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SUMMARY

Bilaterally organized brain regions are often simultaneously active in both humans'~2 and animal models,*™®
but the extent to which the temporal progression of internally generated dynamics is coordinated across
hemispheres and how this coordination changes with brain state remain poorly understood. To address
these issues, we investigated the zebra finch courtship song (duration: 0.5-1.0 s), a highly stereotyped com-
plex behavior'®'! produced by a set of bilaterally organized nuclei.'?"'* Unilateral lesions to these structures
can eliminate or degrade singing,'*'>'” indicating that both hemispheres are required for song production.'®
Additionally, previous work demonstrated broadly coherent and symmetric bilateral premotor signals during
song.® To precisely track the temporal evolution of activity in each hemisphere, we recorded bilaterally in the
song production pathway. We targeted the robust nucleus of the arcopallium (RA) in the zebra finch, where
population activity reflects the moment-to-moment progression of the courtship song during awake vocali-
zations'®2* and sleep, where song-related network dynamics reemerge in “replay” events.?*?®> We found
that activity in the left and right RA is synchronized within a fraction of a millisecond throughout song. In stark
contrast, the two hemispheres displayed largely independent replay activity during sleep, despite shared
interhemispheric arousal levels. These findings demonstrate that the degree of bilateral coordination in the

zebra finch song system is dynamically modulated by behavioral state.

RESULTS

Precise bilateral coordination during courtship song

To characterize the coordination of song activity across hemi-
spheres, we implanted 128-channel silicon probes bilaterally in
robust nucleus of the arcopallium (RA) (Figure 1A), the motor
cortical output region of the song production circuit. This
approach enabled us to record the spiking activity of neural pop-
ulations in the right (47 + 14 neurons/bird) and left (46 + 6 neu-
rons/bird) hemispheres simultaneously in 4 birds (e.g., Fig-
ure 1B). During singing, RA neurons in both hemispheres
switched from regular tonic firing to high-frequency bursting'®°
(Figure 1B). We measured the onsets of RA bursts (Figure 1C,
266 + 117 events/hemisphere; see STAR Methods for inclusion
criteria), which have been shown to be temporally locked to
vocal production.'®" Using this approach, we can leverage
RA network activity during song to precisely compare the
temporal progression of neural dynamics across the two
hemispheres.

We first analyzed the bilateral coordination of motor com-
mands within RA at the level of the syllable (~100-200 ms), a
unit of the song that has been shown to be significant both func-
tionally'®?%2” and developmentally.?® Using bursting activity
across the population of RA neurons, we sought to determine
whether trial-to-trial changes in syllable duration’®'" (e.g.,
Figures 1B-1D) were equally represented across hemispheres.
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In our dataset, syllable length varied by 1.3% (interquartile range
[IQR]: 0.6%-2.3%, n = 173 trials across 15 syllables). For each
syllable trial, the progression of song-related neural activity
was measured separately for each hemisphere by comparing
the burst times in RA to their mean values across all trials
(Figures 1D-1H). We used a linear fit of these RA burst times to
estimate network progression. Faster-than-average syllables
had negative slopes, and slower-than-average syllables had
positive slopes (Figure 1E). We found that these trial slopes
were statistically equivalent across hemispheres (Wilcoxon
signed-rank, p = 0.92, Figures 1G and 1H), indicating that the
hemispheres are synchronized at the timescale of syllables
(~100 ms) during singing.

To assess hemispheric coordination with subsyllabic preci-
sion (i.e., milliseconds), we next calculated the extent to which
each individual RA bursting event (see STAR Methods) devi-
ated from a global linear fit for each trial. If the activity of
one hemisphere unfolded in a more predictable manner than
the other, we would expect comparatively smaller residuals
on that hemisphere. However, we find the residuals on the
right (median: 0.40 ms, IQR: 0.26-0.66 ms) and the left
(median: 0.45 ms, IQR: 0.29-0.76 ms) hemispheres to be sta-
tistically equivalent (Wilcoxon rank-sum, p > 0.05) in 14 out of
15 syllables across 4 birds (Figure 1l). We further found
that regressions based on the activity of the contralateral
hemisphere were equally capable of fitting the data as those
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Figure 1. Bilateral recordings reveal precise interhemispheric coordination during song
(A) Schematic of the zebra finch bilateral song control system, including HVC (proper name) and the robust nucleus of the arcopallium (RA, the site of neural
recordings), the thalamic nucleus uvaeformis (Uva), the midbrain respiratory nuclei (“resp”) and the tracheosyringeal region of hypoglossal nucleus (Xllts), and the
muscles of the syrinx. Black arrows: anatomical pathways that cross the midline.
(B) Spiking activity of simultaneously recorded RA neurons from the right (red) and left (blue) hemispheres of bird B3 during singing and associated introductory
notes (marked with “i”) in an adult zebra finch. Syllable “b” occurs 5 times, as noted above the spectrogram. Arrows indicate neurons used in (C).

(C) Spike times of selected RA neurons for five trials of syllable “b” in (B) aligned to syllable onset. Black ticks indicate the first spike from each burst, which defines

a burst time.

(D) Song duration and burst timing differ across trials. (Top) Bars indicate the length of each trial of syllable “b” from the song in (B). (Bottom) Tick marks represent
the first spike within a burst from (C) for trial 1 (purple) and trial 5 (green).

(legend continued on next page)
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calculated ipsilaterally (contralateral: 0.42 ms, IQR: 0.28-
0.69 ms; ipsilateral: 0.41 ms, IQR: 0.27-0.69 ms; p = 0.18, Wil-
coxon sign-rank, n = 1,507 bursts) (Figure 1J), demonstrating
submillisecond coordination throughout the song.

Physiological parameters coordinated across
hemispheres during sleep

We next examined whether the high degree of interhemispheric
coordination observed during song is an invariant feature of the
network or instead is differentially engaged across behavioral
states. We shifted our focus to sleep, when the network
exhibits song-like activity (i.e., replay events),”® allowing for a
direct comparison of coordination at the level of song-related
dynamics across sleep and active singing. We first tested
whether the right and left hemispheres were broadly coupled
in their global arousal levels and physiological state. Previous
work has demonstrated that zebra finches are capable of uni-
hemispheric sleep,?® specifically during daytime “naps.”*° To
examine the prevalence of unihemispheric sleep throughout
the night, we used infrared cameras to simultaneously film
both eyes (frame rate: 20 Hz)—an indicator of avian sleep®’—
in four head-fixed zebra finches (e.g., Figures 2A and S1A).
During these sessions (duration: 8.1 4.5 h), eyes opened
and closed symmetrically 98.5% 1.2% of the time
(Figures 2A, 2B, and S1), and moments of asymmetry were
brief (median: 250 ms; IQR: 100-600 ms), indicating that zebra
finches were not experiencing unihemispheric sleep in these
nighttime observation periods.

To examine the physiological state during sleep in both hemi-
spheres, we monitored brain temperature bilaterally. Previous
work in awake zebra finches has demonstrated that rapid
changes in brain temperature can also effectively indicate
arousal,® and temperature is directly related to ongoing neural
state in both mammals and birds.**** During sleep, tempera-
ture fluctuations (AT: ~1°C) significantly covaried across hemi-
spheres (Pearson’s corr: racrua = 0.91 £ 0.07, ry = 0.06 + 0.01;
Wilcoxon rank-sum: p < 0.0001, n = 3 birds; see STAR
Methods; Figures 2C, 2D, and S1B). Furthermore, we observed
a negative correlation between temperature and population
bursting in RA (Figures 2E, 2F, and S2, r,,, = —0.46 + 0.22,
renutt = 0.00 £ 0.27; Wilcoxon rank-sum: p < 0.0001), which is
an indicator of replay.?*?>*>%6 This finding suggests that a
global signal (i.e., neuromodulatory) may be creating a permis-
sive state for sleep replay that also directly affects brain tem-
perature. Taken together, bilaterally coordinated eye openings
and synchronized temperature changes are consistent with a

+
+
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symmetric arousal state across the zebra finch brain during
nighttime sleep.

Degree of bilateral coordination of sleep activity is
timescale dependent

To test bilateral coordination of neural activity during sleep, we
measured the proportion of time that neurons in each hemi-
sphere spent bursting on the slow timescale over which temper-
ature fluctuates (i.e., ~100 s, Figure 3A). We observed strong
correlations of bursting activity between pairs of neurons within
(ripsi = 0.71 + 0.14) and across (fcontra = 0.62 + 0.15) hemispheres
that were significantly greater than expected by chance (ru =
0.01 = 0.03; Wilcoxon sign-rank: p < 0.001, for 7 birds,
Figure 3B). These results demonstrate that the general occur-
rence of bursting—and thus engagement in song replay®*—is
coupled bilaterally in RA during sleep. Although this long time-
scale coordination is indicative of a bilaterally coherent brain
state, sleep replay operates at the temporal resolution relevant
for the song system (~milliseconds).?* We found that the degree
of synchronous bilateral bursting (i.e., times when right and left
RA were likely both engaged in replay) varied based on the length
of our analysis window (Figures 3C, 3D, and S3A). At 1 ms reso-
lution (Figures 3C-3E and S3A), we observed that the amount of
time the hemispheres spent bursting together (26.4% + 8.2%,
n = 7 birds) during sleep was categorically different from that
observed during song (98.9% + 1.3%, n = 4 birds). Unilateral
bursting could occur in either hemisphere during sleep (e.g., Fig-
ure 3F, events i and ii), with a slight preference for the right hemi-
sphere (right: 40.0% + 6.1%, left: 33.6% + 8.5%, n = 7 birds,
Figures 3G-3J). The relative amount of bilateral and unilateral
bursting did not change significantly when comparing 2-h win-
dows taken from the beginning and end of sleep (Wilcoxon
sign-rank: Ppijateral = 0-297, Punilateral = 0.156, n = 7). These results
indicate that each hemisphere can engage in independent, un-
coordinated bursting events on song-related timescales during
sleep, suggesting that each hemisphere is capable of separately
replaying vocalization-related activity.”*>°

Simultaneous sleep replay of different vocal elements
across hemispheres

To understand how population bursting in RA relates to vocal be-
haviors, we used a validated template matching strategy®* to
decode the vocal content of sleep replay events independently
for each hemisphere. We expanded upon our prior investigation
to include introductory notes and distance calls in addition to
song (Figure 4A) to be inclusive of all motor behaviors potentially

(E) Deviation from mean values for all burst times from trials 1 (purple) and 5 (green) of syllable “b” from bird B3 in the right (top) and left (bottom) hemispheres.
(F) Aligned burst onset times for 5 instances of a single burst from neuron 50 (right, top) and neuron 26 (left, middle). Distribution of burst onset times across all

trials (n = 23).

(G) Slopes defined by the deviation from mean burst times (E) from each hemisphere for all trials of syllable “b” from example bird B3 (n = 23 trials). Trials 1 and 5

from (D) and (E) are indicated in purple and green, respectively.

(H) Same as in (G) for all syllable renditions (n = 173 trials from 15 syllables) from 4 birds. Not statistically different for 14 out of 15 syllables (Wilcoxon signed-rank:

p =0.92).

(I) Cumulative density functions for the residuals for all burst times on the right (light red) and left (light blue) hemispheres for each syllable (n = 15). Residuals were
measured for each trial using a consensus slope calculated with burst times from both hemispheres. Not statistically different (Wilcoxon rank-sum: p > 0.05).

Thick red and blue lines indicate population data from all 15 syllables.

(J) Mean residuals calculated for each burst time (n = 1,507) using either ipsilateral or contralateral linear fits. Not statistically different (Wilcoxon sign-rank:

p = 0.18).
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replayed in RA and thus improve our ability to decode population
bursting. We found that no matter the bursting condition (i.e.,
right only, left only, or coincident bursting), ~75% of replay activ-
ity was related to the courtship song. We next turned our atten-
tion to periods of coincident sleep bursting to determine whether
the two hemispheres are simultaneously replaying different vocal
behaviors or if these events exhibit the same high level of bilat-
eral synchrony observed during song. We found that both hemi-
spheres could independently replay different vocal types (e.g.,
courtship songs, introductory notes, and distance calls;
Figures 4B-4D) and did so frequently during sleep (11.2% =+
3.2% of detected replay events were “heterotypic”). To illustrate
this effect, we compared the activity of a single replay event (Fig-
ure 4B, event iii) to the template activity of two different vocal
types (introductory note and syllable “c”; Figure 4C). For this
example, replay activity of the left hemisphere matches the intro-
ductory note (left), whereas that recorded simultaneously on the
right corresponds to song syllable “c” (right). The template
matching results highlight the differences in decoded vocal con-
tent we observe across hemispheres during periods of coinci-
dent bursting (Figure 4D).

When both hemispheres were engaged in replay of the court-
ship song (i.e., Figure 4E, “homotypic” replay), they only partic-
ipated in the same syllable 28.9% + 13.3% of the time. We
measured the distance between the two hemispheres with
respect to the song template (Figure 4F) throughout the entirety
of the sleep period (Figures 4G and S4C) and composed a coor-
dination matrix, which captures the probability density of the
coincident vocal content of each hemisphere in relation to our
templates for each condition (Figures 4H and 4l). During vocali-
zations, we find that activity conforms tightly to the unity line
(Figures 4H, S4A, and S4B), underscoring the high degree of
neural coordination observed. During sleep replay, the disparity

D bird BT2

F bird TN1

¢? CellPress

Figure 2. Interhemispheric symmetry in
arousal and physiological state during sleep
(A) Eye state (example images at left) throughout a
portion of the recording period for the left eye (blue)
and right eye (red). Ticks at the top indicate frames
when an eye was open, and the continuous trace
represents the probability of eye opening over a
100-s time window. Shaded region: lights off.

(B) Relationship between the probability of left and
right eye opening for bird A413 for the time window
shown in (A).

(C) Simultaneous temperature recordings from the
right (red) and left (blue) hemispheres of bird BT2.
Shaded region: lights off.

(D) Relationship between the temperature values
from each hemisphere across the time window
shown in (C).

(E) Simultaneous temperature (top) and population
bursting percent (bottom, see STAR Methods)
during sleep for bird TN1.

(F) Relationship between temperature and neural
activity for the time window illustrated in (E). Offset
of 90 s was applied to the temperature data,
following Figure S2. In (B), (D), and (F), each data
point represents a single analysis window (bin
width: 100 s, step size: 10 s) for the session de-
picted in (A), (C), and (E), respectively.

See also Figures S1 and S2.
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eye right
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in activity between the hemispheres was often significant,
diffusely filling the coordination matrix (Figures 41 and S4B) and
further reinforcing the notion that the hemispheres can act inde-
pendently when simultaneously engaged in replay. We find that
the median estimated song distance between the two hemi-
spheres during sleep was 53.6 ms (IQR: 8.6-183 ms,
Figures 4F, 4G, and 4|-4K). This is in stark contrast to what is
observed during song (Figures 1, 4H, and S4A), where the hemi-
spheres are highly coordinated (Figures 4H-4K, S4A, and S4C,
median estimated temporal distance: 1.9 ms, IQR: 0-3.8 ms, Wil-
coxon rank-sum: p < 0.0001). Therefore, the strict coordination
between hemispheres exhibited during vocal production is ab-
sent during the sleep replay of those same vocalizations.

DISCUSSION

In this study, we leverage the relationship between behavior and
neural activity in the zebra finch song system to investigate the
temporal coordination of neural processing across hemispheres.
We find that activity within the song production nucleus RA un-
folds bilaterally with submillisecond precision during singing,
whereas these same network dynamics can reemerge indepen-
dently during sleep. These brain state related changes in hemi-
spheric coordination were observed in forebrain (cortical) areas
of the zebra finch song circuit, which are not directly connected
across hemispheres (Figure 1A), unlike in mammalian systems
where reciprocal projections are mediated by the corpus cal-
losum®” or other interhemispheric pathways.*®*° This strict
unilateral organization is maintained down to the periphery, es-
tablishing segregated descending motor control pathways.'?
Previous electromyogram (EMG) recordings have revealed that
activity in vocal tract musculature is precisely coordinated during

song*®“? and poorly coordinated during sleep.*® Here, we
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Figure 3. Degree of bilateral coordination in
sleep activity across timescales

(A) Normalized percentage of time spent bursting
during sleep for individual RA neurons recorded
from the right (red) and left (blue) hemispheres
from bird S02.

(B) Correlation scores (mean + SEM) for ipsilateral
(teal), contralateral (orange), and shuffled (gray)
pairwise comparisons of burstiness between
neurons (see STAR Methods). The correlation
scores between contralateral pairs were statisti-

cally different than those expected by chance
(Wilcoxon sign-rank test: p = 0.001, n = 7 birds).

(C and D) Bilateral population burst coordination
changes with the size of analysis window. Percent
of total time that both hemispheres burst together
during sleep for bird S02 (C). Population data
(mean + SD) for seven birds during sleep (dark blue
data points) across all windows and for four birds
: : : : during song (window size: 1 ms) indicated by yel-

all birds
1<--song

sleep

window (ms) 10| 5 low data point (D).

(E) Percentage of neurons from the recorded
population bursting moment-to-moment (bin size:
5 ms) on the right (red) and left (blue) hemispheres
for bird S02 during sleep.

(F and G) An expanded epoch from (E), indicated

= right
—_— e

by vertical lines, showing spiking activity for all

B s c bird S02 D
’ - ipsi 100 100
206 - contra
3 ~ null £
804 4]
<] < 50 50
=02 _ﬂiﬁﬁﬂl )
0 ! .
0 0.5 1 O™ T T 15 0
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E
Foo ! i

\ recorded neurons from the right (red) and left (blue)
hemispheres. Population burst percentage is
given below. Horizontal bars in (G) represent times
in which this value exceeds a predetermined
threshold (see STAR Methods) indicated by
dashed lines in (F), for right-only bursting (red), left-

only bursting (blue), or simultaneous left/right
bursting (black). Boxes highlight examples in

which only a single hemisphere is bursting (i, right
only; ii, left only).

(H and 1) Distribution of burst event durations (red,
right only; blue, left only; and black, both) for bird
S02 (H) and for all 7 birds (l). Shaded regions in
(I) represent SEM.

(J) Percentage of time spent bursting indepen-

dently and together compared with a shuffled
distribution (mean reported for each bird, see

STAR Methods). Dots represent values from indi-

vidual birds (n = 7). Outlined symbols indicate

example bird S02 shown above. Horizontal lines
are the mean values across all birds.
See also Figure S3.
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extend these observations by decoding the behavioral content
of neural activity both during active singing and sleep and by
contextualizing these observations with global measures of syn-
chronized arousal.

The precise bilateral synchrony we observe during singing
suggests that coordination stems from a dedicated network
mechanism, perhaps through common external input.®***® In
the zebra finch, the motor thalamic nucleus uvaeformis (Uva) re-
lays information about song sequence timing from bilateral

4708 Current Biology 33, 4704-4712, November 6, 2023
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nuclei in each hemisphere and is there-
fore well-positioned to provide such a
coordinating signal (Figure 1A).%17:4447
Recent work showed thalamic input from Uva selectively acti-
vates a subset of premotor neurons in HVC (proper name) that
fire at syllable onsets,”’” and the coordinated initiation of these
“starter neurons” on both hemispheres may enable the submilli-
second precision observed while singing.”'"*®* Our results
suggest that the nature of this thalamic drive may be fundamen-
tally altered during sleep, consistent with previous findings®* in
which sleep has been associated with a decrease in thalamic ef-
ficacy and cortical receptivity to thalamic inputs®®°? due
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Figure 4. Reconstructed sleep replay is poorly synchro-
nized across hemispheres
(A) Spiking activity of simultaneously recorded neurons on the
right and left hemispheres from bird B5 during an introductory
".". .'.'...'. .'. " [ note, a song motif, and a call.

" m Ho (B) Three examples (i-iii) of coincident left/right bursting activity
from bird B5 during sleep (same neurons as in A). Red, right;
blue, left.

(C) A closer view of sleep activity, indicated by arrow in (B), in
which activity of 20 example neurons from each hemisphere (top,
red, right hemisphere; bottom, blue, left hemisphere) is inter-
leaved with the vocalization activity of those same 20 neurons
during either an introductory note (left) or syllable “c” (right).
P e Shaded portion indicates when neurons were bursting in each
e "ot hemisphere during sleep (Figure B, epoch iii).
3 i . ‘ ' (D) Decoding sleep activity using network activity recorded
54LT LE e BEAN et e during vocal production (A). Each panel shows the time in the
! ’ 11 ' o fwwer o w e vocalization template (i.e., bin assignment) that contains neural
activity most similar to that occurring during sleep. Bin assign-
ments are marked by circles (red, right; blue, left). Examples
highlighted by black boxes (i-iiij) show moments in which burst

" pm O patterns exhibit heterotypic replay, defined as the simultaneous
W e appearance of song and nonsong vocalizations (i.e., call or
introductory note).

(E) Simultaneous homotypic replay of singing activity across
hemispheres for bird B1. Spiking activity for all neurons recorded
is shown at the top, with decoded bin assignments below.
T (F and G) The song distance between decoded sleep replay
L 1= [ |4 | nhmo_ S | across hemispheres for the example provided above (F) and for
200ms call call song 20 — the entire duration of the sleep recording period (7.4 h) (G).
song intro (H and I) Coordination matrix illustrating the probability density
distribution of the relationship between the assigned template
location for activity during vocalizations (H) and sleep (1) across
hemispheres for bird B5 for introductory notes, songs, and calls.
Matrix bin size: 10 ms.
(J and K) The temporal difference between bin assignments in
the left and right hemispheres during song (yellow) and sleep
replay of the song (dark blue) for bird B5 (J) and for all 4 birds (K)
(mean + SEM). Statistically different (Wilcoxon rank-sum:
p < 0.0001).
See also Figure S4.
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to changes in neuromodulatory tone.’*** Additionally, the
patterned breathing observed during singing®®>® is absent dur-
ing sleep,*® suggesting that Uva may no longer have access to
bilateral information about the ongoing vocal content of replay
events via respiratory nuclei to coordinate the hemispheres at
night. The possibility exists that these missing respiratory-
related inputs from brainstem centers may contain critical timing
cues for allowing Uva to properly engage cortical targets dur-
ing song.

Functional uncoupling of bilateral song nuclei during sleep
(i.e., uncoordinated replay) does not appear to have a clear dele-
terious effect on singing in the adult zebra finch, as adult song
performance remains stable before and after sleep.””°” This in-
dicates that if sleep replay is playing an important role in adult
song maintenance, the mechanisms are likely unilateral and
are unlikely to require nighttime coordination. Whether a lack
of replay coordination leads to the observed degradation of
singing after sleep in juvenile birds®” remains to be investigated.
The possibility exists that unihemispheric sleep may instead pro-
vide several advantages in the zebra finch song circuit, including
maintaining local network precision®>*® and facilitating
learning.>**°"-°® Specialized inhibitory circuitry has been charac-
terized®® to facilitate active uncoupling of bilateral structures,
which may play an important role in mediating motor control®°
and sensory processing.®’ Recent work exploring the neural cir-
cuits mediating hemispheric competition during sleep® pro-
vides the foundation for future studies to explore the mecha-
nisms by which the left and right hemispheres are dynamically
coordinated with brain state across species. Our results suggest
that changes in behaviorally relevant hemispheric coupling could
be a general mechanism across taxa to adapt neural function to
different contexts.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Dil Thermo Fisher Scientific V22885

Deposited data

Neural and accompanying data

This paper

Open Science Framework: https://osf.io/8wfz6/
https://doi.org/10.17605/0SF.I0/8WFZ6

Experimental models: Organisms/strains

Zebra finch (Taeniopygia guttata)

Magnolia Bird Farm, Anaheim, CA

N/A

Software and algorithms

MATLAB
Camera acquisition software
KiloSort spike sorting software

Vocal-content decoder (Template-matching tool)

MathWorks
FLIR
Pachitariu et al.®®

This paper

https://www.mathworks.com/products/matlab.htmi
FlyCapture
https://github.com/cortex-lab/KiloSort

Open Science Framework: https://osf.io/8wfz6/
https://doi.org/10.17605/0OSF.I0/8WFZ6

Other

High-density silicon probe

Diagnostic Biochips

128-5 integrated

High-density silicon probe S. Masmanidis, UCLA 64-H

SLA printer Formlabs Form2

SLA resin Formlabs Clear V4

Camera FLIR Grasshopper3
Thermocouple Omega 5SRTC-TT-K-40-36-ROHS
Thermocouple amplifier Omega DP8PT-006

Doric Lenses AHRJ-OE_FC_AD_12_HARW
ADAPTER_HO12

Intan Technologies RHD Recording Controller (512 channels)
Audio-Technica AT803

Studio Channel

Assisted Fiber-optic & Electric Rotary Joint
Omnetics cable adaptor Doric Lenses
Acquisition board

Omnidirectional microphone

Audio amplifier Presonus

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael
Long (mlong@med.nyu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The central data sets and code generated during this study have been deposited on the Open Science Framework and are publicly
available as of the date of publication. DOlIs are listed in the key resources table. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
We used adult (> 90 days posthatch) male zebra finches (Taeniopygia guttata) that were obtained from an outside breeder and main-
tained in a temperature- and humidity-controlled environment with a 12/12 hr light/dark schedule. All animal maintenance and exper-

imental procedures were performed according to the guidelines established by the Institutional Animal Care and Use Committee at
the New York University Langone Medical Center.
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METHOD DETAILS

Surgical procedures

All surgical procedures were performed under isoflurane anesthesia (1%-3% in oxygen) following established guidelines. The ani-
mals used in acute recordings were implanted with a headplate for secure head-fixation prior to the experiment day. Details pertain-
ing to the use of high-density silicon probes for chronic recordings have been described elsewhere.?* Here, silicon probes were low-
ered sequentially into the robust nucleus of the archipallium (RA) of each hemisphere, using the bifurcation of the sagittal sinus as the
stereotaxic origin (craniotomy: 2.35 mm lateral and 0.1 mm posterior). The ground wire was inserted between the skull and the dura
above the cerebellum along the midline for the left probe and lateral to the craniotomy for the right probe. Silicon elastomer (Kwik-
Cast, WPI) was applied to the craniotomy once the target region was successfully identified on > 50% of channels (depth: ~2.5-
3 mm) using the Intan Recording system (Intan USB evaluation board or RHD Recording Controller). By tracking the electrical activity
across our electrodes, we could optimize the placement to maximize the number of channels within RA. For chronic recordings, our
electrodes spanned 450 um anterior-posterior and 300 um dorsal-ventral, which ensured that we could record simultaneously from a
significant portion of RA, which is ~ 750 um in diameter.

Extracellular Recordings

Chronic recordings were performed using two integrated 128-channel high-density silicon probes (Diagnostic Biochips, 128-5) in
each animal. Prior to surgery, a stainless-steel ground wire (diameter: 0.001”, AM systems) was soldered to the reference of the
headstage, which was held in place by a custom-made 3D printed enclosure (Formlabs). Within the hour following surgery, we began
continuously recording neural activity bilaterally (Intan RHD Recording Controller) and all vocalizations using an omnidirectional
microphone (Audio-Technica) and an analog preamplifier (Presonus). Free movement was enabled by an electrically assisted
commutator (Doric Lenses). Female zebra finches were placed in an adjacent cage to elicit song.

For the acute bilateral recordings, a 64-channel silicon probe (S. Masmanidis, UCLA; 64-H)** was lowered into each hemisphere as
described above. Both eyes were monitored using CMOS cameras (FLIR, Grasshopper3, Frame rate: 20 Hz). Individual frames were
triggered by an external source (Master 9) and acquired using FlyCapture software. The trigger signal was simultaneously acquired
through the Intan Recording Controller to ensure common time stamps with neural data. In one instance, an expertly trained head-
fixed singer®® was used (bird A413). Once the probes were in place, an automated curtain revealed a female in front of the head-fixed
bird. After successful song, the female was removed, and the lights were turned off. The three other acute bilateral recordings were
performed using birds habituated to sleeping in a foam restraint while head-fixed.

The simultaneous temperature and neural recordings were performed in head-fixed animals with a 128-channel silicon probe
(Diagnostic Biochips, 128-5) in RA of the right hemisphere and a thermocouple (Omega: 5SRTC-TT-K-40-36-ROHS) lowered
~ 2 mm into the left hemisphere through a craniotomy with the same coordinates as that on the right. The temperature signal
was amplified (Omega: DP8PT-006) and acquired using the Intan Recording Controller along with the neural signal. Bilateral temper-
ature recordings were performed across lighting conditions (i.e., with > 1 hr each of lights on and off).

Recording neural activity during vocalizations and sleep

Automated spike detection and sorting was carried out using Kilosort software®® and manual post-processing was performed using
Phy®® as described previously.”® Custom MATLAB software was used to analyze audio recordings and to align single unit data to
behavior. To identify burst times across song renditions, we established a canonical bursting pattern for each neuron using song-
aligned spiking activity. We defined bursts as events with an inter-spike interval of less than 8 ms occurring within 10 ms of defined
canonical burst times. The burst time was defined as the first spike in that burst for each rendition. A burst was included for further
analysis if it was present in more than 90% of the trials. For each trial, a burst time was excluded if it was 2 standard deviations above
the value predicted by the relationship between the mean burst times and the burst times from that trial. We established the speed of
each syllable rendition unilaterally by measuring the slope of the deviation from the mean burst times of that hemisphere. To deter-
mine the precision of burst times for each hemisphere, we measured the residual between each burst time and the consensus best fit
line calculated using all burst times that met our criteria for each trial from both hemispheres. To determine the precision of bilateral
coordination for each burst time, we calculated the residual between that burst time and the best fit line for all other burst times in
each hemisphere. For each trial, residuals were calculated separately for ipsilateral and contralateral fits, with the burst in question
held out for determining the best fit line.

Eye tracking

Custom MATLAB code was used to extract the luminance values for all frames acquired with hand-drawn ROls. Once each frame
was categorized as open or closed using thresholds determined for each eye in each recording, a moving average was taken (100
second boxcar kernel, 10 second step size).

Temperature and bursting

All temperature traces were smoothed with a 100-second boxcar kernel using a 10 second step size. The percent time a given neuron
spent bursting was calculated throughout the recording using a 100 second window (step size: 10 sec, bursting criteria: instanta-
neous firing > 100 Hz). Pairwise comparisons for both temperature and bursting were made by taking 5000-second snippets from
one hemisphere and comparing (Pearson’s correlation) to either the time-matched snippet or to a randomly chosen epoch from
the other hemisphere. For the bursting values, each neuron received an average r-value consisting of the mean of time-matched
comparisons for all ipsilateral pairs, all contralateral pairs and a null value consisting of an average of shuffled comparisons. To
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combine these measures, we calculated the cross-correlation between the temperature trace and the average of single neuron
bursting (see below) for all recorded neurons (Figure S2). Using the resulting lag, we shifted the temperature trace in time and recal-
culated the correlation.

Population bursting

Population bursting throughout the recording was defined by the percent of the population that met our bursting criteria (instanta-
neous firing rate of each neuron: > 100 Hz) in 5 ms bins, smoothed with a 150 ms boxcar kernel. We determined appropriate bursting
thresholds by assessing the split between the bimodal distributions of the percentage of the population bursting. Thresholds were
manually optimized to detect population bursting events for song (range: 4.75 — 10.5%) and sleep (range: 2.5 — 4%) for each hemi-
sphere of each bird. Burst synchrony was defined as the percent of total bursting in both hemispheres within variable time windows
(range: 1 ms—100 sec). To determine if the synchrony measured with a 1 ms window was above that expected by chance, we created
a shuffled distribution of burst synchrony by randomly concatenating the measured burst times and inter-burst-intervals for each
hemisphere and quantifying the resulting overlap.

Template matching

The template matching strategy used here was recently developed by our laboratory.?* A single template was made from the bursting
activity of the population of RA neurons during the performance of each recorded vocalization: an introductory note, a single song
rendition, and a distance call. The activity of each neuron was binarized based on its instantaneous firing rate (rate: > 100Hz). The data
were then binned (bin width: 6 ms, step size: 3 ms) and further binarized; if a neuron was bursting within that bin, it was assigned a
value of 1; no bursting was assigned a 0. Binarized and binned activity throughout sleep was assigned to the template bin it most
resembles (Pearson’s correlation). Template matching was performed separately for each hemisphere.

Our previous work showed that sleep replay in the zebra finch brain occurs at about the same speed as the song itself,”” which
translates to diagonal stretches with a slope of ~1 in 2D space created by plotting time in recording against the assigned time in
the template. We therefore isolated replay events by filtering the template matching results. First, we removed the low-density bin
assignments (those with fewer than four neighbors within 20 ms) and those assignments that did not meet our population bursting
criteria (see above). Next, we limited our analysis to the resulting high density ‘islands’ with slopes between 0.5 and 1.5. The events
that met our criteria during the ‘lights off’ period were considered sleep replay, and the events detected during the ‘lights on’ period
were used to assess the synchrony of the hemispheres during vocalizations. Finally, we measured the distance between the assigned
template matching results in each hemisphere when both hemispheres were participating in song-related activity.

24
f,

Quantification and statistical analysis

All statistical details of experiments can be found in figure legends and the results section, including the statistical tests used, the
exact value of n, and what n represents (e.g., number of animals, number of cells, etc.). Values are reported as mean + SD unless
mentioned otherwise. Normal distribution of data was not assumed. No data were excluded from analysis. Statistical calculations
were performed using MATLAB R2021a.
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