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Motor Origin of Precise Synaptic Inputs onto Forebrain
Neurons Driving a Skilled Behavior

Daniela Vallentin'? and Michael A. Long'
'NYU Neuroscience Institute and Department of Otolaryngology, New York University Langone Medical Center, New York, New York 10016 and >Center for
Neural Science, New York University, New York, New York 10003

Sensory feedback is crucial for learning and performing many behaviors, but its role in the execution of complex motor sequences is
poorly understood. To address this, we consider the forebrain nucleus HVC in the songbird, which contains the premotor circuitry for
song production and receives multiple convergent sensory inputs. During singing, projection neurons within HVC exhibit precisely timed
synaptic events that may represent the ongoing motor program or song-related sensory feedback. To distinguish between these possi-
bilities, we recorded the membrane potential from identified HVC projection neurons in singing zebra finches. External auditory pertur-
bations during song production did not affect synaptic inputs in these neurons. Furthermore, the systematic removal of three sensory
feedback streams (auditory, proprioceptive, and vagal) did not alter the frequency or temporal precision of synaptic activity observed.
These findings support a motor origin for song-related synaptic events and suggest an updated circuit model for generating behavioral

sequences.
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Introduction

In the male zebra finch, where sensory feedback is needed to
establish (Konishi, 1965; Price, 1979) and actively maintain
(Nordeen and Nordeen, 1992; Leonardo and Konishi, 1999;
Tumer and Brainard, 2007) normal singing behavior, the fore-
brain nucleus HVC has been suggested to act as an important site
for sensorimotor integration (Margoliash, 1997). HVC plays a
central role in song production (Nottebohm etal., 1976; Vu et al.,
1994; Long and Fee, 2008), and circuitry within this region en-
ables the generation of precise premotor activity in the neurons
projecting to the robust nucleus of the arcopallium (RA) (Hahn-
loser etal., 2002; Long et al., 2010). Different RA-projecting HVC
(HVC(gay) neurons burst at different moments, and together
they form a sequence that leads to the patterned activation of
song-producing muscles (Fee et al., 2004). HVC receives synaptic
inputs from multiple additional sources (Nottebohm et al., 1982;
Bauer et al., 2008), which have been shown to carry sensory in-
formation (Coleman and Mooney, 2004; Coleman et al., 2007;
Ashmore et al., 2008; Bauer et al., 2008; Williams et al., 2012). In
certain conditions (sleep and anesthesia), projection neurons
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within HVC can produce patterned activity elicited by the play-
back of the bird’s own song (BOS) (Lewicki, 1996; Mooney, 2000;
Prather et al., 2008; Amador et al., 2013; Hamaguchi et al., 2014),
indicating that sensory input can affect the motor system by
modulating the behavior of those neurons. The impact of sensory
feedback on neurons that drive singing (HVCy,) neurons) re-
mains unclear, however, and observations in another cell popu-
lation (HVC x, neurons) suggest that auditory inputs may be
“gated off” during song production (Kozhevnikov and Fee, 2007;
Hamaguchi et al., 2014).

To establish the role of sensory feedback in shaping song-
related HVC activity, we used intracellular recordings (Lee et al.,
2006; Long et al.,, 2010; Long and Lee, 2012) to measure the
synaptic inputs onto identified HVC projection neurons in the
freely moving zebra finch. It had previously been shown that both
HVC sy and HVCx, neurons receive highly stereotyped inputs
during singing (Long et al., 2010; Hamaguchi et al., 2014) that are
likely to arise from either sensory or motor sources. In the “sen-
sory model” (Fig. 1B), HVC synaptic inputs could be generated
by the aforementioned sensory streams (Fig. 1A), which provide
HVC neurons with updated information concerning ongoing
performance. In the “motor model” (Fig. 1C), synaptic responses
could originate from neurons involved in generating the premo-
tor pattern, including other HVC projection neurons. Here, we
test these hypotheses directly in two ways. First, we show that
external auditory feedback does not alter the subthreshold activ-
ity of HVC projection neurons during singing. Second, we sys-
tematically remove a range of sensory feedback streams
(auditory, proprioceptive, and vagal) to show that the synaptic
profile of both projection types is unaltered despite the fact that
song structure may be severely degraded. These data support the
motor model to explain the identity of synaptic events during



300 - J. Neurosci., January 7, 2015 - 35(1):299-307

Vallentin and Long ® Motor-Related HVC Synaptic Inputs during Singing

singing, which has important implica- A
tions for our understanding of the con-
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nectivity rules underlying this premotor
sequence-generating circuit.

Materials and Methods - -
All animal maintenance and experimental pro- auditory vagal

cedures were performed according to the (air sac)

guidelines established by the Institutional An-

imal Care and Use Committee at New York proprioceptive

University Langone Medical Center. For these
experiments, we used adult (>100 d post
hatch) male zebra finches that were obtained

from an outside breeder. Figure 1.

(syrinx)

Possible sources of song-related synaptic inputs onto HVC projection neurons. 4, Schematic view of the forebrain

premotor nucleus HVC (in red) and three afferent feedback streams that may have an impact on HVC projection cell activity during

Surgery

To install the motorized intracellular micro-
drive, the zebra finch was first anesthetized
with isoflurane (1-3% in oxygen). The base of
the microdrive was then affixed to the skull of the bird using dental
acrylic. For antidromic identification of projection neurons (Hahnloser
et al., 2002), a bipolar stimulating electrode was implanted into RA
and/or X and a reliable spike with minimal latency jitter (<50 us) could
be evoked with single biphasic (200 us per phase) current pulses of <250
A, After 1-4 d, we prepared a 100—-200 wm diameter craniotomy above
HVC and carefully removed overlying dura. A well was built around the
craniotomy using a silicone elastomer (Kwik-Cast; WPT). To protect the
brain from desiccation, the well was filled with either PBS or a silicone gel
(Dow Corning; 10,000—60,000 cSt) during behavioral observations and
with a layer of silicone elastomer overnight.

Electrophysiology

For intracellular recordings, sharp electrodes with an impedance of 70—
130 m{) were prepared using a modified horizontal micropipette puller
(P-97; Sutter Instrument Company) and backfilled with 3 M potassium
acetate. Zebra finches were briefly head fixed (without anesthesia) and
partially immobilized in a foam restraint to allow for freshly prepared
pipettes to be inserted into the microdrive. Once these electrodes were
lowered into the brain and began to encounter spiking activity, the bird
was released and intracellular recordings were pursued by lowering the
pipette through HVC in ~5 um steps. A brief (10—20 ms) “buzz” pulse
was often needed to facilitate the penetration of the membrane. Once a
stable recording (spike height: >40 mV, resting membrane potential:
<—50mV, recording duration: >3 min) was achieved, a female bird was
presented to elicit directed singing. All membrane potential measure-
ments were digitized at 40 kHz using a National Instruments acquisition
board and acquired with custom MATLAB software.

Sound recording

All sounds (male directed singing and female calls) were recorded using
an omnidirectional lavalier microphone (AT 803b; Audio-Technica)
that was clipped onto the cage of the male zebra finch. The songs were
amplified using a PreSonus Studio Channel amplifier and digitized at 20
kHz using a National Instruments board.

Manipulations of the sensory system
All procedures were performed in adult male zebra finches under isoflu-
rane (1-3% in oxygen) anesthesia. In nearly all cases, sensory manipula-
tions were performed before the installation of the microdrive and in a
separate surgery. The details for each procedure are given below:

Deafening. Zebra finches were deafened via bilateral cochlear removal
following a previously described protocol (Konishi, 1965). Briefly, after
the bird was anesthetized, a small opening was drilled overlying the semi-
circular canals. The cochlear dome was located, and a bent tungsten wire
was used to pull out the cochlea. Complete removal of both cochleae was
confirmed by visual inspection of the complete extracted cochlea under a
microscope.

Tracheosyringeal nerve cut. Zebra finches were given an incision to
expose the trachea. Fat and muscles were pulled to the side and the
tracheosyringeal nerve was isolated with fine forceps. A 3-5 mm length of

singing (in orange). B, C, Hypothetical intracellular traces during singing for the HVC projection neurons outlined in black. The
synaptic potentials observed may be caused by sensory feedback (B; sensory model) or by premotor activity (€; motor model).

nerve was removed, and the incision into the skin was sutured (Vicario,
1991; Williams and McKibben, 1992).

Muting. Zebra finches were muted using a procedure described previ-
ously (Amador and Margoliash, 2013). Briefly, a small incision was made
to separate the adipose tissue from the breast muscles. Vannas spring
scissors were used to pierce the membrane of the interclavicular air sac so
that a 2-3 cm long 0.04/0.05” (ID/OD) silicone tube (Braintree Scien-
tific) could be inserted and secured to the membrane using a tissue ad-
hesive (Vetbond; 3M). The tube was then sutured to the breast muscle
and surrounded with a silicone elastomer (Kwik-Cast; WPI). When the
bird was not being recorded, the tube was closed on one end with a
00-90 X 1/2” nylon pan head screw. Once the bird had recovered from
surgery and resumed singing, the tube was opened and the recording
session began. In one case, an HVC y ,, neuron was held before and after
the opening of the tube (Fig. 6F ). In that experiment, it was possible to
secure the bird and to manually close the tube while maintaining the
recording of the cell.

Data analysis
All data are presented as mean * SD. Where not otherwise stated, statis-
tical differences between conditions were tested using Wilcoxon rank-
sum test for unpaired data or Wilcoxon signed-rank test for paired data.
Spike analysis. The song and the accompanying spiking activity were
aligned by detecting the onset and the offset of each motif and warping
the electrophysiological trace linearly across trials. A burst was defined as
an accumulation of spikes whose interspike interval is <10 ms. The
center of the burst (cb) was defined as the midpoint between the first and
last spike in the burst relative to the start of the motif. The root mean
square (rms) jitter of the burst was defined as follows:

E(Cb — mean(cb))?

number of motifs

rms jitter =

PSP analysis. Data were downsampled to 10 kHz and smoothed with a
moving average filter with a span size of five samples. The mean value was
then subtracted from each trace, and spikes were removed using a linear
interpolation method. Putative EPSPs whose amplitude exceeded 2 mV
were detected with a customized local minima and maxima detection
algorithm (MATLAB) and the timing, amplitude, and frequency of these
events were determined. Due to the high impedance of the “sharp” mi-
croelectrode, we were unable to inject sufficient depolarizing current to
expose inhibitory synaptic potentials that are often shunting in nature
(exhibiting a reversal potential near the resting membrane potential). As
a result, we did not attempt to categorize or quantify presumed inhibi-
tory events.

Subthreshold cross-correlation. To analyze the similarity of recorded
traces, we performed a cross-correlation measure on subthreshold mem-
brane potential activity. From the song-aligned membrane potential, the
mean value was subtracted. A thresholding algorithm detected and re-
moved the spikes (=3 ms) and the subsequent gap was linearly interpo-
lated. The resulting trace was called the “subthreshold membrane
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ms; minimum duration = 15 ms applied on
the entire motif. For scoring similarity, we used
the asymmetric and time course settings. For
each bird, we compared 3-10 motifs.
Quantification of the remaining sound after
muting. A zebra finch song motif is typically
composed of a repeated sequence of syllables
that are separated by silent gaps. We focused
our analysis exclusively on the syllables pro-
duced by removing the intersyllable intervals.
To accomplish this, we extracted the duration
(relative to an amplitude threshold) of each
syllable before the implantation of the muting
tube. Following muting, song motifs were an-
alyzed with the identical presurgical amplitude
threshold. The “% sound” was defined as the
percentage of syllable-related sound that re-
mained after muting with respect to the pre-
surgical syllable duration within a motif.
Subthreshold membrane potential differences
during female calls. The time of a female call
during a motif was manually extracted. We re-
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stricted our analysis to a time window that en-
compasses the duration of the call that
occurred during the motif but was delayed by
20 ms to account for the time needed for audi-
tory responses to impact HVC (Margoliash,
1983). The difference of the subthreshold
membrane potential trace during the female
call and the same epoch of an averaged sub-
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motifs lacking a female call) was taken. An
identical analysis for a portion of the motif
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statistical comparison.
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Results

Intracellular activity in HVC projection
neurons during singing

We used a motorized intracellular mi-
crodrive (Long et al., 2010) to record
song-related activity from antidromi-
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Figure2. Song-related intracellular activity of HVC projection neurons. A, B, Membrane potential of an HVC gz, neuron (4) and

an HVCy, neuron (B) during the production of three repetitions of a song motif (sonogram frequency: 0.5-7.5 kHz). €, D, Number
of bursts per motif (left) and the jitter of burst events in relation to the song (right) as observed in HVCg,, neurons (€) and HVCy,
neurons (D). E, F, Normalized distribution of PSP amplitudes and the mean frequency of these events in HVC g, neurons (E) and
HVCy, neurons (F). G, H, Subthreshold cross-correlation coefficient extracted from HVC gy neuron () and HVCy, neuron (H)

activity during singing (shaded region = 95% confidence interval).

potential trace.” The subthreshold membrane potential traces were
cross-correlated. The 95% confidence interval (mean value = 1.96 X SD)
was extracted from the cross-correlation values of the control (normal
singing) condition.

Song similarity. For quantification of song degradation, spectral fea-
tures of the song were measured to calculate the degree of similarity to the
presurgical song (Song Analysis Pro 2011, SAP 2011; Tchernichovski et
al., 2000). Briefly, we obtained two different measures of song similarity:
(1) “% similarity” measures the percentage of a song that is considered to
be similar (based on 50 ms intervals) to the song it is compared with and
(2) “accuracy” measures the local similarity of sections on a 1 ms time-
scale. To establish a conservative measure of song similarity we calculated
“Global Similarity” = % similarity X accuracy. SAP 2011 considers
acoustic features such as pitch, goodness of pitch, frequency and ampli-
tude modulation, and Wiener entropy between song motifs to provide a
statistical estimate of overall similarity. We used the SAP 2011 default
settings that are optimized for zebra finch song: p = 0.05, interval = 70

cally identified HVC projection neurons
in 14 adult male zebra finches. Consistent
with previous extracellular recordings
(Hahnloser et al., 2002; Kozhevnikov and
Fee, 2007; Amador et al., 2013; Woolley et
al., 2014), both HVC g, neurons (n =
26) and HVC ) neurons (n = 29) often
exhibited high-frequency burst firing
during singing (Fig. 2A-D). HVC g,
neurons generated an average of 0.8 = 0.6 bursts per motif with
3.9 * 1.9 spikes per burst. HVC x, neurons were typically more
active, with 1.1 £ 1.0 bursts per motif with 3.9 = 2.1 spikes per
burst. The bursting events of both HVC ) and HVCx, neurons
were highly temporally precise, with an average jitter (see Mate-
rials and Methods for details) of 1.7 = 1.2 and 2.0 = 1.0 ms,
respectively. Both cell classes also exhibited large amplitude (>2
mV) depolarizing postsynaptic potentials during singing (Fig.
2A,B; HVC gy, = 5.12 * 3.07 mV, HVCy, = 4.36 = 2.01 mV),
occurring with an average frequency of 12.9 * 6.5 (HVC y,,) and
13.5 * 7.1 Hz (HVC x); Fig. 2E, F ). We next quantified the extent
to which synaptic activity was precisely timed across motifs.
Rather than restrict our analysis to large, identifiable synaptic
events, we used a cross-correlation approach that simply mea-
sured the regularity of the entire subthreshold profile. Using this
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methodology, we found that the synaptic
activity was highly stereotyped across mo-
tif renditions (Fig. 2 A, B) with subthresh-
old cross-correlation values 0f 0.83 = 0.10
(HVC (ga)) and 0.78 * 0.09 (HVC,; Fig.
2G,H). The stereotypy observed in these
electrophysiological recordings was mir-
rored in the behavioral performance;
singing was highly regular across rendi-
tions, with a Global Similarity of 76.1 =
6.7% (see Materials and Methods for
details).

Acoustic perturbations have no impact
on HVC projection cell activity

Our primary goal was to understand the
impact of sensory inputs on HVC activity
in the zebra finch during song perfor-
mance. It had previously been shown that
an external auditory stimulus (bird’s
own syllable or a noise burst) generated
through a nearby loudspeaker was insuf-
ficient to drive spiking (Kozhevnikov and
Fee, 2007; Hamaguchi et al., 2014) or sub-
threshold (Hamaguchi et al., 2014) activ-
ity in HVCx, neurons during singing.
Because the importance of HVC x, neu-
rons for singing behavior may be limited
in the adult zebra finch (Scharff et al.,
2000), we wanted to extend this observa-
tion to understand the impact of an exter-
nal auditory stimulus on the HVCgy,,
population, which has a central role in
driving downstream song production cir-
cuits. For these experiments, we chose to
examine the cellular and behavioral con-
sequences of a female call (Fig. 3A, B), be-
cause this stimulus has been shown to
have the capacity to perturb ongoing sing-
ing behavior (Williams, 2004). Across
four birds whose activity was further ex-
amined for these experiments, 98 of 290
(33.8%) directed song motifs were ac-
companied by at least one female call. In
our experiments, we did not observe a sig-
nificant change in the duration of the mo-
tif or syllable order as the result of the
female call (Fig. 3A, B). We next directly
investigated the membrane potential of
HVCprojection neurons (Fig. 3 B,D). The
subthreshold activity of both HVCg,,
(Fig. 3C; n = 6 neurons) and HVC x, neu-
rons (Fig. 3B,D; n = 6 neurons) during
segments in which a female call appeared
was not significantly different from the

average membrane potential values recorded across all motifs

lacking an overlying female call.

Song-related HVC activity in the absence of

auditory feedback
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Figure3. Impact of an auditory perturbation during singing. A, The timing of female calls (indicated in orange) is shown across

42 motif sonograms from one bird. B, Sonograms of a control song motif (indicated in A by a blue arrowhead) and two motifs that
include a female call (indicated in A by yellow and black arrowheads, respectively). Two overlays of intracellular traces of a single
HVCy, neuron recorded during the motifs shown above (black line, control motif; gray/orange line, motif with female call). €, D,
The change in song-related membrane potential in the presence of a female call vocalization relative to control conditions for a
population of six HVC g, (€) and six HVCy, cells (D). Different parts represent single neurons. The total number of female calls
analyzed per cell is indicated in the lower left corner of each part. Orange dots represent the difference between a single, sub-
threshold song-related trace recorded during a female call and the same epoch of an average subthreshold membrane potential
from multiple motifs lacking a female call. An identical analysis for a portion of the motif without a female call is provided (blue
dots) to allow for a statistical comparison. The first part in D displays the result for the example highlighted in B.

use to perturb HVC dynamics during singing may have a mini-
mal impact. To investigate the importance of song-related audi-
tory feedback on the activity of HVC neurons, we removed the
cochleae bilaterally in nine adult zebra finches (Konishi, 1965).
Upon deafening, the song of each bird was often degraded com-

Given the fact that auditory-evoked responses in HVC are highly
BOS selective in the anesthetized bird (Lewicki, 1996; Mooney,
2000), the possibility exists that the female call we attempted to

pared with the presurgical condition (Fig. 4 A, B). Consistent with
previous results (Nordeen and Nordeen, 1992, 2010; Lom-
bardino and Nottebohm, 2000), the time after deafening was
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are provided for an HVCy, neuron. Trial #1 corresponds to the postsurgical motif displayed directly above. D, Number of bursts per motif for both HVC g, (left) and HVCy) (vight) neurons. E, F, The
mean frequency (E) and amplitude (F) distribution of identified excitatory synaptic inputs for HVCg,, and HVC y, neurons after deafening (*p << 0.05 difference from control). For comparison, the
data reported in the control condition are displayed in gray. G, Subthreshold correlation coefficients were calculated for all cells recorded after deafening (shaded region = 95% confidence interval

calculated from control conditions).

positively correlated with the extent of song degradation (Fig.
4A-C). Although normal auditory feedback is necessary to main-
tain the learned song (Nordeen and Nordeen, 1992; Leonardo
and Konishi, 1999; Lombardino and Nottebohm, 2000; Tumer
and Brainard, 2007), the performance of the deafened birds was
highly stereotyped over the span of 1 d (Global Similarity =
72.0 = 9.2% for postdeafening comparison, Global Similarity =
76.9 = 3.2% for presurgical comparison), supporting the idea
that the underlying motor commands for song production may
remain intact (McCasland and Konishi, 1981; Brainard and
Doupe, 2000). We recorded neuronal activity from four adult
zebra finches after deafening. Despite a small but significant
change in the number of bursts observed per motif in HVC
neurons (p < 0.05; Fig. 4D), the number of spikes per burst
during singing in HVC g, neurons (3.8 = 1.1) and HVC , neu-
rons (4.5 = 0.9) was not significantly different from normal.
Bursts remained precisely timed, with temporal jitters (HVC g, =
1.4 = 1.7 ms, HVC(y, = 2.3 * 1.8 ms) that were not significantly
different from control values. In addition, deafening did not affect
the frequency of song-related depolarizing synaptic potentials in
both cell types (Fig. 4E; HVC g, = 14.47 * 7.94 Hz, HVC(y, =
11.02 * 4.97 Hz), despite a small decrease in the amplitude of these
events in HVC x, neurons (Fig. 4F; HVCy,, = 5.35 £ 3.11 mV,
HVC, = 4.00 = 1.71 mV; p < 0.05). Synaptic activity was still
precisely timed in the absence of auditory input, leading to high
intertrial subthreshold cross-correlation values for both cell types
(Fig. 4G HVC g, = 0.80 * 0.08, HVCy, = 0.82 = 0.10) that were
not significantly different from values measured in birds with nor-
mal hearing. These data show that the postsynaptic events observed
in HVC projection neurons during singing are not driven by audi-
tory feedback.

Song-related HVC activity in the absence of syringeal
proprioceptive feedback

Because deafened birds are still capable of producing a stereo-
typed song within the span of 1 d, it is conceivable that the pre-
cisely timed synaptic activity in their HVC projection neurons
may originate from other afferent sources during singing. Propri-
oceptive afferents from the syrinx provide an important source of
sensory feedback (Bottjer and Arnold, 1984; Vicario, 1991; Wil-
liams and McKibben, 1992). To estimate the role of these inputs
on song-related HVC activity, we severed the tracheosyringeal

nerve bilaterally, which resulted in syringeal deafferentation. An
additional consequence of this manipulation is that the efferent
pathway from the song-control nuclei to the syrinx was also dis-
rupted. Because descending motor inputs to respiratory areas are
preserved, the syllables largely retain their order and duration
(Fig. 5A, B; postsurgical-postsurgical Global Similarity = 78.8 *
8.6%) despite a significant loss of fine structure in the song (Fig.
5A,B). Indeed, the Global Similarity between normal song and
song produced after the vocal nerve lesion dropped to 21.2 *
4.5%, and the conversion of much of the syllable structure to
harmonic stacks led to a significant increase in goodness of pitch
and a decrease in FM modulation compared with controls (Fig.
5A). As a consequence, severing the tracheosyringeal nerve re-
sulted in a marked distortion of singing behavior and auditory
feedback as well as a blockade of syringeal feedback. Despite this,
there were no significant differences in the number of spikes per
burst (HVC sy = 4.0 = 1.9, HVC x, = 3.9 £ 2.1) or the tempo-
ral precision of bursts (rms jitter: HVC,y = 1.6 £ 0.8 ms,
HVC i, = 2.2 * 1.4 ms). Similarly, there was no change in fre-
quency (HVCga, = 13.80 = 5.47 Hz, HVCx, = 10.18 * 4.67
Hz), amplitude (HVC g,y = 4.68 = 2.16 mV, HVC y, = 4.57 *
2.12 mV), or across-trial reliability (HVC,, = 0.82 * 0.07,
HVC x, = 0.82 * 0.05) of subthreshold activity compared with
control conditions (Fig. 5B—E), lending further support to the
notion that synaptic events measured during singing are unlikely
to result from reafferent sensory streams.

Song-related HVC activity following a reversible disruption
of sensory feedback

Previous work has implied an important role for sensory feed-
back from vagal afferents innervating the air sac (Ashmore et al,,
2008; Méndez et al., 2010). To test the possibility that these sig-
nals are influencing the ongoing motor pattern, we implanted
small muting tubes in the interclavicular air sac of seven birds.
The tube was capable of significantly decreasing air sac pressure
leading to the severe disruption of singing behavior (Fig.
6A,B,F). The tube remained closed outside of observation peri-
ods, which allowed the bird to produce a vocalization that more
closely resembled the presurgical song (Fig. 6B,F) and limited
the possibility of long-term adaptive changes that may occur fol-
lowing a more permanent manipulation. As with the tracheosy-
ringeal nerve cut, the muting manipulation resulted in the
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perturbation of auditory feedback as well A
as partially eliminated sound production.
The four muted zebra finches used for
electrophysiological recordings still at- |
tempted to produce intact motifs but X
<38% of the total sound remained when

the tube was open (Fig. 6 A, B,F). The por- EM

tions of the motif that remained following 3 6

the insertion of the muting tube were still 64

stereotyped (% Global Similarity = 22 .%
56.8 £ 13.9%) but no longer resembled 20 pre vnc
the normal motifs (% Global Similarity =

21.0 = 20.3%). Following muting, there 100 HVC ey

was no change in the number of bursts
per motif (Fig. 6C), spikes per burst (HV-
Ciray = 3.9 = 1.3, HVCy, = 5.1 * 2.5),
or burst regularity (rms jitter: HVC g ) =
0.9 + 0.3 ms, HVC(x, = 1.3 * 0.9 ms).
The frequency of postsynaptic potentials 0
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one case, we were able to maintain a re- If:’ g E 02 5 L L

cording of an HVC y,, neuron during B 8 8 0.1 a T T

both partially muted (“tube open”) and S S Oo 48 12 16 0

control (“tube closed”) conditions (Fig. 8] Cq’) Amplitude (mV) HVCgayneuron  HVCy, neuron
6F). In this experiment, we could perform *

a “within neuron” observation to directly Figure 5.  Singing behavior and HVC projection neuron activity following vocal nerve transection. A, Top, Global simi-

examine the contribution of sensory feed-
back to the exact timing of synaptic events
during song production. The song-related
membrane potential of that neuron in the
tube open condition was highly correlated
with the tube closed condition (0.75 *
0.08, within the 95% confidence interval
of control data), directly demonstrating
that sensory input was insufficient to
explain the appearance of specific synaptic events. In total, we
have either eliminated or significantly altered multiple sensory
feedback streams with no change in the number of excitatory
events measured in HVC projection neurons or in their rela-
tive timing as measured through our subthreshold cross-
correlation analysis.

interval).

Discussion

Sensory feedback does not explain song-related HVC

synaptic activity

During singing, projection neurons within HVC exhibit a highly
stereotyped pattern of synaptic potentials (Long et al., 2010;
Hamaguchi et al., 2014) that could either originate from the neu-
rons involved in producing the song or a variety of sensory
streams providing afferent feedback. In our experiments, we used
a number of manipulations to rule out a sensory source for these
events, and we used intracellular recordings during singing,
which not only enabled us to detect the spiking output of HVC
projection neurons but also allowed for a rigorous dissection of
their synaptic inputs. Previous observations showed that acoustic

larity of four birds compared before surgery and after vocal nerve cut (vnc). Bottom, Difference of FM and goodness of pitch
were significantly altered (p << 0.05) after vocal nerve cut. B, An example motif produced by the same bird before and after
the vocal nerve was cut. Example intracellular recordings of an HVC g, and an HVCy, neuron during two repetitions of the
postsurgical motifs shown above. The postsurgical motif shown in B was produced while Trial #1 of the HVC ) neuron was
recorded. €, Number of bursts per motif for both HVC (g, and HVCy, neurons. D, The mean frequency and amplitude
distribution of identified excitatory synaptic inputs for HVCg,, and HVC y, neurons after vocal nerve cut. E, Subthreshold
correlation coefficients were calculated for all cells recorded after vocal nerve cut (shaded region = 95% confidence

perturbations did not alter song-related spiking (Kozhevnikov
and Fee, 2007) and excitatory synaptic (Hamaguchi et al., 2014)
activity observed in HVC, projection neurons. Here we ex-
tended this observation to include HVC y,, neurons because of
their central role in song production in the adult zebra finch.
Additionally, our recordings were exclusively performed in the
context of directed singing, while the previous recordings were
obtained during undirected singing (Hamaguchi et al., 2014).
Both studies lead to the conclusion that a variety of external
sound stimuli are incapable of altering ongoing song-related
HVC synaptic patterns, independent of social context. Following
three separate methods of sensory deprivation (deafening, vocal
nerve cut, and muting), we observed the same frequency of syn-
aptic potentials in both HVC projection cell types as seen in con-
trol conditions. These results indicate that the depolarizing
synaptic inputs measured during singing are not mediated by
sensory feedback. Importantly, the song-related synaptic inputs
measured across motifs were still precisely timed in the absence of
individual sensory streams, demonstrating that the timing of the
synaptic inputs is controlled by motor sources. Despite the over-
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erate sufficient pressure to produce the
song (Fig. 6). Additionally, a severing of
the tracheosyringeal nerve not only
affects the feedback from the syrinx, but it
also strongly curtails the frequency-
modulated components of the song (Fig.
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Figure 6.  Behavioral and electrophysiological effects of reversible muting. 4, Percentage of presurgical song remaining after  coding the song of the tutor (Roberts et

muting (n = 7 birds; right). Global similarity (GS) during normal and postsurgical (tube open) song production. B, Three motif
examples from one bird highlighting the reversible muting approach: Presurgical (top); Postsurgical, tube closed (96% song
remaining, middle); and Postsurgical, tube open (18% song remaining, bottom). Below the sonograms, example intracellular
traces of an HVC g, and an HVC y, neuron recorded during two repetitions of the postsurgical (tube open) motif are displayed. Trial
#1 of the HVC g, neuron corresponds to the postsurgical (tube open) motif shown above. €, Number of bursts per motif for both
HVCgy) and HVCy, neurons. D, The mean frequency and amplitude distribution of identified excitatory synapticinputs for HVC g,
and HVCy, neurons after muting. E, Subthreshold correlation coefficients for all cells recorded after muting (shaded region = 95%
confidence interval). F, Electrophysiological recording during reversible muting. Displayed are the presurgical song and two
variants of the postsurgical song (tube open and tube closed). Four intracellular recordings from an HVC g, neuron are provided.
Two of these examples are from the tube closed condition (Trials #1 and #2). After reversible muting (opening the tube), the bird
sang the song displayed below the dotted line. Two examples of song-related membrane potential in the tube open condition are

given below for that neuron (Trials #3 and #4).

all consistency in activity of these neurons following sensory de-
privation, we found minor differences in the details of song-
related electrophysiological responses (for instance, a decrease in
synaptic potential amplitudes in HVC ) neurons following deaf-
ening), but the plasticity mechanisms underlying these changes
are not well understood.

In this study, our nonauditory manipulations resulted in a
gross disruption of singing behavior because of a disturbance of
peripheral song-related processes. For instance, after a small tube
was inserted into the air sac, the bird was no longer able to gen-

al., 2012). During this time, robust multi-
unit activity can be evoked within HVC in
response to the playback of the tutor song
(Nick and Konishi, 2005), but the relative
impact of sensory feedback on identified
HVC cell types during song learning has
not been established. Once the zebra finch
song has been crystallized in adulthood,
the premotor circuitry appears to disen-
gage from sensory feedback during sing-
ing, potentially so that song production
can be reliably and precisely executed. It
should be noted that other species capable of producing more
complex songs may rely upon sensory responses within HVC
(Prather et al., 2008; Sakata and Brainard, 2008) to flexibly adapt
their behavior (Sakata and Brainard, 2006).

A motor source for song-related synaptic activity?

Motor commands have long been thought to require sensory
feedback to produce precise skilled movements (Rothwell et al.,
1982). In this study, we have demonstrated that the sequence-
generating circuitry within HVC of the zebra finch exclusively
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receives motor inputs during singing rather than on-line sensory
feedback. Our observations support the notion that synaptic ac-
tivity onto HVC projection neurons is instead likely to be a re-
flection of the ongoing motor pattern (Fig. 1C). Motor-related
signals could arise from a number of sources. For instance, the
nucleus interfacialis of the nidopallium (NIf) not only acts as an
important source of sensory information onto HVC (Cardin and
Schmidt, 2004; Coleman and Mooney, 2004; Cardin et al., 2005;
Roy and Mooney, 2009), but also may play a role in motor pat-
terning. During sleep replay events (Dave and Margoliash, 2000),
NIf appears to be the primary driver of HVC bursts (Hahnloser
and Fee, 2007). NIf has also been shown to exhibit activity that
precedes the onset of vocalizations (McCasland, 1987; Le-
wandowski and Schmidt, 2011; Lewandowski et al., 2013).
Another nucleus that has been proposed to be important for
song-related motor patterning is the thalamic nucleus uvaefor-
mis (Uva), which projects to HVC (Coleman et al., 2007). Bilat-
eral lesions to Uva have been shown to eliminate singing behavior
(Coleman and Vu, 2005). Previous recordings in NIf and Uva
during singing revealed activity that was neither sparse nor ste-
reotyped (McCasland, 1987; Williams and Vicario, 1993; Le-
wandowski and Schmidt, 2011), which is inconsistent with the
synaptic patterning we measured in HVC. Since those studies relied
upon multi-unit electrophysiology, further research is needed to
better understand single neuron responses in these regions.

The most likely origin of premotor synaptic activity during
singing is from HVC projection neurons themselves (Fig. 1C).
Previous paired intracellular recordings have revealed that HV-
C(ra) neurons form monosynaptic excitatory connections onto
both HVC x, neurons as well as other HVC y,, neurons, while
HVC, neurons appear to be less frequently connected onto
other HVC projection cells (Mooney and Prather, 2005). In ad-
dition, the extremely precise timing associated with HVC
bursts during singing matches the extraordinary reliability of the
EPSPs observed. These results are consistent with the possibility
that synaptic activity of HVC projection neurons during singing
originates from the HVC y,, population.

Intracellular recordings provide a window into a motor
sequence-generating network

Previously proposed models of HVC were constructed using
strong excitatory inputs linking active ensembles of neurons into
a purely feedforward network (Li and Greenside, 2006; Jin et al.,
2007). Experimentally, intracellular recordings in HVC of zebra
finches (Long et al., 2010) has supported the idea that a chain of
synaptically connected neurons drives the motor sequence of
singing. Here, we add a new feature to this neural architecture,
specifically the presence of additional connections from other
HVC premotor neurons that are active at a range of different
times throughout the song (Fig. 1C), forming a recursively con-
nected excitatory circuit (Mauk and Buonomano, 2004; Mooney
and Prather, 2005; Long et al., 2010; Laje and Buonomano, 2013).
The mechanisms underlying precisely timed burst propagation
throughout the HVC network (Hahnloser et al., 2002; Long et al.,
2010) in the presence of multiple excitatory premotor inputs
remain unresolved.

In the mammalian motor cortex, it has been shown that the
process of motor learning is associated with a sparsening
(Komiyama et al., 2010) and temporal sharpening (Masamizu et
al., 2014; Peters et al., 2014) of neural activity as learned se-
quences emerge. In the juvenile songbird, the activity of single
HVC premotor neurons has not yet been described, but the pos-
sibility exists that multiple premotor links may be useful for ex-
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ploring a range of potential vocal behaviors during song learning.
In the adult, recursive excitatory connectivity within HVC may
also enable premotor neurons to flexibly assume different roles
over the span of days. Current estimates indicate that some
(Amador et al., 2013) or all (Fee et al., 2004) of the time points
during the song are represented by hundreds of HVC premotor
neurons, suggesting a high degree of redundancy and providing
an opportunity for such “background changes” (Rokni et al.,
2007; Huber et al., 2012) to allow the network and the associated
behavior to adapt to environmental demands (Tumer and Brain-
ard, 2007; Ali et al., 2013).
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