllables 
quantiied in B.
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goodness).  his was accomplished using the Feature Batch module in the Sound Analysis Pro 

(SA+) software (version 1.04, ofer.sci.ccny.cuny.edu; Tchernichovski et al., 2000).  Briely, syllable-

threshold controls in SA+ (amplitude, entropy, minimum syllable and gap duration) were manually 

conigured for the song of each individual bird so that the software reliably identiied each note 

in the bird’s motif.  Initially, 20-40 randomly-selected song bouts from the irst day of preopera-

tive singing were used to identify threshold settings for each bird.  Scatter plots were then used to 

verify that threshold settings had been accurately speciied – for these plots, syllable duration was 

always plotted on the x-axis and one of the measured spectral features (pitch, FM, entropy, pitch 

goodness) was plotted on the y-axis.  Within these plots, each data point represents an individual 

syllable and, thus, discrete clusters of data points signify repeated production of a speciic note 

type.  Finally, clusters observed within the scatter plots were compared against a frequency spectro-

graph of the bird’s motif to conirm that individual notes were represented by discrete clusters of 

data points.  Following this process, threshold settings for each bird were noted and then applied 

without change to all song bouts produced in all preoperative and postoperative days of singing, 

insuring valid pre/post comparisons of phonology.  

 After converting each day of singing for each bird into scatter plots of individuated syl-

lables, we determined the variance of pitch, FM, entropy, pitch goodness, and syllable duration for 

each cluster by calculating the interquartile range (IQR), which is the range represented by the 

diference between the 1st and 3rd quartile.  To calculate the IQR for all clusters across all days of 

singing for each bird, we imported and manipulated the data in Matlab (Mathworks Inc).  Within 

Matlab, all days of singing for each bird were converted into a single scatter plot of an acoustic 

feature by duration (using the acoustic feature that best diferentiated between that bird’s syllable 

clusters).  hen within this scatter plot (which included syllables from all days of singing), polygo-

nal boundaries were traced around each syllable to create a template boundary that ensured capture 

of all syllable iterations of a speciic syllable-type.  For each bird a diferent acoustic feature was 

used to characterize syllable cluster boundaries, however, once the clusters were identiied for one 

feature those boundaries were used to quantify the three remaining acoustic features.  Finally, for 

each scatter plot of a day of singing, we applied the predetermined template boundaries for each 

syllable and calculated the IQR for each syllable cluster as deined by the polygonal boundaries.  

Within Group Analysis of Syllable Variance.  For both the LMAN ablation group and the control 

group we derived a preoperative and postoperative average of IQR for each syllable cluster for 

pitch, FM, entropy, pitch goodness and syllable duration.  To determine the change in variance for 

a particular acoustic feature following LMAN ablation, the average preoperative IQR (IQRpre) 

was subtracted from the average postoperative IQR (IQRpost) for each syllable.  A positive change 

in IQR would indicate a reduction in the variance for that syllable with respect to the selected 
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acoustic feature, whereas a negative change in IQR would indicate an increase in variance (see 

examples in Fig. 1).   

Between Group Analysis of Syllable Variance.  To permit statistical quantiication of the change in 

variance for a speciic acoustic feature following LMAN ablation, we normalized the change in 

IQR (IQRpre - IQRpost) by dividing by IQRpre for each syllable.  his analysis derives the rela-

tive change in variance (as determined by IQR) for a given acoustic feature following LMAN 

ablation.

Sequence Analysis (K-L distance)

For each bird, we identiied syllable-types in a scatter plot representing a baseline day of singing us-

ing the syllable cluster boundaries established for phonology analysis.  As mentioned earlier, these 

syllable boundaries are used to identify syllable types produced on each subsequent day of singing.  

For sequence analysis we also assessed syllables or sound events that occurred outside the canonical 

syllable clusters.  hat is, any point that falls outside of the syllable boundaries was deined as syl-

lable type ‘n’, or ‘non-motif ’ (these included occasional calls that occur within a bout). Introductory 

syllables in a bout were classiied as ‘intro’.  For the kth day of singing, we counted the number of 

transitions between syllable types i and j, denoted as Nk (i, j).  We omitted any transition between 

bouts of singing, counting only syllable transitions within a bout.  Spread sheets generated by SA+ 

preserved sequence information for bout and syllable order.  Using Ntot to denote the total number 

of transitions made within bouts, the transition probability of sequence (i, j) on day k is estimated 

as 

                                                                                                                                                                

where i and j represent any of the syllable types (as deined on the irst day of singing) and k = 1, 

2… n.  We calculated the K-L distance between the transition probabilities of two diferent days 

to quantify the dissimilarity of song sequence on those days.  As a standard baseline, we compared 

the transition probability distribution of each preoperative and postoperative day to that of the irst 

preoperative day (day 1).  Let R1 denote the estimated transition probability distribution in the 

irst preoperative days and R2, R3, …, Rn denote the distributions in remaining preoperative and 

postoperative days.  For k = 1, 2 …n, the K-L distance between R1 and Rk is:

                                                                                                                                                             

                                                                                                                                                             

Eq. 1

Eq. 2
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he summation is over all possible two-syllable transitions (e.g., ab, ac, bc, etc.).  he code infor-

mation for MatLab on the application of K-L distance to sequence analysis is available at http://

www.math.fsu.edu/~bertram/software/birdsong (or further description of this analysis see Wu et 

al., 2008).  All preoperative and postoperative days were compared to the irst preoperative day for 

each bird using K-L distance.  In order to quantify the efect of LMAN ablation on syllable se-

quence, for each bird we took an average of the K-L distances for preoperative days and an average 

for postoperative days. 

Statistics

All analyses were performed using the statistical analysis tools of Excel (Microsoft) or Matlab.  

Hemispheric diferences in percent remaining LMAN volume were analyzed with a t-test.  Abso-

lute variance in IQR values were determined with a t-test.  We determined the change in variance 

following LMAN ablation relative to control surgery by assessing the percent change in IQR with 

a two-sample t-test.  For K-L distance analysis of sequence, a two-way ANOVA (group x surgery 

stage) was performed across averaged pre and post K-L distance values for each bird within both 

groups.  All pair-wise comparisons of statistically signiicant (p < 0.05) main efects or interactions 

were evaluated using Student-Newman-Keuls tests.

RESULTS

LMAN Ablation Morphometry 

Amount of remaining LMAN.  Between left and right hemisphere estimates of percent remaining 

LMAN there were no signiicant diferences [t-test: t(9) = 1.337; p = 0.214].  Remaining bilateral 

structure of LMAN was on average close to 2%.  From these birds the largest remaining LMAN 

was 17%.  Kao et al. (2005) found that >70% ablation of LMAN was suicient to abolish the be-

havioral inluence of LMAN in adult zebra inches.

Phonology and Syllable Duration Analysis (IQR) 

LMAN Ablation Reduces Absolute Variance in all Acoustic Features and Syllable Duration.  Figure 2A 

shows scatter plots of the diference between the average IQRpre and IQRpost for all measured 

syllables in the control and LMAN ablation groups for four acoustic features (pitch, FM, entropy, 

and pitch goodness) and syllable duration plotted as a function of mean duration (the average 

duration of each cluster over all recording sessions).  he blue dots indicate syllables from control 

group and red dots specify syllables from the LMAN ablation group.  A positive change in the 

absolute IQR indicates a decrease in variance, whereas a negative change in IQR shows an increase 

in variance.  
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 We performed two statistical tests to determine the efect of LMAN ablation on variance 

for the measured acoustic features and syllable duration.  For the control birds, a t-test showed that 

the mean diference between average IQRpre and average IQRpost was not signiicantly greater 

than zero.  hat is, control surgery did not signiicantly afect the variance of syllable clusters when 

measured by pitch, FM, entropy, pitch goodness and syllable duration [pitch: t(23) = -0.36; p = 

0.71, FM: t(23) = -1.29; p = 0.20, entropy: t(23) = -0.74; p = 0.46, pitch goodness: t(23) = -0.73; 

p = 0.46, and  syllable duration: t(23) = -0.93; p = 0.36].  However, the same statistical analyses 

showed that LMAN ablation signiicantly decreased the variance associated with measured acous-

tic features and syllable duration.  he mean diference between IQRpre and IQRpost was signii-

cantly greater than zero, indicating a reduction in the average size of the syllable clusters following 

LMAN ablation [pitch: t(51) = 3.49; p < 0.001, FM: t(51) = 3.24; p < 0.01, entropy: t(51) = 3.64; 

p < 0.001, pitch goodness: t(51) = 2.50; p < 0.01, and  syllable duration: t(51) = 4.50; p < 0.0001].

Figure 27.  (A). Panel of scatter plots that show the difference of IQRpre and IQRpost plotted as a function of mean 
duration.  Each dot represents the analysis of one syllable type (red dots describe syllables from birds with LMAN 
ablation and blue dots indicate syllables from birds with control surgery).  A positive change in absolute IQR indicates 
a decrease in variance, whereas a negative change indicates an increase in variance.  Absolute IQR variation shows 
that LMAN ablation, but not control surgery, reduced the variance associated with all four acoustic features (pitch, FM, 
entropy, and pitch goodness) and syllable duration.  (B). Panel of frequency histograms that shows change in variance 
for four acoustic features (pitch, FM, entropy, and pitch goodness) and syllable duration following LMAN ablation rela-

tive to the change in variance following control surgery.  Relative IQR variation shows that LMAN ablation signiicantly 
reduces the variance associated with FM, entropy, pitch goodness and syllable duration, however, pitch variance 
remains unchanged.  Signiicant differences between groups (p < 0.05).
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Change in Variance following LMAN Ablation Relative to Control Surgery.  Figure 2B compares 

frequency histograms for pitch, FM, entropy, pitch goodness and syllable duration to determine 

the reduction in variance following LMAN ablation relative to the change in variance following 

control surgery.  We irst calculated the relative change in variance following control surgery and 

LMAN ablation (IQRpre - IQRpost)/IQRpre for each acoustic feature and syllable duration and 

then we applied a two sample t-test.  We found that LMAN ablation signiicantly decreased the 

variance in FM, entropy, pitch goodness, and syllable duration.  However, change in variance for 

pitch was not diferent between LMAN ablation and control surgery [pitch: t(74) = 1.88; p = 

0.063, FM: t(74) = 2.81; p < 0.0062, entropy: t(74) = 2.74; p < 0.0077, pitch goodness: t(74) = 2.03; 

p < 0.045, and  syllable duration: t(74) = 3.36; p < 0.0012)]

Sequence Analysis (K-L Distance)

LMAN Ablation does not affect se-

quence structure. To determine the 

efect of LMAN ablation on syl-

lable sequence, we computed the 

K-L distance between the tran-

sition probability distribution 

of preoperative day 1 with each 

transition probability distribution 

from subsequent preoperative and 

postoperative days for all birds.  

Figure 3 shows that with a two-

way ANOVA (group x surgery 

stage) of averaged K-L distance 

values for preoperative and post-

operative days across birds within 

each group we found that LMAN 

ablation had no efect on sequence 

structure [F (1, 182) = 2.65; p = 

0.11], and no interaction of group 

and stage [F (1, 182) = 0.03; p = 0.87]. 

Figure 28.  K-L distance analysis revealed that LMAN ablation had 
no effect on sequence structure.  



72

DISCUSSION

My results show that LMAN ablation selectively reduced the syllable acoustic variance in FM, 

entropy, pitch goodness, and syllable duration; however, LMAN ablation had little efect on pitch 

variance across syllables.  his inding demonstrates that normal adult vocal variation is not simply 

a product of variable patterns of activity generated by the AFP.  Moreover, my data reveal that 

VMP activity may exert a greater inluence over variance in pitch than the AFP.  Evidence that the 

VMP and AFP diferentially modulate the variance of unique acoustic features may provide in-

sight into how vocal development arises through the integrated activity of these two telencephalic 

vocal motor pathways.  Additionally, the reduction in select acoustic features by LMAN ablation 

suggests that there are constraints on the extent to which the AFP can modulate vocal variation. 

Contribution of the AFP to Variance in Acoustic Features of Song

Reinforcement learning through trial and error vocal exploration provides a framework for under-

standing the transition from variability to stereotypy during vocal development (Troyer and Bottjer 

2001, Troyer and Doupe 2002a, b).  Under this learning scheme vocal plasticity or variation in vocal 

output can be utilized to shape individual syllables toward the tutor template.  

 Past and recent research indicates that the capacity for vocal plasticity lies within the an-

terior forebrain pathway (Brainard and Doupe 2000; Brainard 2004; Ölveczky et al. 2005; Kao 

et al. 2005; Tumer and Brainard 2007).  For instance, in juveniles, ablation or pharmacological 

inactivation of LMAN (output of the AFP) prematurely stereotypes syllable sequence and phonol-

ogy (Bottjer et al. 1984; Scharf and Nottebohm 1991; Ölveczky et al. 2005).  In adults, ablation 

of LMAN prevents the variation associated with the efects of deafening, tracheosyringeal nerve 

transection, and partial HVC damage (Brainard and Doupe 2000; Williams and Mehta 1999; 

hompson and Johnson 2007).  Until recently, it was unknown whether plasticity within the AFP 

facilitated vocal approximations toward tutor based matches with instructive signals or generated 

the substrate of vocal variation necessary to explore the acoustic space.  hompson et al. (2007) 

demonstrated that LMAN ablation following the onset vocal variation (caused by partial HVC 

damage) facilitated rapid recovery indicating that the AFP was the source of increased variation.  

his result bolstered a current model of the role of the AFP in vocal production, which posits that 

LMAN drives vocal variation by injecting patterns of variable activity (Ölveczky et al. 2005; Kao 

et al. 2005; Kao and Brainard 2006; hompson et al. 2007).  

 Beyond experimental manipulation of central and peripheral mechanisms that reveal the 

substantial variation that adult birds are capable of generating, the role of the AFP has also been 

implicated in the variation present in normal adult song.  Indeed, several studies show that social 

context modulates variable activity from the AFP in normal adults ( Jarvis et al. 1998, Hesslar and 
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Doupe, 1999, Kao et al. 2005).  Furthermore, LMAN ablation reduces the variance associated 

with normal undirected adult song, but has thus far only been assessed on the basis of fundamental 

frequency.  Nevertheless, the assumption remains that substantial, quantiiable variance persists in 

normal adult song (see scatter plot of syllables analyzed by duration and pitch in Figure 26A).  My 

results extend previous work on the change in variance due to context and demonstrate the exact 

contribution that the AFP makes to the total variance in syllable phonology.

Variation in vocal production: Limitations on the Modulation of the Time-variant Signal in Nor-

mal Adult Song

Spectral Analysis: LMAN 

ablation (as compared to 

control surgery) caused a 

signiicant reduction in 

FM, entropy, and pitch 

goodness.  Surprisingly, 

although many syllables 

showed a reduction in 

pitch variance, as quan-

tiied by IQR, there was 

no signiicant diference 

in pitch variance between 

control and LMAN ab-

lated birds.  Previous ex-

periments that tested the 

contribution of the AFP 

to variance via LMAN 

ablation reported a re-

duction in fundamental 

frequency variance in isolated sections of selected syllables (Kao et al 2005, Kao and Brainard 

2006).  My analyses, however, difer from those employed in earlier experiments in that I examined 

all syllables produced by birds included in the experiment.  In addition, I quantiied the phonology 

of individual syllables as a function of the whole syllable (in contrast to a quantiication strategy 

that required speciic syllabic acoustic structure: i.e., constant frequency component; Kao and Brai-

nard 2006), which allows greater resolution.  

 In Figure 29, I determined the percentage of total variance contributed by the AFP for 

acoustic features following LMAN ablation.  Presumably the variation during preoperative sing-

Figure 29. Bar graph of AFP contribution to total remaining variance for four acous-

tic features (pitch, FM, entropy, and pitch goodness) and syllable duration.  
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ing was due to activity in both the VMP 

and AFP, in conjunction with other 

sources of variance (e.g., the recording 

equipment and the position of the bird 

relative to the microphone); however 

change in the variation after LMAN 

surgery was attributable to the AFP 

alone.  herefore, I determined the rela-

tive contribution of LMAN with the 

equation, (IQRpre-IQRpost)/IQRpre, 

across syllables.   I found that LMAN 

ablation (representing the contribution 

of the AFP) reduced the total measured 

variance by at most 12% (see Figure 

29).  It is of note that the variance in 

pitch and FM appear least afected by 

LMAN ablation, which may indicate a 

greater resistance to stochastic modula-

tion.  One reason pitch and FM may be 

under greater control by the VMP is that 

they represent acoustic aspects of zebra 

inch song that individuate syllables and 

convey important identifying informa-

tion about the sender, whereas stochas-

tic modulation in entropy and pitch 

goodness (which are related measures 

associated with the quality of harmonic 

Figure 5. (A-D) Exemplar scatter plots of syllable phonology (acoustic feature by duration) for a day of singing from 
the irst of week of subsong (blue) and adult song (red) adjoined by bar graph representation of the range of variance 
of subsong and adult song from 5 birds, for each feature.  Range of variance was assessed by calculating the coef-
icient of variance (mean/SD) for all syllables generated on a day of subsong and a day of adult song for each feature.  
Differences in CV between subsong and adult song were determined by a 2-way ANOVA for group and feature.   Panel 
A shows that the range of variance for pitch during subsong was signiicantly less than adult song (p < 0.05), however, 
panels B-D show that FM, entropy, and pitch goodness had equivalent variance ranges during subsong and adult 
song (p = 0.88, 0.67, 0.10, respectively; main effect of group F(1,8) = 11.93, p < 0.01; main effect of feature F(3, 24) = 
147.55, p < 0.0001).   
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stacks) may be less likely to distort the acoustic information.  Several lines of electrophysiological 

evidence suggest that variation in syllable structure could arise within RA (output of the VMP).  

hat is, diferent neural ensembles can generate the same syllable and variation in syllable acoustic 

structure is highly correlated with variation in RA projection neurons (Leonardo and Fee 2005; 

Sober et al. 2008).  Although, I cannot account for all the sources of the remaining total variance 

following LMAN ablation, evidence suggests that VMP contributes signiicantly to vocal varia-

tion.

 Duration Analysis: I found that LMAN ablation (as compared to control surgery) caused a 

signiicant reduction in the variance of syllable duration.  In order to place this result in the context 

of temporal coding of song in the VMP, it will be important to quantify other durational aspects 

of song such as: inter-syllable duration and motif duration.  However, these data alone suggest that 

AFP activity contribute signiicantly to the modulation of syllable duration.  Moreover, the per-

centage of total variance contributed by the AFP for syllable duration following LMAN ablation 

was the greatest of all analyzed features (13%; see Figure 4).

Quantiication of Acoustic Variance in Subsong

By ablating LMAN I have removed the AFP component of a dual signal comprised of the AFP 

and VMP, thus the AFP contribution to variance is determined by its absence.  Comparison of 

subsong variance with adult song variance would constitute the conceptual inverse of the LMAN 

ablation experiment, beginning with an isolated AFP signal and later the addition of the VMP.  In 

both cases, the exact contribution of the AFP can be derived.  Subsong, the earliest stage of vocal 

development, lacks temporal sequence and identiiable syllable structure, and often is referred to 

as ‘babbling’.  By spectral inspection alone, subsong would seem to consist of substantial variation 

across all acoustic features.  However, quantiication reveals that FM, entropy, and pitch goodness 

show equivalent levels of variation (as measured by CV) when compared to adult song, whereas 

pitch variance in subsong is signiicantly less than in adult song (see Figure 30).  Aronov et al. 

(2008) show that AFP activity primarily drives subsong production during the onset of vocal de-

velopment, thus my analysis of phonology during subsong should reveal the contribution of the 

AFP to the range of variance across acoustic features.  When I compared the range of variance 

across acoustic features (pitch, FM, entropy, and pitch goodness), between subsong and adult song, 

I found that only pitch showed less modulation during subsong; all other features had equivalent 

levels of variance when compared to adult song.  Indeed, Figure 27 shows that pitch variance is 

the only feature variance not afected following LMAN ablation in adult birds, which parallels the 

diminutive drive that the AFP appears to exert on pitch during subsong.  
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Conclusions: AFP Signal Exerts ‘Selective’ Variance on Acoustic Features of Song

Findings from this experiment suggest a new model for the contribution of AFP activity to vari-

ance in vocal production.  In contrast to earlier work, I ind that LMAN ablation induces a greater 

reduction in the variance of some acoustic features (FM, entropy, pitch goodness and syllable dura-

tion), but not others (pitch).  Previous work suggested that the AFP signal largely contributed vari-

ance to all features of song.   hat is, during both development (Ölveczky et al. 2005) and in adult 

song (Kao et al. 2005) the AFP activity was considered to comprise a signal of undiferentiated 

noise.  However, my data suggests that the AFP signal modulates speciic acoustic features.   More-

over, my inding that pitch variance shows less of an efect following LMAN ablation indicates 

that the activity inherent to the VMP predominantly drive variation in pitch, which is an acoustic 

that diferentiates between zebra inch song syllables.  

 Variance in syllable duration indicates that the AFP may contribute substantial to other 

duration related aspects of song.  Vocal babbling during early development may be more impor-

tant for encoding the timing of syllables and the timing between syllables, contrary to the notion 

that ‘babbling’ represents motor encoding of pitch (a property under direct control by the motor 

neurons in the XII nerve).  Consistent with this idea, I ind that in subsong (earliest stage of vocal 

development) pitch shows the least modulation when compared to adult song.  hat is, except for 

pitch, all other spectral aspects of song show equivalent levels variation between subsong and adult 

song.  Although I did not measure syllable duration in subsong syllables, substantial variation in 

duration remains a fundamental characteristic of subsong.

 My goal was to test whether the AFP signal modulated vocal output by increased vari-

ance across all features, or contributed selective variation to speciic spectral properties of song.  I 

conclude that the AFP signal appears to modulate vocal output with selective variation and this 

inding may have important implications for vocal development the maintenance of adult song.
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GENERAL DISCUSSION 

 In the irst chapter of this dissertation I sought to characterize dissolution and recovery of 

the phonology and sequence of adult song following partial damage to HVC, an important vocal 

control region.  I observed that marked destabilization in syllable structure and sequence occurred 

subsequent to HVC damage.  Surprisingly, birds recovered their full preoperative song within less 

than 7 days, indicating that the song control circuit largely favored stereotyped production.  From 

this observation I hypothesized that integration between the VMP (stereotyped signal) and the 

AFP (variable signal) comprised adult song structure.  

 In chapter 2, I endeavored to test whether the short term recovery of song structure fol-

lowing partial HVC damage required auditory feedback, a mechanism necessary for the transition 

from variability to stereotypy during vocal development.  I found that in the absence of auditory 

feedback birds did not recover from HVC damage, which suggested that the modiication to song 

structure during recovery represented a phase of sensory-feedback based modulation.   

 In chapter 3, I tested the role of the anterior forebrain pathway during recovery from partial 

damage to HVC.  he AFP, associated with generating vocal plasticity, is necessary for the transi-

tion from variability to stereotypy during vocal development.  However, there are two prevailing 

theories for how the AFP facilitates vocal development.  he instructive hypothesis suggests that 

the AFP generates motor signals that actively reinforce template based matches.  he purposive 

variation hypothesis suggests that the AFP generates the necessary vocal variation by which juve-

nile birds explore their acoustic space and reinforcement of template matches occurs elsewhere in 

the song control circuit.  By ablating LMAN prior or subsequent to partial HVC damage permit-

ted straight forward predictions based on the competing hypotheses for the role of the AFP.  Either 

LMAN ablation would prevent destabilization or facilitate recovery when prior or subsequent to 

partial HVC damage (based on the purposive variation hypothesis) or LMAN ablation would 

prevent recovery when induced both prior and subsequent to partial HVC damage (based on the 

instructive hypothesis).  I found that LMAN ablation prevented destabilization when induced 

before HVC damage and facilitated faster recovery when induced after HVC damage.  Together 

these results showed that the AFP contributed a variable signal that was unmasked by partial HVC 

damage.  

 In chapter 4, I examined the nature of the acoustic variance contributed by the AFP.  Al-

though, my research as well as others have demonstrated that the AFP increases variability of song 

structure, I sought to characterize the range of the its contribution to variation.  hat is, test the 

hypothesis that the AFP merely generates noise which suggests that LMAN ablation should re-

duce variation across all syllable spectral qualities.  However, I found that LMAN ablation causes 

selective reduction in speciic acoustic features and has less efect on others.  hat the AFP may 

selectively modulate speciic acoustic qualities has profound implications for our understanding of 
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vocal development.  Speciically, we have only begun to explore the nature of subsong (the earliest 

stage of vocal development) during which the AFP completely drives vocal production.   Future 

research may uncover how the AFP’s directed modulation encodes speciic aspects of adult song. 



79

APPENDIX

ACUC ANIMAL CARE PROTOCOL
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