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Contributions of premotor nucleus RA for the spectral and temporal

structure of song in the Bengalese Finch

Chung Yan Joanne Cheung

Abstract

Song is a learned motor behavior where each vocal element (syllable) has its own 

distinct acoustic structure. Syllable features, like pitch and amplitude, have been linked to the 

activity of the forebrain nucleus RA; but whether these features are directly controlled by the 

level of RA activity remains to be shown. Natural variation in RA activity may be produced by a 

dynamic interaction between RA projection neurons and interneurons; but a role for local 

inhibition in RA for shaping vocal output is also unknown. Here, we address whether changing 

RA activity by modulating the influence of RA inhibition has a direct effect on syllable structure. 

We find that increasing or decreasing RA inhibition drives a corresponding increase and 

decrease in syllable pitch and amplitude. These results provide evidence that local inhibition 

within RA actively contributes to song production and suggest that maintaining pitch and 

amplitude at a desired level requires a careful balance of excitation and inhibition acting within 

RA. 

Song also has a specific temporal structure that is linked to activity in the forebrain 

nucleus HVC. Previous studies have found that manipulating the temporal dynamics of HVC 

activity drives changes to song timing and sequencing. This supports a hierarchical model of 

song control in which temporal and spectral properties of song (such as syllable sequencing and

timing versus syllable pitch and amplitude) are separately controlled by HVC and RA. However,

the downstream targets of RA in the brainstem also make ascending projections back to HVC,

raising the possibility that the output of RA may recurrently influence HVC activity to shape song

timing and sequencing. Here, we find that natural variation in RA activity is correlated with



vii

variation in song timing; specifically, higher firing in RA is associated with shorter durations of

the gaps between syllables. We also find that increasing or decreasing the influence of RA

inhibition drives bidirectional changes to song tempo and syllable repetitions. These high order

song effects are not dependent on auditory feedback. Taken together, these findings indicate

that RA activity contributes centrally to the temporal structure of song.
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Chapter 1. Introduction 

Many learned motor behaviors are executed as sequences of movements. For example, 

speech is comprised of strings of words with specific rules that govern their order and timing. At 

a finer timescale, each word is comprised of phonetic units that have distinct spectral features. 

The temporal and phonological features of speech are subserved by neural pathways that are 

arranged hierarchically (Simonyan & Horwitz 2011). At the lowest level are motoneurons in the 

brainstem that coordinate respiratory and articulatory muscle activity. In humans, neurons in the 

laryngeal motor cortex, an area located within the primary motor cortex, send monosynaptic 

projections to the brainstem laryngeal motoneurons. The lack of similar cortico-motoneuronal 

connections in non-human primates suggests that this direct pathway may have evolved for the 

fine motor control of learned voluntary vocal behavior (Simonyan 2014). The laryngeal motor 

cortex (LMC) receives extensive input from other cortical regions, including the inferior frontal 

gyrus (Broca’s area), premotor cortex, and supplementary motor area (SMA). These areas have 

been implicated in the temporal and serial control of discrete motor actions (Mushiake et al 

1991, Shima & Tanji 2000, Crowe et al 2014, Long et al 2016). In contrast, activity in the LMC is 

related to the control of the larynx for phonation, such as modulation of vocal pitch (Dichter et al 

2018).  

The songbird is one of few species that produces learned vocal behavior, and song has 

many functional and behavioral parallels with speech (Doupe & Kuhl 1999). Song consists of 

motifs, which are repeated sequences of discrete vocal elements. Each element in a motif is a 

50-100 ms syllable with distinct acoustic structure separated by silent intervals or gaps. Both 

speech and song require auditory experience for normal development, with the capacity for 

vocal learning limited to early life. Once song has matured, both the phonation and temporal 
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ordering of syllables are remarkably stereotyped, but the little variability that remains can be 

used to drive adaptive changes to song (Tumer & Brainard 2007, Warren et al 2012).  

Song production is controlled by a dedicated motor pathway that is also organized 

hierarchically. HVC (used as a proper name) and robust nucleus of the arcopallium (RA) are two 

forebrain nuclei that are functionally similar to the premotor and motor cortex, and bilateral 

lesions of either nuclei completely abolishes song (Nottebohm et al 1976). HVC projects to RA 

and its activity is characterized by sparse and stereotyped bursts that are tightly locked to 

specific timepoints in song (Yu & Margoliash 1996, Hahnloser et al 2002). RA projects to 

respiratory (PAm/RAm) centers and syringeal motoneurons (nXIIts) in the brainstem, and it fires 

multiple bursts throughout song with millisecond precision (Wild 1993b, Yu & Margoliash, Chi & 

Margoliash 2001). A feedforward model of song sequence generation posits that the timing and 

ordering of syllables is represented by HVC, and that at any given moment in song, HVC 

neurons drive activity of an ensemble of RA neurons to recruit the appropriate vocal and 

respiratory patterns that shape spectral structure (Hahnloser et al 2002; Leonardo & Fee 2005; 

Long et al 2010). Indeed, manipulating HVC activity elicits changes to the temporal structure of 

song (Vu & Kuo 1994, Long & Fee 2008, Zhang et al 2017), while RA activity has been linked 

with learned syllable features, such as pitch and amplitude (Sober et al 2008, Miller et al 2017). 

However, a demonstration that the activity level of RA projection neurons is responsible for 

controlling syllable structure remains to be shown. In Chapter 2, we use pharmacology to 

manipulate inhibitory function in RA to ask how bidirectional changes to RA activity alters 

spectral features.  

During singing, the inspiratory and expiratory pressure pulses driven by PAm and RAm 

are tightly coordinated with vocal output, with each inspiration filled by a gap and each 

expiration filled by a syllable (Franz & Goller 2002). This precise pattern of respiration is 
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developed during song learning and requires forebrain input from HVC and RA (Veit et al 2011). 

Interestingly, modulating HVC temperature has a larger effect on gap durations (Long & Fee 

2008, Zhang et al 2017), with non-uniform scaling of the corresponding inspiratory pulse shape 

(Andalman et al 2011). This suggests that song timing may not rely only on the local dynamics 

within HVC, and that the brainstem respiratory circuitry may preferentially contribute to gap 

timing. Since, the termination of a gap and initiation of the next syllable must be coordinated, the 

mechanisms that represent syllable and gap timing must interact with each other. An ascending 

projection from PAm that feeds back to HVC through thalamic nucleus Uva might serve such a 

role (Ashmore et al 2008). Disrupting activity in PAm and Uva evokes changes to temporal 

structure (Ashmore et al 2005, Williams & Vicario 1993, Coleman & Vu 2005, Hamaguchi et al 

2016), which supports the idea that this feedback pathway contributes to the sequence 

generation of song. Although RA is thought to be the output of the forebrain motor pathway for 

song production, its direct projections to PAm suggest that its activity may also contribute 

important feedback information to influence HVC activity.  

Another way that RA activity may affect song timing and sequencing is peripherally via 

auditory feedback. Similar to speech, auditory feedback continues to be important for the control 

and maintenance of adult song (Brainard & Doupe 2013). Perturbations of auditory feedback 

results in rapid changes to HVC activity and song timing and sequencing (Sakata & Brainard 

2006, 2009). Since RA is involved in shaping the acoustic features of song, auditory feedback 

may link RA activity and vocal output with HVC function. Despite a central and peripheral 

pathway for RA activity to contribute to temporal patterning, there has been little evidence so far 

that demonstrates such a role for RA. In Chapter 3, we show that variation in RA activity is 

correlated with song timing, and that pharmacological manipulation of RA activity can drive 

changes to song timing and sequencing.  
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Figure 1. Neural circuitry for song production.  
The central motor pathway for song includes forebrain nuclei HVC and RA and brainstem 
respiratory (PAm and RAm) and vocal (nXIIts) centers. Auditory feedback from vocal output has 
access to the song system via HVC. Ascending projections from PAm feedback to HVC via 
thalamic nucleus Uva.  
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Chapter 2. Projection neuron activity in song premotor nucleus RA exerts bidirectional 

control on pitch and amplitude of learned syllables 

 

This work was published as part of the following article:  

Miller MN, Cheung CY, & Brainard MS. (2017). Vocal learning promotes patterned inhibitory 

connectivity. Nature Communications  

 

Abstract 

Nucleus RA (robust nucleus of the arcopallium) is a motor cortical analogue in the 

songbird forebrain that projects to brainstem vocal and respiratory musculature and is widely 

thought to participate in the moment-by-moment control of learned song features. Neural activity 

within RA is tightly coupled to the production of individual syllables, and variation in RA activity 

correlates with variation in learned song features such as syllable pitch and amplitude. This 

suggests a model in which overall activity levels in RA projection neurons (PNs) specify the gain 

of upcoming vocal output, and bidirectional changes to the level of activity in RA should 

therefore drive concomitant bidirectional changes in the magnitude and direction of vocal 

behavior. One possible mechanism for controlling the firing rate of RA PNs is through inputs 

from local inhibitory neurons. Therefore, modulating the influence of inhibition acting on PNs 

might drive direct changes to vocal output. We tested this model causally by using 

pharmacological manipulations of inhibition to bias the amount of activity in the RA microcircuit 

during song production. We found that suppressing RA inhibition produced robust and 

consistent increases in syllable pitch and amplitude. Conversely, increasing RA inhibition 

produced decreases in pitch and amplitude. These results are consistent with a model in which 

parametric modulation of the firing rate of RA PNs systematically biases highly calibrated vocal 
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output, and suggest that the normally precise encoding of learned acoustic features of song 

depends on the balance of excitation and inhibition acting on PNs within the RA microcircuit.  

 

Introduction 

Song is a skilled motor behavior that is characterized by a high degree of precision and 

stereotypy. Learned song features, such as the pitches of individual syllables, are actively 

maintained within a narrow range of desired vocal targets (Sober & Brainard 2009), but can be 

adaptively shifted in response to a reinforcing stimulus (Tumer et al 2007). This indicates that 

learned features remain malleable even after song learning is complete, but the neural 

mechanisms that allow the gain of vocal output to be controlled remains unknown.  

RA is a critical forebrain nucleus in a dedicated motor pathway for song production. Its 

efferent targets in the brainstem innervate the syringeal and respiratory musculature that 

ultimately controls the pitch and amplitude of vocal output (Schmidt & Wild 2014, Plummer & 

Goller 2007, Goller & Suthers 1996). Previous studies have found that these acoustic features 

are also intimately linked with RA activity; in particular, higher firing in RA PNs is associated with 

increasing syllable pitch (Sober et al 2008). This suggests that changes in the firing rate of RA 

PNs can drive changes to the pitch and amplitude of song syllables. Although disrupting RA 

activity with electrical stimulation can evoke distortions to spectral structure, it remains to be 

seen whether and how modulating the level of song-related activity without disrupting its 

functional structure can alter vocal output. 

Within RA are GABAergic fast-spiking interneurons (FSIs) that provide feedback and 

feedforward inhibition onto RA PNs (Spiro et al 1999). In mammalian systems, inhibitory circuitry 

can modulate the gain and selectivity of pyramidal cell responses to sensory stimuli (Chance et 

al 2002, Carvalho & Buonomano 2009,Wehr & Zador 2003). Inhibition may also be important for 
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the performance of learned motor behaviors (Matsumura et al 1991) with one proposed function 

for inhibition in modulating the level of movement-related activity as well as in suppressing 

activity that may lead to inappropriate movements (Matsumura et al 1992); indeed, inhibitory 

activity often increases and persists throughout movement execution (Merchant et al 2008, 

Isomura et al 2009, Kaufman et al 2010, Estebanez et al 2017), pointing to a dynamic role for 

inhibition in sculpting motor activity. Similarly, RA FSIs also increase their activity during singing 

with structured firing that is time-locked with song, in parallel with singing related PN activity 

(Leonardo & Fee 2005, Olveczky et al 2011). This suggests that RA inhibition might dynamically 

sculpt the firing of RA PNs from moment-to-moment to encode learned song features. Here, we 

use pharmacology to manipulate RA inhibition to address whether and how inhibition 

contributes to the control of vocal output.  

 

Materials and Methods 

Animals 

Adult male Bengalese finches were bred in our colony at UCSF, and experiments were 

conducted in accordance with NIH and the UCSF IACUC policies governing animal use and 

welfare. 

 

Electrophysiology 

RA slices were prepared as previously described (Mehaffey et al 2015). Birds were deeply 

anesthetized with 4% isoflurane and decapitated in ice-cold oxygenated ACSF containing 

125mM Choline-Cl, 2.5mM KCl, 2mM MgCl2, 1.25mM NaHPO4, 26mM NaHCO3, 1mM CaCl2, 

and adjusted to 350mOsm with dextrose. 250um coronal or sagittal RA slices were cut (Leica 

VT1000S) from each hemisphere under cold oxygenated ACSF and transferred to an interface 
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holding chamber with 38 C recording ACSF containing 125mM Choline-Cl, 2.5mM KCl, 2mM 

MgCl2, 1.25mM NaHPO4, 25mM NaHCO3, 2mM CaCl2 and adjusted to 350 mOsm with 

dextrose. After 30 minutes, slices in the holding chamber were relaxed to room temperature. 

During recording, bath temperature was maintained at 38˚ C with a feedback controlled inline 

heater (Warner Instruments). Slices containing RA were submerged in ACSF on the stage of an 

Olympus BX-51WI microscope and RA was identified with a 4x or 10x objective. Neurons in RA 

were visualized with DIC optics using a 40x water-immersion objective. Patch pipettes were 

pulled on a Sutter P-97 puller to achieve tip impedances of 4-10 MΩ. To record spontaneous 

E/IPSCs, pipette solution contained 20mM KCl, 100mM Cs-MethylSulphonate, 10mM 

K-HEPES, 0.1% biocytin, 4mM Mg-ATP, 0.3mM Na-GTP, 10mM Na-Phosphocreatine, and 

3mM QX-314, was pH 7.35, and was adjusted to 315mOsm with sucrose. Whole-cell recordings 

from PNs and FSIs were obtained under visual guidance with a 40x water-immersion objective, 

current or voltage records were amplified by Multiclamp 700B (Molecular Devices) or Axopatch 

1C/1D (Axon Instruments) amplifiers, digitized at 10kHz, and recorded with custom IGOR Pro 

software (Wavemetrics). Pipette capacitance and series resistance were compensated online 

and series resistance was monitored at 2 minute intervals. Recordings with series resistance > 

20 MΩ or monotonic 25% change in input resistance were discarded. PNs were distinguished 

from FS interneurons in loose-patch mode on the basis of PN spontaneous pacemaking activity, 

by post-hoc inspection of biocytin fills, by FSIs lower input resistance, and by differences in 

action potential shape AHP and width when using K-Gluconate pipette solution. Spontaneous 

IPSCs were recorded in voltage clamp as outward currents at the measured mixed-cation 

reversal potential determined by reversing sEPSCs, and spontaneous EPSCs were recorded as 

inward currents at ECl determined by observing the reversal of sIPSCs. Reversal potentials 

were always within 5mV of the calculated reversal potential when corrected for the liquid 
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junction potential measured during each experiment. To maximize our sample of FSIs, which 

are a minority of neurons in RA, we intentionally targeted small neurons for recording until we 

found an FSI. Our sample of FSIs therefore had smaller somata than our sample of PNs on 

average. However, we also encountered FSIs with somata as large as PNs, consistent with 

Spiro et al. (1999) which found overlapping distributions of PN and FSI soma size. 

 

In vivo Reverse Microdialysis 

We pharmacologically manipulated RA in vivo in freely behaving and singing birds as previously 

described (Warren et al 2011, Stepanek et al 2010). Adult (>100 days post-hatch) male 

bengalese finches were implanted bilaterally with microdialysis probes (CMA) targeted to RA. 

Accurate placement in RA was confirmed during surgery by extracellular recording of RA’s 

characteristic spontaneous activity. After recovery from surgery, birds were housed individually 

within sound attenuating chambers (Acoustic Systems) on a 14:10h light:dark schedule with free 

access to food, grit, and water, and vocalizations were recorded with a microphone fixed to the 

cage ceiling. PBS was continuously delivered to RA at a rate of 0.1ul/min via a fluid commutator 

connected to a syringe pump outside the bird’s isolation chamber. To manipulate inhibitory 

function within RA, we switched from PBS to either NASPM (Tocris) or midazolam (Sigma). 

Because the switch occurred outside the isolation chamber, birds remained undisturbed and 

continued to behave and sing normally through the transition from PBS to drug. In each trial of 

drug infusion, we compared the changes in behavior with a comparable period of time during 

continuous PBS infusion. Because drug effects occurred gradually, we excluded from analysis 

the first 1-2 hours of song after switching the dialysis solution from PBS to drug.  
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Acoustic Feature Analysis 

Songs were recorded at 32kHz or 44 kHz and 16-bit depth. Offline, syllables were extracted 

from audio files based on amplitude threshold crossings of the rectified audio waveform 

smoothed with a 2ms moving window and analyzed using custom MATLAB software. We 

focused on syllables with prominent harmonic stacks and minimal frequency modulation for 

fundamental frequency (FF) and amplitude quantification. FF was calculated as the peak in the 

band-limited power spectrum of a 2-5ms window within each syllable during which FF was 

stable. We measured syllable amplitude by detecting the peak of the smoothed (2ms moving 

window) rectified audio waveform. 

 

Results 

To decrease RA inhibitory function, we used 1-Naphthyl acetyl spermine (NASPM) to 

block glutamatergic excitatory inputs to FSIs. In many systems, glutamatergic inputs to FSIs are 

primarily mediated by AMPARs that lack the gluA2 subunit (Gittis et al 2011, McBain et al 2001), 

and NASPM specifically antagonizes these gluA2-lacking receptors (Isaac et al 2007). NASPM 

can therefore reduce recruitment of FSIs and decrease inhibitory gain without completely 

blocking GABAergic transmission, which might produce pathological activity states. We 

confirmed in RA slices from adult BFs that bath application of 0.1mM NASPM attenuated the 

overall level of spontaneous inhibition received by PNs by 42% (p = 0.0009, Figure 1), indicating 

that NASPM is an effective tool to reduce RA inhibitory function. 

We next asked if RA inhibitory circuitry contributes to the production of learned song 

features by delivering NASPM (1-4mM) into RA with reverse-microdialysis in vivo during singing 

(Warren et al 2011, Stepanek & Doupe 2010). We measured NASPM's effect on the 

fundamental frequency (FF) and amplitude of song syllables, because these are features that 
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are learned from the tutor song that are subsequently maintained within a narrow range for the 

lifetime of the bird (Tchernichovski et al 2001, Sober & Brainard 2009). NASPM robustly 

increased both FF (Figure 3A,C) and syllable amplitude (Figure 3A,D) without altering overall 

syllable structure or otherwise disrupting song (Figure 2), indicating that RA inhibitory circuitry 

can potently regulate the magnitude of specific learned syllable features during singing. 

If inhibitory gain directly regulates learned vocal features and suppressing inhibitory 

function with NASPM increases syllable FF and amplitude, enhancing RA inhibitory function 

should produce the opposite effects. We tested this prediction by pharmacologically enhancing 

RA GABAergic function by reverse-microdialysis of the benzodiazepine midazolam, which 

allosterically increases the open probability of ligand-bound GABAAR. In contrast to NASPM, 

midazolam reliably and significantly reduced both FF (Figure 3B,C) and syllable amplitude 

(Figure 3B,D). Like NASPM, however, midazolam dialysis specifically altered FF and amplitude 

without altering syllable structure (Figure 2), indicating that neither drug grossly disrupted the 

overall pattern of RA activity but instead modulated RA activity in a specific fashion that shifted 

FF and amplitude. 

 

Discussion 

Our results show that RA inhibitory circuitry is a dominant component of RA circuitry that 

controls the production of learned vocal features.  RA is a cortical analogue that projects to 

brainstem premotor nuclei innervating vocal and respiratory musculature (Wild JM 1997), and 

patterned activity in RA projection neurons is widely presumed to participate in the 

moment-by-moment control of learned features of song (Yu & Margoliash 1996, Leonardo & 

Fee 2005, Sober et al 2008, Vu et al 1994). Previous work has focused on the excitatory inputs 

to RA from HVC and LMAN as primary sites of synaptic plasticity responsible for establishing 
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patterned activity within RA during song learning, and thereby encoding learned features of 

song (Mehaffey & Doupe 2015, Garst-Orozco et al 2014, Livingston et al 2000). Despite the 

importance of inhibitory function within the upstream vocal motor region HVC for song learning 

and production (Vallentin et al 2016, Kosche et al 2015) and indications that interneurons in RA 

are capable of potently controlling circuit activity in vitro (Spiro et al 1999), potential roles for RA 

inhibitory circuits in song production have received little attention. Here, we demonstrate that 

manipulating inhibitory function within RA of singing birds can drive bidirectional changes to 

learned acoustic features of song. This suggests that encoding of learned song features 

depends on inhibitory function in RA and is not simply inherited from patterns of HVC afferent 

activity.  

More generally, longstanding models attribute control of acoustic features such as FF 

and syllable amplitude to RA activity on the indirect basis of anatomy (Wild JM 1997), RA 

activity patterns (Yu & Margoliash 1996, Leonardo & Fee 2005, Sober et al 2008), and the 

disruptive effects of electrically stimulating RA (Vu et al 1994). Here, we provide a causal 

demonstration that bidirectional manipulation of inhibition in RA produces corresponding 

bidirectional changes in FF and amplitude. These results further establish RA as a primary 

source of control signals for learned acoustic features of song, and additionally provide insight 

into the nature of those control signals: they support a model in which increased activity across 

the population of PNs (associated with a decrease in inhibitory tone) drives an increase in vocal 

and respiratory muscle tensions, and corresponding increase in FF and amplitude, while a 

decrease in PN firing (associated with an increase in inhibitory tone) results in a decrease in FF 

and amplitude.  
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Figures 

 
 
Figure 1. NASPM reduces spontaneous inhibition on RA PNs in vitro 
A. Example sIPSCs recorded from a PN in ACSF (grey trace) and after 0.1mM bath application 
of NASPM (red trace). B. NASPM reduced spontaneous inhibition in all PNs recorded. On 
average, NASPM reduced inhibitory charge by 42% (p = 0.0009).  
 
 

 
 
Figure 2. Manipulating RA inhibition in singing birds does not grossly disrupt song structure 
Schematic of in vivo reverse-microdialysis experiment and example spectrograms of songs 
recorded during reverse-microdialysis of PBS followed by either NASPM (left), which reduces 
RA inhibition, or midazolam (right), which enhances RA inhibition. Overall song structure was 
not altered by either manipulation. 
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Figure 3. Manipulating RA inhibition in singing birds bidirectionally shifts learned song features  
A. Example changes to FF and amplitude of a target syllable over the course of reverse 
microdialysis with NASPM which reduces inhibition (left). FF contours and amplitude envelopes 
of the the target syllable during PBS dialysis (grey) and followed by NASPM (red). Line 
thickness includes SEM. B. Same format as A but for reverse microdialysis of midazolam which 
increases inhibition. C. Percent change in syllable pitch, compared to PBS baseline, for NASPM 
and midazolam treatments (red and blue bars); effects were compared with the percent change 
in pitch found during a comparable period of time with continuous PBS infusion (black bars). 
(NASPM: n = 18 birds, 63 syllables, p < 1e-7; midazolam: n = 5 birds, 11 syllables, p < 0.005, 
Wilcoxon signed rank test). D. Same as C but for percent change in syllable amplitude for 
NASPM and midazolam treatments (NASPM: n = 18 birds, 63 syllables, p < 1e-10; midazolam: 
n = 5 birds, 11 syllables, p < 0.001, Wilcoxon signed rank test).  
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Chapter 3. Contributions of premotor nucleus RA to song timing and sequencing 
 
 
Contributions 

The following work was done in collaboration with Mark Miller, Samuel J. Sober, Melville J. 

Wohlgemuth, and Paul Jaffe.  

 

Abstract  

One view for the production of motor behavior is that functionally segregated cortical 

circuits represent different hierarchical levels of motor control. For example, higher order motor 

areas preferentially contribute to the temporal and sequential order of movements, while the 

primary motor cortex is more directly related to the kinematics of the component motor actions. 

Birdsong is a sequential vocal behavior supported by a motor pathway with similar hierarchical 

structure. The premotor nucleus HVC is thought to specify higher order features, such as song 

timing and sequence, while its downstream target, the motor nucleus RA (robust nucleus of the 

arcopallium), shapes the spectral structure of individual syllables. However, previous work has 

indicated that the downstream targets of RA in the brainstem respiratory centers project back to 

HVC raising the possibility that RA activity might influence HVC activity to shape higher order 

song features. To address this possibility, we first examined whether rendition-to-rendition 

variation in song timing is reflected in RA activity. Indeed, we found significant correlations 

between natural variation in RA activity and song tempo. To causally test whether RA activity 

exerts direct neural control over song timing, we manipulated RA activity pharmacologically to 

reduce or increase the influence of inhibition in RA. We observed bidirectional changes in song 

timing that are consistent with the positive correlation found between natural variations in RA 

activity and song tempo. Additionally, we found that the tendency to increase repetitions of 
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“stuttered” syllables was increased with increasing RA activity. The effects on song timing and 

sequencing were not dependent on auditory feedback, indicating that RA activity influences 

these higher order song features by central mechanisms. Our results reveal a relationship 

between RA activity and the control of song timing and sequencing and support an important 

role for recurrent activity from lower to higher motor areas through subcortical circuits in 

orchestrating motor actions.  

 

Introduction 

Purposeful motor behavior is often composed of the sequential execution of movements 

arranged in a specific serial order and temporal pace. For instance, in human speech, the 

meaning of a sentence depends on the appropriate ordering of the words within it as well as the 

duration of the pauses between the words. A specific role for the sequencing and timing of 

movements is thought to be performed by the premotor cortex and the supplementary motor 

area (Mushiake et al 1991, Shima & Tanji 2000, Mita et al 2009, Merchant et al 2013, Crowe et 

al 2014). Disrupting activity in these regions impairs the temporal organization of behavior 

without affecting the the ability to execute individual motor actions (Shima & Tanji 1998, 

Kennerley et al 2004, Ohbayashi et al 2016). In contrast, activity in the primary motor cortex is 

thought to be more directly related to muscle activity and movement kinematics (Kalaska JF 

2009). These observations support a hierarchical representation of motor behavior that suggest 

a functional dichotomy between high order and primary motor areas for action selection and 

execution, respectively (Diedrichsen & Kornysheva 2015, Long et al 2016). However, previous 

studies have found that subcortical targets may provide important feedback signals to modulate 

cortical activity (Guo et al 2017, Bolkan et al 2017). This challenges the idea that sequential 

motor behavior is driven by top-down control of primary motor cortex and its downstream 
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effectors, and instead, raises the possibility that recurrent activity from the primary motor cortex 

or its targets can influence the control of high level motor behavior, such as sequencing and 

timing.  

Song is a learned vocal behavior that consists of a set of discrete vocalizations 

(syllables) separated by periods of silence (gaps). Similar to the modularity and flexibility of 

mammalian sequential behavior, syllables in the Bengalese finch song can be organized into 

variable sequences (Okanoya 2004, Warren et al 2012). The temporal and acoustic structures 

of song are thought to be separately controlled by two forebrain motor nuclei, HVC and RA (Vu 

& Kuo 1994; Yu & Margoliash 1996; Fee et al 2004). RA projects directly to downstream vocal 

and respiratory brainstem centers and its activity is correlated with variation in syllable acoustic 

features (Wild 1993b; Sober et al 2008, Miller et al 2017); while HVC projects to RA, and its 

activity is closely related to the timing and order of syllable sequences (Long & Fee 2008; 

Fujimoto et al 2011; Zhang et al 2017). Therefore, a hierarchical model of song production 

proposes that sequential activity in HVC specifies the moment-by-moment pattern of activity in 

RA to encode the spectral and temporal structure of song (Hahnloser et al 2002; Leonardo & 

Fee 2005; Long et al 2010). However, previous work has shown that an ascending pathway 

from the downstream targets of RA can influence song timing (Ashmore et al 2005, 2008; 

Hamaguchi et al 2016). The presence of such feedback supports the idea that a distributed, 

recurrent network, involving both forebrain and brainstem components, participates in the 

patterning of song. But whether and how RA activity is integrated with HVC to influence higher 

order song features remains unclear.  

To address this question, we first examined how the temporal pattern of song might be 

encoded in RA. We found that variation in RA activity was significantly correlated with natural 

variation in the timing of gaps, but not of syllables. Specifically, higher RA activity was 
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associated with shorter gap durations, and thus, a more rapid song. To test whether changes in 

RA activity can drive changes to song timing, we used a pharmacological approach to 

manipulate RA activity by increasing or decreasing the influence of inhibition in RA. We 

observed bidirectional changes in song timing, with increased RA activity driving faster song 

and shorter gap durations, consistent with the positive relationship found between RA activity 

and song tempo during natural singing. Moreover, we found that increasing RA activity caused 

an increase in the number of syllable repetitions in variably repeating syllables.  

Because song timing can be modulated by auditory feedback, one possibility is that the 

effects on higher order song structure arising from manipulations of RA activity were indirect 

responses to changes in acoustic output. We found that increasing or decreasing RA activity 

could still drive changes to song timing in the absence of auditory feedback. Together, these 

results indicate that RA activity contributes to the temporal patterning of song and demonstrates 

a link between the level of gross activity from a motor nucleus with the magnitude of behavioral 

output. 

 

Materials and Methods 

Animals 

Adult male Bengalese finches (>100 days post-hatch) were bred in our colony at UCSF, and 

experiments were conducted in accordance with NIH and the UCSF IACUC policies governing 

animal use and welfare. 

 

Electrophysiology and data analysis 

A lightweight microdrive was implanted stereotactically over RA as previously described (Sober 

et al 2008). Each microdrive carried 3-5 high impedance microelectrodes grouped within 300 
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um of each other. Electrodes were lowered into RA after birds resumed singing (usually 1-3 

days after surgery). RA was identified by its characteristic activity during song, and electrode 

position was confirmed with post hoc histological analysis. Action potentials from single RA 

neurons were isolated using principal components analysis to project spike waveforms into 2D 

space; clusters corresponding to waveforms from putative units were identified with a 

nearest-neighbor clustering algorithm (kmeans). Each cluster was then fit with a 2D gaussian 

and its overlap with other clusters was measured by computing the probability that points 

generated from the target cluster would be miscategorized by the nearest-neighbor algorithm. 

Waveforms from putative single units were identified as those from clusters with less than 2% 

overlap or with less than 1% interspike interval violations (refractory period <= 1 ms). The 

following analyses were performed on 39 single units across nine birds.  

 

Premotor neural activity  

A premotor window of 40 ms was chosen according to previous stimulation studies that have 

measured the latency from disrupting RA activity to its subsequent effect on motor output (Vu et 

al 1994, Ashmore et al 2005). Trials were aligned to the onset of the target gap or syllable. The 

spike count within each trial was binned to 1 ms resolution and convolved with a 10 ms 

gaussian window. Periods of high firing (bursts) with activity greater than 50 Hz were identified 

in the average firing pattern across all trials; the peak of these bursts needed to fall within a 40 

ms wide premotor window that ended at the onset of the target gap or syllable. The onset and 

offset of the burst was determined by the points where average activity fell below 50 Hz. The 

firing rate for each trial was computed as the mean spike rate within the burst window (defined 

by the burst onset and offset from the average firing pattern across all trials).  
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Correlation analyses 

We computed a multiple linear regression between premotor activity and the duration of the 

target gap or syllable while controlling for the amplitude and duration of the neighboring vocal 

elements. Previous studies have found that RA activity during a specific “target” syllable can be 

influenced by the identity of the preceding and following syllables (Wohlgemuth et al 2010); 

therefore, we controlled for sequence variability by holding constant the identity of the preceding 

and following syllables of the target vocal element. Each target gap was at the center of a 

specific sequence of six syllables, while each target syllable was also at the center of a specific 

sequence of five syllables. Each sequence of syllables needed to occur more than 25 times to 

be considered for analysis.  

 

Proportion of cases correlated 

We were interested in estimating the prevalence of significant correlations between a given 

target gap or syllable and its premotor activity. Therefore, we computed the “proportion of cases 

with significant correlations” with cases defined as a burst from a single unit that was active 

before a target gap or syllable. A single unit may contribute to multiple cases if it had bursts of 

activity for several different gaps and syllables in a bird’s song.  

 

Multiple Comparisons 

Because some cases may be significantly correlated by chance even if there is no true 

relationship, we used a resampling technique as previously described (Sober et al 2008) to test 

whether the observed proportion of cases with correlations was significantly greater than 

chance. To create the null distribution, we shuffled the trial identity between neural activity and 

behavior for each case.  We then performed the regression analysis on the shuffled dataset to 
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derive the proportion of significant correlations that we would expect to see by chance. By 

performing the procedure 1000 times, we obtained a distribution of proportions under the null 

hypothesis (no relationship between activity and behavior). We then asked whether the 

observed proportion of significant correlations in the real dataset exceeded the 95th percentile 

of this distribution.  

 

In vivo Reverse Microdialysis 

We pharmacologically manipulated RA in vivo in freely behaving and singing birds using reverse 

microdialysis as previously described (Warren et al 2011). Adult male bengalese finches were 

implanted bilaterally with microdialysis probes (CMA) targeted to RA. To record neural activity in 

RA during infusion of pharmacological agents, we built a microdrive that held both 

microelectrodes and a guide cannula for the microdialysis probe in close proximity. Accurate 

placement in RA was confirmed during surgery by extracellular recording of RA’s characteristic 

spontaneous activity. After recovery from surgery, birds were housed individually within sound 

attenuating chambers (Acoustic Systems) on a 14:10h light:dark schedule with free access to 

food, grit, and water, and vocalizations were recorded with a microphone fixed to the cage 

ceiling. PBS was continuously delivered to RA at a rate of 0.1ul/min via a fluid commutator 

connected to a syringe pump outside the bird’s isolation chamber. To manipulate inhibitory 

function within RA, we switched from PBS to either 1-4 mM NASPM (Tocris) or 4-8 mM 

midazolam (Sigma). Because the switch occurred outside the isolation chamber, birds remained 

undisturbed and continued to behave and sing normally through the transition from PBS to drug. 

In each trial of drug infusion, we compared the changes in behavior with a comparable period of 

time during continuous PBS infusion. Because drug effects occurred gradually, we excluded 

from analysis the first 1-2 hours of song after switching the dialysis solution from PBS to drug. 
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Acoustic Feature Analysis 

Songs were recorded at 32 kHz or 44.1 kHz and 16-bit depth. Offline, syllables were extracted 

from audio files based on amplitude threshold crossings of the rectified audio waveform 

smoothed with a 2ms moving window and analyzed using custom MATLAB software. We 

focused on syllables with prominent harmonic stacks and minimal frequency modulation for 

pitch (fundamental frequency, FF) and amplitude quantification. FF was calculated as the peak 

in the band-limited power spectrum of a 2-5ms window within each syllable during which FF was 

stable. We measured syllable amplitude by detecting the peak of the smoothed (2ms moving 

window) rectified audio waveform. 

 

Song Tempo and Sequencing Analysis 

Gap and syllable durations were measured from stereotyped syllable sequences (motifs). 

Syllable onsets and offsets for the pharmacology experiments were determined using a 

derivative of a method previously described in Glaze & Troyer 2007. The spectrogram of all 

renditions of the target motif was generated using a 512 point gaussian window (with 1 ms 

standard deviation) slid forward in 0.31 ms or 0.23 ms time steps (10 samples recorded at either 

32 kHz or 44.1 kHz). An exemplar motif was chosen in which we had defined the individual 

syllable onsets and offsets using a fixed amplitude threshold applied to the log transform of the 

rectified amplitude envelope. For all other renditions of the motif, we found the corresponding 

syllable onsets and offsets that best matched those in the exemplar motif using dynamic time 

warp between the exemplar and rendition spectrograms. Effectively, we defined the onsets and 

offsets by mapping the spectrotemporal similarity between the exemplar and each motif 

rendition (Glaze & Troyer 2007).  
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Results 

Variation in RA activity is correlated with natural variation in song timing 

We examined activity of single units in RA in freely behaving Bengalese finches. RA 

units generally had highly structured firing patterns with periods of bursting activity that are 

locked to specific times in song (Sober et al 2008, Leonardo & Fee 2005). It has been shown 

that the firing rate within each burst can vary from rendition-to-rendition and can be correlated 

with syllable features, such as pitch and amplitude (Sober et al 2008). Here, we wanted to 

address whether RA activity is also correlated with the temporal structure of song, since RA 

activity has access to a pathway through the brainstem that projects back to HVC. Therefore, 

we performed analyses to ask whether variation in RA activity is related to the variation in song 

timing.  

Previous work has suggested that the timing of syllables and gaps may be controlled by 

different mechanisms, with the possibility that the brainstem respiratory circuit preferentially 

contributes to gap timing (Andalman et al 2011, Gibb et al 2009). Because RA projects to 

respiratory centers that control the expiratory and inspiratory pulses during syllables and gaps, 

we wondered whether its activity was differentially correlated with syllable or gap timing. 

Therefore, we specifically examined bursting activity in a 40 ms premotor window prior to the 

onset of specific syllables or gaps and asked whether activity in this period was correlated with 

the duration of the subsequent song element. We controlled for the identity of the syllables that 

preceded or followed the target song element; therefore, each target syllable was embedded in 

a specific sequence of five syllables, while each target gap was embedded in a specific 

sequence of six syllables. This measure was chosen so that we could minimize the possibility 

that changes in activity reflected variability in sequencing rather than the timing of the target 

song element (Wohlgemuth et al 2010).  
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Figure 1A shows an example of spiking activity recorded from a single unit aligned to the 

onset of a target gap. For this example, activity was significantly and negatively correlated with 

gap duration with an r2 value of 0.0961 (Figure 1B); this indicates that 9.6% of the variability in 

gap duration could be explained by variation in firing rate. We found 184 cases in which we 

detected burst activity that occurred within the premotor window for a target gap across 27 

single units and eight birds (Figure 2). Of these cases, 18.5% were significantly correlated 

(34/184 cases in 15 units in eight birds). We specifically asked whether the frequency of cases 

with either significantly negative or positive correlations was above chance by using a 

resampling technique to account for multiple comparisons (see Methods). This analysis 

revealed that the frequency of negative, but not positive correlations, with gap duration was 

significant (p<0.001, Figure 1C,G).  

Next, we performed a similar analysis with syllable durations. Figure 1D shows an 

example of spiking activity relative to the onset of a target syllable. For this example, activity 

was not significantly correlated with the duration of the corresponding syllable (Figure 1E). We 

found 126 cases in 28 units across seven birds in which we detected a burst within the premotor 

window for a target syllable. Of these cases, 7.9% were significantly correlated (10/126 cases in 

10 units in four birds) with neither the frequency of negative or positive correlations rising above 

chance (Figure 1F,G).  

We restricted our analyses to a 40 ms premotor window before the onset of the target 

gap or syllable based on estimates of the latency between changes in RA activity and 

subsequent behavior (Vu et al 1994, Fee et al 2004, Ashmore et al 2008). However, neural 

correlations could extend more broadly across time. To understand how temporally specific the 

correlation between RA activity is with gap timing, we examined correlations in a sliding 40 ms 

window relative to the onset of the target gap (Figure 3). Within each window, we tested 
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whether the proportion of significant negative or positive correlations was above chance. We 

found that activity in the original premotor window held the most predictive power, but that 

significant negative correlations could still be found up to 200 ms prior to target gap onset 

(Figure 3, top). In contrast, significant positive correlations could only be found after gap onset, 

during the gap itself and perhaps extending into the following syllable (Figure 3, bottom). We 

also considered the possibility that variation in gap premotor activity, as well as variation in gap 

durations, may extend over the course of several trials. Therefore, we also analyzed the 

predictive power of neural activity for gap durations as a function of shifted trial number. We 

found that activity was most predictive for the gap duration in the current trial and fell below 

chance for lags other than 0 (Figure 4). This suggests that the correlation between RA activity 

and gap timing occurs on a trial-by-trial basis and within a tight temporal window to the target 

gap.  

This analysis indicates that RA activity is correlated with gap, but not syllable, durations. 

Furthermore, most of the significant correlations with gap durations were negative in sign, 

meaning that higher RA firing was associated with shorter gaps. This supports the idea that the 

scaling of syllable and gap durations is not uniformly controlled, and further suggests that the 

mechanisms that contribute to gap timing can be influenced by RA activity. Such an influence 

contrasts with a hierarchical model of song control in which song timing is governed by the local 

dynamics within HVC. However, it is possible that the representation of timing within HVC could 

be different between syllables and gaps, and that HVC input drives the difference between RA 

activity and syllable and gap timing. To test whether RA activity is causally related to song 

timing, we took advantage of a pharmacological tool to drive bidirectional changes to RA 

activity. 
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Bidirectional manipulation of RA activity drives bidirectional changes to song timing  

Previous manipulations of RA activity have relied on electrical stimulation or temperature 

modulation. These methods alter the global structure of activity, but their effects on excitability 

remains unclear. A recent study has shown that the GluA2-lacking AMPA receptor antagonist, 

1-Naphthyl acetyl spermine (NASPM), selectively reduces spontaneous inhibitory inputs to 

projections neurons in RA slices (Chapter 1, Miller et al 2017). This suggests that NASPM 

increases the activity of RA projection neurons by reducing the amount of inhibition acting on 

them. Because RA is thought to control syllable structure, altering its activity should drive 

changes to syllable features. Indeed, infusion of NASPM into RA with reverse microdialysis 

elicits a robust and systematic increase in syllable pitch and amplitude (Chapter 1: Figure 3, 

Miller et al 2017). In contrast, infusion into RA of the benzodiazepine midazolam, which 

enhances GABAergic function, causes pitch and amplitude to decrease (Chapter 1: Figure 3). 

The opposing effects of these manipulations support the idea that NASPM and midazolam exert 

opposing effects on RA activity by increasing or decreasing the influence of RA inhibition. Here, 

we use this approach to ask whether and how changes to RA activity drive changes to song 

timing. 

We first assessed whether manipulating RA activity affects song tempo by measuring 

the duration of target motifs, or stereotyped sequences of syllables. At baseline when saline is 

continuously infused, motif duration remains quite stable. Figure 5A shows an example in which 

motif duration became shorter when NASPM was dialysed into RA. After washout of NASPM, 

motif duration subsequently increased back to baseline levels. In contrast, we found that 

infusion of midazolam produced the opposite effect by increasing motif duration (Figure 5B). 

Because our physiology recordings suggest that RA may be differentially related to the timing of 

gaps versus syllables, we measured the duration of the component gaps and syllables 
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separately in each target motif. In the example shown in Figure 5A, the distribution of the first 

gap duration shows a large decrease in the NASPM condition, but the first syllable was 

unchanged. Similarly, the gap and syllable distributions under the midazolam condition reveals 

a large increase for the gap, but not the syllable (Figure 5B). Across birds, NASPM decreased 

motif durations by 1.25%, while midazolam increased motif durations by 1.65% (Figure 5C, 

NASPM: p < 0.01, midazolam: p = 0.0625, Wilcoxon signed rank test); NASPM decreased gap 

durations by 4.7%, while midazolam increased gap durations by 4.96% (Figure 5D, NASPM: p < 

1e-4, midazolam: p < 0.05, Wilcoxon signed rank test); and neither NASPM nor midazolam 

drove a consistent change in syllable durations (Figure 5E). 

Our results show that increasing or decreasing RA activity by modulating inhibition drives 

corresponding bidirectional effects on song timing. Notably, the changes to gap durations were 

more consistent than changes to syllables, consistent with our finding above linking RA activity 

with gap timing. Specifically, gap durations tend to be shorter when RA activity is higher during 

natural singing or when RA excitability is systematically increased by pharmacology.  

 

Increasing RA activity changes song sequencing  

Our results suggest that HVC may be influenced by RA activity to pattern the temporal 

structure of song, but whether other aspects of HVC function could be modulated by RA activity 

remains unclear. Song sequencing is another higher order song feature that is thought to be 

controlled by HVC. In the Bengalese finch, the statistics of the variation in syllable sequencing is 

actively maintained (Warren et al 2012). Figure 6A shows an example of a common type of 

variable sequencing in which the number of repetitions of a syllable can vary from rendition to 

rendition. In this example, the average repeat length was around four syllables at baseline. We 

found that the number of syllable repetitions increased when we infused NASPM into RA so that 
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the average repeat length became closer to six syllables. Across birds, NASPM increased 

repeat length by 22.5% (Figure 6A,C; p < 0.001, Wilcoxon signed rank test). Midazolam infusion 

into RA tended to reduce the number of syllable repetitions in two out of three birds (Figure 

6B,C). Our results demonstrate that increasing RA activity consistently increases the number of 

syllable repetitions in repeated syllables. This suggests that RA can influence HVC activity to 

modulate the statistics of syllable sequencing.  

 

Effects on song timing are independent of auditory feedback 

Previous work has shown that disrupting auditory feedback during singing can elicit 

changes to song timing (Sakata & Brainard 2006). This suggests that changes to the acoustic 

properties of song may act through auditory feedback to influence the control of higher order 

song features. Because our pharmacological manipulation of RA activity had a prominent effect 

on syllable pitch and amplitude, we considered the possibility that the effects on song timing 

were indirectly caused by changes to acoustic structure. To address this question, we tested 

whether increasing RA activity could still drive changes to song timing in the absence of auditory 

feedback (Figure 7A, n = 4 birds). When we infused NASPM into RA of deafened birds, we 

found a similar effect on song timing as we had observed with our previous experiments in 

hearing-intact birds. Specifically, there was a consistent increase in song tempo that 

differentially shortened gap, but not syllable, durations (Figure 7B). This indicates that auditory 

feedback is not required for RA activity to influence the temporal structure of song.  

 

A dual role for RA activity in patterning the spectral and temporal structure of song  

Our results are consistent with the model that RA contains two population of neurons 

that separately influence the acoustic and temporal pattern of song. Interestingly, natural 
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variation in syllable pitch tends to be negatively correlated with the preceding and following gap 

durations (Figure 8). This suggests that the activity of these two functionally separate RA 

populations may be coordinated, possibly by RA interneurons that make wide-range 

connections onto multiple projections neurons (Spiro et al 1999). Alternatively, this relationship 

could also arise from interactions between the hypoglossal nucleus and respiratory circuitry in 

the brainstem.  

Our results contrast with previous studies that have used temperature manipulation to 

alter RA activity (Long & Fee 2008, Zhang et al 2017). These studies have noted that focal 

cooling of RA had an effect on song timing, but attributed these changes to the inadvertent drop 

in HVC temperature caused by the probes in RA. However, the temperature of RA could also be 

affected by surface cooling of HVC (Hamaguchi et al 2016); therefore, it has been difficult to 

determine the relative contributions of HVC and RA to song timing using temperature 

modulation. Here, we used microdialysis to deliver our pharmacological agents locally to RA. To 

test whether the changes to song timing could be attributed to the spread of drugs to HVC, we 

used microdialysis targeted to HVC. We found that infusing NASPM into HVC did not drive 

changes to either syllable or gap durations, in contrast with the effects of infusing NASPM into 

RA (Figure 9). These results indicate that the effects on song timing arising from 

pharmacological manipulation of RA activity cannot be attributed to off-target effects on HVC.  

Another possible difference between temperature manipulation and pharmacology is that 

changes in temperature may not alter the pattern of RA activity in a way that reflects the natural 

variation that drives changes to gap timing. Previous studies have found that cooling RA 

reduced the incidence of spontaneous bursts (Long et al 2008); however, it is not apparent 

whether the firing rate within bursts was also reduced. We found that reducing RA inhibition by 

infusing NASPM into RA increased the average firing rate, particularly during periods of high 
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firing (Figure 10). Therefore, if gap timing is driven by RA burst firing rate, then cooling RA might 

fail to drive changes to gap durations despite its effect on burst timing. 

 

Discussion 

Our results demonstrate that RA activity is related to song timing and sequencing. We 

found that spontaneous variation in RA activity was specifically correlated with natural variations 

in gap, but not syllable durations, of song. In agreement with the neural correlation, we found 

that bidirectional manipulation of RA activity drives corresponding bidirectional changes to song 

timing that differentially altered gap, but not syllable, durations. Pharmacologically increasing 

RA activity also altered the sequencing of variably repeating syllables. We examined whether 

the effects on song timing were a consequence of changes to acoustic structure acting through 

auditory feedback and found that deafening did not alter the changes to song timing that were 

driven by increasing RA activity. Our results support a role for RA in patterning the temporal 

structure of song in addition to its role previously demonstrated in the acoustic parameters of 

syllables.  

 

Differential control of syllable and gap timing 

Although HVC activity is thought to provide the temporal information for patterning the 

moment-by-moment structure of song, previous results suggest that there may be distinct 

mechanisms that control gap and syllable timing. For instance, natural variation in gap durations 

tend to covary with other gaps, while variation in syllable durations also covary with other 

syllables (Glaze & Troyer 2006). Interestingly, while focal cooling of HVC slows song speed on 

all timescales, the effect is greater on gaps than on syllables (Long & Fee 2008, Zhang et al 

2017). This suggests that gaps and syllables may be represented by separate circuits that 



 
 

36 

interact at the level of HVC. Because the expiratory and inspiratory pulses during song have an 

almost one-to-one correspondence with syllables and gaps, it follows that the forebrain motor 

program that specifies the temporal structure of song must also engage the brainstem 

respiratory circuitry (Veit et al 2011). By examining the effects of focal HVC cooling on the 

respiratory structure during song, it was found that the expiratory pulses during syllables, but not 

the inspiratory pulses during gaps, were uniformly stretched (Andalman et al 2011). This 

suggests that the timing of syllables and expirations is directly controlled by HVC activity, while 

the timing of gaps and inspirations potentially depends on brainstem circuitry. By manipulating 

RA activity to drive specific changes to gap timing, our results provide further evidence to 

support the idea that syllable and gap timing can be differentially controlled (Figure 5), and that 

RA is part of the mechanism for gap timing. Because the transitions between inspiration and 

expiration are tightly coordinated, it is unlikely that the mechanisms that control their timing act 

independently. Rather, variation in the activity that drives variation in gap timing must be relayed 

back to HVC; and this is likely mediated by the ascending projections from the inspiratory 

brainstem centers that traverse through thalamic nucleus Uva to HVC (Ashmore et al 2008). 

These findings challenge a model in which the temporal structure of song is uniformly controlled 

by descending input from HVC, and support the idea of reciprocal interaction between forebrain 

and brainstem networks that differentially contribute to syllable and gap timing.  

 

A role for RA activity for both syllable features and song timing 

RA activity has been strongly linked with the acoustic features of song, but there also 

has been evidence for a role in the progression of song. Microstimulation experiments found 

that disrupting RA activity could distort spectral structure and elicit syllable truncations and song 

restarts (Ashmore et al 2005). We suggest that RA’s influence on song structure is via its output 
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through the respiratory brainstem nuclei, while its control of acoustic features is via the 

hypoglossal nucleus which innervates the syringeal muscles. Although previous studies have 

found that natural variation in RA activity is correlated with syllable features, such as pitch and 

amplitude, it had remained unclear whether there is a similar relationship between RA activity 

and song timing (Sober et al 2008). Indeed, we found that RA activity was specifically correlated 

with gap, but not syllable, timing, and that greater activity was associated with shorter gap 

durations.  

Because RA receives afferents from HVC, it could be that the relationship between RA 

activity and gap timing simply reflects a common influence of HVC on both; for example, a 

higher level of HVC activity during one song rendition might drive both a shorter latency to the 

next syllable and more spikes in downstream RA. However, this mechanism would also predict 

a similar correlation between RA activity and syllable timing, which we did not find here. 

Therefore, we tested whether directly manipulating RA activity could drive changes to song 

timing. Previously it was found that pharmacologically increasing or decreasing RA activity could 

drive corresponding bidirectional changes to syllable pitch and amplitude (Miller et al 2017). 

Here, using the same approach to manipulate RA activity, we also found similar opposing 

effects on song speed with increasing or decreasing RA activity associated with shorter and 

longer gap durations (Figure 5). These results provide strong evidence for a dual role of RA 

activity in patterning the spectral and temporal structure of song. Additionally, it suggests that 

the gross level of RA activity determines the magnitude of behavioral output with greater activity 

corresponding with higher pitch, greater amplitude, and faster song. A simple explanation for 

pitch and amplitude could be that RA exerts a net positive drive on the hypoglossal nucleus and 

expiratory brainstem. This would be consistent with observations that greater syringeal and 

expiratory muscle activity is associated with higher syllable pitch and amplitude (Goller & 
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Suthers 1996, Plummer & Goller 2007). Therefore, one explanation for the effect on gaps is that 

RA exerts a similar positive drive on the inspiratory brainstem nuclei to produce greater activity 

in the inspiratory muscles, which has been linked with shorter inspirations (Wild et al 1998). 

Because inspirations are tightly related to gaps, altering the duration of inspirations may also 

change gap durations. Alternatively, or in parallel, gap durations may be determined by the 

feedback of RA activity to HVC through the inspiratory brainstem (Andalman et al 2011, Gibb et 

al 2009). Greater RA firing may provide stronger drive through this recurrent pathway to initiate 

the subsequent syllable-related activity in HVC, leading to an earlier termination of the current 

gap. The specific population of cells in the inspiratory brainstem that receive RA input seem well 

poised to send such feedback signals to HVC (Ashmore et al 2008).  

 

Recurrent feedback between higher and lower motor areas  

Numerous studies have suggested the importance of recurrent feedback in song control. 

Because the song system lacks direct intra-telencephalic connections across the midline, it has 

been proposed that the bilateral projections from the respiratory brainstem and thalamus serve 

to coordinate activity in the motor pathway between the two hemispheres (Vu et al 1998, 

Schmidt 2003, Ashmore et al 2008). The thalamic nucleus Uva receives input from these 

bilateral projections and projects to HVC; disrupting its activity alters both song timing and 

sequence (Williams & Vicario 1993, Coleman & Vu 2005, Hamaguchi et al 2016). Here, we 

provide evidence that directly manipulating the downstream target of HVC at the output of the 

forebrain motor pathway can also elicit changes to higher order song features (Figure 5 and 6). 

This finding does not conflict with the role that the HVC local circuit plays in specifying timing 

and sequence; rather, our results suggest that RA activity has the ability to modulate HVC 

dynamics and the temporal pattern of song. Interestingly, focally cooling Uva stretched song on 
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all time scales while bidirectionally changing RA activity specifically affected gap durations. 

Therefore, our results support a model in which the temporal control of song is supported by a 

distributed, recurrent network and that parts of this network may preferentially contribute to 

different temporal components of song. Given that learned motor behaviors are thought to be 

hierarchically controlled in the mammalian brain, subcortical recurrent feedback seems likely to 

play an important role in functionally linking higher and lower motor areas.  
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Figure 1. RA activity is correlated with gap, not syllable, durations 
A. Example of activity from a single unit aligned to the onset of a target gap embedded in a 
sequence of six syllables. Top panel: spectrogram of the syllable sequence with the target gap 
highlighted by the dashed green box. Middle panel: raster plot with trials ordered by gap 
duration and aligned to gap onset, so that variation in gap timing can be compared with the 
variation in activity. Spikes that are colored in green fall within the boundaries of the burst 
window identified in the average firing pattern. Red and blue bars on the y axis identifies the 
trials corresponding to the lower and upper quartile of gap durations. Bottom panel: average 
firing pattern for the trials in the lower and upper quartiles (red and blue). Green bars denote the 
onset and offset of the burst that occurred within a 40 ms window prior to the onset of the target 
gap. B. Premotor activity for the unit firing rate and gap duration in A is negatively correlated in 
a multiple linear regression that also accounted for the amplitude of the syllables immediately 
preceding and following the target gap. (r = -0.31, p < -0.01, partial correlation, Student’s t test). 
C. Probability distribution of partial correlations between premotor activity and gap durations for 
184 cases in which we found burst activity within the premotor window for a target gap (27 units, 
8 birds). Red is the distribution for the observed correlations, while black is the distribution for 
correlations after we shuffled trial identity between neural activity and behavior for all cases. The 
observed and null distributions are significantly different from each other (p<0.05, 
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Kolmogorov-Smirnov test). D-F. Example of activity from a single unit aligned to the onset of a 
target syllable embedded in a sequence of five syllables (same format as A-C). E. Premotor 
activity for the unit firing rate and syllable duration in D is not significantly correlated. F. Same 
format as C but for partial correlations between activity and syllable duration. The observed and 
null distribution are not significantly different from each other. G. Proportion of cases in which 
neural activity was significantly positively or negatively correlated with the target gap or syllable. 
The dashed line is the significance threshold determined by a permutation test (see Methods). 
Black lines above bars indicate that the proportion of negative correlations is significantly 
greater than the proportion of positive correlations for gaps (p<0.001, permutation test).  
 

 
 

Figure 2. Significant correlations of premotor activity with gap durations for all single units 
Each row represents a single unit recorded from a bird and each circle represents a case in 
which we found premotor activity before a target gap. A target gap is embedded in a specific 
sequence of six syllables and each sequence occurred at least 25 times. Red circles indicate 
cases with significant negative correlations, while blue circles indicate cases with significant 
positive correlations.  
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Figure 3. Temporal specificity of the correlation between neural activity and gap duration 
We measured the predictive power of neural activity in a sliding 40 ms window relative to the 
onset of the target gap. Within each window, we computed the proportion of cases with 
significant negative (top) or positive (bottom) correlations with the target gap duration. The 
shaded grey region denotes the threshold at the 5% significance level for the proportion of 
significant correlations expected by chance using a permutation test (see Methods). The blue 
and red envelopes represents the 90% bootstrapped confidence interval for the observed 
proportion. 
 
 
 

 
 

Figure 4. Trial-by-trial specificity of correlations between neural activity and gap durations 
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For each case where we found a significant correlation between premotor activity and target 
gap duration, we shifted the trial number of activity versus behavior and re-calculated the 
correlation. This means that for a trial lag of 1, activity at trial n was correlated with behavior in 
trial n+1. If neural activity and behavior tended to vary across long timescales, then we would 
expect significant correlations to extend over several trial lags. Each faded red trace represents 
the trial shifted correlations for each case in which we found significant correlations at trial lag 0; 
the bold red trace is the average across cases. The shaded grey region represents the 90% 
confidence interval for correlations calculated from data in which we shuffled trial identity 
between neural activity and behavior before performing the trial lag correlation.  
 

 
 

Figure 5.  Manipulating RA inhibition in singing birds bidirectionally shifts song timing 
A. Top left: changes to the duration of a target motif over the course of reverse microdialysis 
with NASPM which reduces inhibition. Each point represents a rendition of the target motif 
recorded over three days. Right panels: spectrograms of the target motif in the PBS and 
NASPM condition with green lines denoting the onset and offset of individual syllables. Bottom 
left: distribution of the durations of the first gap and syllable in the motif in the PBS (black) and 
NASPM (red) condition. B. Same as A but during dialysis with midazolam which increases 
inhibition. C, D, E. Percent change in motif, gap, and syllable duration, compared to PBS 
baseline, for NASPM and midazolam treatments (red and blue bars); effects were compared 
with the percent change in behavior found during a comparable period of time with continuous 
PBS infusion (black bars). (NASPM: n = 19 motifs, 62 gaps, 81 syllables, 18 birds; midazolam: n 
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= 5 motifs, 16 gaps, 21 syllables, 5 birds). NASPM and midazolam both significantly changed 
gap durations, but not syllable durations (NASPM: motif, p < 0.01; gap, p < 1e-4; midazolam: 
motif, p = 0.0625, gap, p < 0.05; Wilcoxon signed rank test).  
 

 
 

Figure 6. Decreasing RA inhibition increases syllable repetitions 
A. Example of a variably repeating syllable highlighted by the bars beneath the spectrograms 
during PBS and NASPM infusion (number underneath bars denotes the number of syllable 
repetitions). Distribution of repeat lengths (number of syllable repetitions for all renditions of the 
target repeat) shows a significant increase in repeat length during NASPM treatment (p < 
1e-26, two sample t-test). B. Same as A but for midazolam treatment (p < 0.01, two sample 
t-test). C. Percent change in repeat length, compared to PBS baseline, for NASPM and 
midazolam treatments (red and blue bars); effects were compared with the percent change in 
behavior found during a comparable period of time with continuous PBS infusion (black bars). 
(NASPM: n = 8 birds, p < 1e-3; Wilcoxon signed rank test).  
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Figure 7. The effect of decreasing RA inhibition on song timing is independent of auditory 
feedback 
A. Schematic of the experiment where we test the effect of reducing RA inhibition in deafened 
birds. B. Changes to motif duration over the course of infusion with NASPM which reduces RA 
inhibition. Each point represents a rendition of the target motif recorded over three days. C. 
Across four birds, NASPM consistently shortened motif and gap durations, but not syllable 
durations (n = 12 syllables, 8 gaps, gaps: p < 0.01, syllables: p = 0.733; Wilcoxon signed rank 
test).  

 

 
 

Figure 8. Syllable pitch is correlated with the preceding and following gap duration 
A. Distribution of correlation values between syllable pitch and the duration of the preceding 
gap. The black line represents the distribution of observed correlations, while the grey line 
represents the distribution for correlations after we shuffled trial identity between preceding pitch 
information and gap duration. The observed and null distributions are significantly different from 
each other (p<1e-5, Kolmogorov-Smirnov test). B. Distribution of correlation values between 
syllable pitch and the duration of the following gap (same format as A). The observed and null 
distributions are significantly different from each other (p<1e-6, Kolmogorov-Smirnov test). C. 
The proportion of negative correlations between pitch and gap duration for both the preceding 
and following gap is greater than chance. Dashed line denotes the 5% significance threshold 
computed from a permutation test. Black lines above bars indicate that the proportion of 
negative correlations is significantly greater than the proportion of positive correlations (p<0.001, 
permutation test).  
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Figure 9. Infusing NASPM into HVC does not alter song timing  
Percent change in motif, gap, and syllable duration, compared to PBS baseline, during NASPM 
infusion (red bars) into HVC (left) compared with NASPM infusion into RA (right). Black bars 
denote percent change that occured during a comparable period of time for continuous PBS 
infusion. (HVC: n = 3 birds, 3 motifs, 7 gaps, 10 syllables) 
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Figure 10. Reducing RA inhibition drives an increase in burst firing rate  
A. Example of average firing activity for a unit aligned to song (spectrogram) during NASPM 
(red) and PBS (black) infusion into RA. B. Change in burst firing rate during NASPM infusion 
compared with PBS baseline. Each dot represents a recording site during an infusion 
experiment (n = 12 sites, 3 experiments). On average, NASPM increased activity by 20% (mean 
± standard error is plotted). 
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