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VOCAL INTERACTION

Motor cortical control of vocal
interaction in neotropical

singing mice

Daniel E. Okobi Jr."*?*, Arkarup Banerjee">?*, Andrew M. M. Matheson™3,

Steven M. Phelps*, Michael A. Long" 23t

Like many adaptive behaviors, acoustic communication often requires rapid
modification of motor output in response to sensory cues. However, little is known
about the sensorimotor transformations that underlie such complex natural behaviors.
In this study, we examine vocal exchanges in Alston’s singing mouse (Scotinomys
teguina). We find that males modify singing behavior during social interactions on a
subsecond time course that resembles both traditional sensorimotor tasks and
conversational speech. We identify an orofacial motor cortical region and, via a series of
perturbation experiments, demonstrate a hierarchical control of vocal production, with
the motor cortex influencing the pacing of singing behavior on a moment-by-moment
basis, enabling precise vocal interactions. These results suggest a systems-level
framework for understanding the sensorimotor transformations that underlie

natural social interactions.

daptive behavior often requires adjusting
action in response to a rapidly changing
environment. Elucidating the mechanisms
of these sensorimotor transformations has
become a central focus of systems neuro-
science, as researchers use simple and elegant
behavioral tasks to explore the behavioral re-
sponses of traditional model species to sensory
cues (I-3). Ultimately, however, we would like
to understand such transformations in natural
contexts; among such contexts, perhaps none
is more challenging or interesting than social
behavior. During social interactions, an animal
must dynamically modulate complex actions in
response to the changing behavior of a con-
specific. For example, during conversation, we
listen to the words of another person, interpret
them, and respond appropriately (4). Indeed,
acoustic exchanges are promising foci for the
study of sensorimotor transformations that un-
derpin social behavior. These exchanges are
common across taxa, including insects (5, 6),
amphibians (7, 8), birds (9-11), and mammals
(12-16); they serve a variety of essential social
functions, including male-male competition
and mate selection; and they require dynamic
interaction as signalers avoid temporal overlap
with one another (17).
Despite the ubiquity of acoustic interactions
in the natural world, there are few existing
models within neuroscience. Among mammals,
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for example, laboratory mice produce elaborate
frequency-modulated vocalizations (8) but fail
to exhibit robust turn-taking behavior (19). In
contrast, marmoset pairs call antiphonally (14, 20),
but the time scale of these interactions is relatively
slow (3 to 5s) (4, 20, 21). In Alston’s singing mouse
(Scotinomys teguina), we find a robust and rapid
countersinging (~500 ms) that resembles the
subsecond latencies of both conditioned senso-
rimotor transformations in laboratory settings
(22) and the timing of vocal turn-taking evident
in human conversation (4). We employ a range
of techniques for manipulating neural dynamics
to pinpoint a motor cortical locus that works
hierarchically within the song production path-
way to enable precise vocal interactions between
conspecific pairs.

S. teguina is a small (~12 to 15 g), highly vocal
neotropical rodent native to the cloud forests
of Central America (23-26) and is related to the
genus Peromyscus and other New World ro-
dents. Their family (Cricetidae) includes voles
and hamsters and is in the same superfamily
(Muroidae) as house mice and the Norwegian
rat (27). Both male and female S. teguina produce
vocal sequences consisting of a series of discrete
frequency-modulated elements strung together,
with characteristics that change predictably as
the vocalization progresses (24) (Fig. 1, A to D,
and movie S1). Following the convention of pre-
vious studies (23, 25), we refer to each vocal
episode as a “song” and individual components
as “notes.” We visualize this trend by plotting the
duration of each note as a function of its onset
time within the song: The song trajectory plot
(Fig. 1D) provides a succinct representation of
this motor sequence. We found that trajectory
plots were highly stereotyped across renditions
from individuals recorded in acoustic isolation
(Fig. 1E). This degree of motor precision is re-

miniscent of vocalizations produced by a range
of evolutionarily distant species (28, 29) but
stands in stark contrast to the variable acoustic
structure of ultrasonic vocal sequences produced
by laboratory mice (18, 30, 31).

We next examined whether the acoustic char-
acteristics of S. teguina vocalizations are modu-
lated by social context, as observed in other taxa
(32). To investigate this, we staged a social en-
counter by relocating a male subject (a “recruit”)
into a testing room occupied for at least 1 week
by another male (a “resident”). The two mice were
held in adjacent chambers with acoustic but not
visual access to each other. In this configuration,
recruit males altered their singing in two ways.
First, recruits vocalized four times as often in the
social context [social (day 2): 20.4 + 4.8 songs/
hour; mean + SEM unless stated otherwise] as
in isolation [alone (day 1): 4.7 + 0.8 songs/hour,
alone (day 3): 4.4 = 0.7 songs/hour] (Fig. 1, E
and F). Second, the variability of song trajec-
tory plots increased significantly when recruits
could hear the resident mouse (Fig. 1E). Con-
sistent with this observation, we found that
song duration variability was higher in the so-
cial context [social (day 2): 2.7 + 0.3 s] than in
isolation [alone (day 1): 1.5 + 0.1 s, alone (day 3):
14 + 0.2 s] (Fig. 1G).

To examine the fine structure of vocal inter-
actions between male S. teguina, we simulta-
neously recorded the songs of both the resident
and recruit mice in the social condition. We
found extensive temporal coordination of sing-
ing behavior within vocal pairs (Fig. 2 and movie
S2). Whereas exchanges could be initiated by
either male, they typically ended with a recruit’s
song (Fig. 2, A to E). Surprisingly, this asym-
metry was observed across all recruit-resident
pairs (n = 8) and was preserved for the entire
~24-hour social session (89 + 10 interaction
bouts per pair) (Fig. 2, B and E). For the re-
mainder of this study, we restricted our anal-
ysis to the songs of the recruit mice to focus on
this sensory-evoked vocal response. By aligning
the interaction bouts to the songs of the resident
mouse, we found that the recruit mouse precisely
times his vocal onset to coincide with the end
of the resident’s songs (Fig. 2B, left). This obser-
vation was robust across all pairs (average re-
sponse latency = 0.81 + 0.18 s) (Fig. 2C; n = 8).
To estimate the amount of countersinging that
one would expect by chance given the amount
of singing observed in the social condition,
we shuffled the song times and quantified the
likelihood of such “spurious countersinging” to
be nearly an order of magnitude less (Response
probabilityp,, = 0.69 + 0.09, Response prob-
abilityshufrea = 0.07 £ 0.02, P < 0.01, Wilcoxon
signed rank test). The recruit’s response prob-
ability distributions were significantly sharper
when interaction bouts were aligned to the end
of the resident’s songs rather than the start
(jitterend,ahgned = 2.94 + 0.64 S, jitterstm_ahgned =
5.19 + 0.43 s, P < 0.05, Wilcoxon signed rank
test; fig. S1), suggesting that the recruit mouse
uses the end of the resident’s song as a sensory
trigger. Additionally, the recruit mouse often
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stopped vocalizing immediately after the resident
mouse started singing (Fig. 2B, right, and 2D).
Thus, recruit males were capable of actively
timing their vocalization onsets and offsets to
avoid acoustic overlap with the resident (Fig.
2E), giving rise to turn-taking dynamics similar
to those observed during human conversation
(4). Furthermore, the recruit’s response pre-
cision correlated with the degree of social en-
gagement, as quantified by countersinging
probability (Fig. 2F) and the increase in song
duration variability across social contexts (Fig.
2@), suggesting that active participation in an
orderly vocal exchange contributed to these
changes (Fig. 1). This result is consistent with
recent findings demonstrating that context can
influence the timing of vocal turn-taking in
other species (33, 34).

We next sought to explore the neural mech-
anisms contributing to countersinging. As a
first step, we characterized the biomechanics of
song production by examining the motor ele-
ments that make up a song. Singing resulted in a
rapid cycle of inhalation and exhalation (fig. S2),
a stark contrast from laboratory mice whose
vocalizations are strongly coupled to ongoing
sniffing activity (35). In singing mice, phonation
is coupled to exhalation and jaw movements;
electromyography (EMG) confirmed that indi-
vidual vocalizations were produced during the
exhalation phase and were preceded by robust
flexion of the jaw muscle (digastricus) (Fig. 3A).
The correlation between song production and
jaw movement—similar to that previously ob-
served in rats (36)—allowed us to use EMG ac-
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tivity to probe the relationship between specific
brain centers and song-related musculature. In
previous studies, stimulation of motor cortical
centers in primates resulted in vocal fold ad-
duction (37), suggesting a possible involvement
of the motor cortex in vocalization. We used
intracortical microstimulation (ICMS) over a
large portion of the anterior cortex to identify
areas leading to flexion of song-related muscu-
lature. The minimum current that reliably elicited
a fixed EMG activity threshold (Fig. 3, B and C,
and fig. S3) was used to define a functional
hotspot that maps to the anterolateral aspect of
the motor cortex (Fig. 3C, right), which corre-
sponds to the orofacial motor cortex in Mus
musculus (38). We therefore refer to this region
as the orofacial motor cortex (OMC).

‘What is the functional role, if any, of the OMC
on song production? Although OMC stimulation
can elicit electrical activity in song-relevant mus-
culature, this does not necessarily imply that the
OMC can influence song production. To address
this directly, we carried out a series of pertur-
bations during singing in the alone condition,
beginning with bilateral electrical stimulation of
the OMC. Strong stimulation resulted in song
truncation, whereas milder stimulation (200 to
500 uA) often produced brief pauses (range: 638
to 1448 ms), with songs resuming once stimula-
tion ended (Fig. 3D). The precise stereotypy of
alone S. teguina songs (Fig. 1E) provides an ideal
opportunity to distinguish between two possible
experimental outcomes. First, the song could
resume at the expected point in the sequence,
accounting for the time delay (outcome 1; Fig. 3E),

consistent with the hypothesis that the vocal
patterning is primarily driven by a pathway in-
dependent of the OMC. In nonhuman primates,
for example, there is a vocal motor stream that
begins in the cingulate cortex and acts via the
periaqueductal gray (39). An alternative outcome
of our experiment is that the song could resume
at the same point in the motor sequence where it
had paused (outcome 2; Fig. 3E), suggesting that
the pathway leading from the OMC to vocal mus-
culature is capable of sculpting the structure of
song. For every trial, we used the 10 notes pre-
ceding the perturbation to estimate the note dura-
tions that would be expected in an uninterrupted
song. We then compared the actual note dura-
tion with these predicted values and found that
song typically resumes at the same point in the
sequence where it had paused (Fig. 3F, outcome 2).
Across the population, note durations after song
resumption were significantly more similar to
outcome 2 than outcome 1in 58 out of 61 trials
across four animals (Fig. 3G). These results re-
fute the hypothesis that an OMC-independent
pathway shapes song patterning in S. teguina.
Although our stimulation results function-
ally connect the OMC to the behavioral output,
they do not elucidate the nature of this inter-
action. Previous reports suggest that most mam-
malian vocal communication does not involve
the motor cortex and that subcortical structures
are sufficient for this behavior (39, 40). To isolate
the contributions of local neuronal dynamics in
the OMC from those of downstream structures,
we used mild focal cooling of the OMC during
song production. Manipulating neural circuits
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Fig. 1. Social context modulates vocalizations in S. teguina. (A) An
adult S. teguina in its natural habitat. (B) Spectrograms of three example
notes from one individual. Frequency range: O to 125 kHz. (C) Spectrogram
of a full S. teguina advertisement song. The colored arrows denote the
onset time of the three corresponding notes from (B). (D) Trajectory plot
in which individual note durations are displayed as a function of their
onset times in the song, with colored circles indicating notes from (B).
(E) Trajectories from one male S. teguina in different social contexts (n =

15 songs per condition). The vocal stereotypy exhibited during isolated singing
(top and bottom) is significantly altered during social interaction (middle).
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Note onset time (s)

Individual dots represent the duration of each displayed song, and the
histogram quantifies the durations for all songs produced in a given
context (day 1 alone: n = 57 songs; day 2 social: n = 388 songs;

day 3 alone: n = 50 songs). The red line is the same trajectory plotted in
(D). (Fand G) The number of songs per hour (F) and the song duration
variability (G), defined as the standard deviation of the song duration
distributions, significantly increase during the social context (n =

8 animals). Red lines represent the example mouse from (E). Asterisks
indicate a significant difference between conditions (*P < 0.01, Wilcoxon
signed rank test; n.s., not significant).
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with temperature has emerged as a useful ex-
perimental tool for maintaining behaviorally
relevant activity while selectively slowing these
dynamics (41-45). We predict three possible
outcomes of this manipulation. If song timing is
exclusively governed by subcortical structures, as
expected in standard rodent models (35), then
the control and cooled song trajectories should
completely overlap (Fig. 3H, model 1). Alternately,
if OMC dynamics exclusively dictate the temporal
structure of song, then cooling should lead to the
dilation of vocal behavior on all time scales (i.e.,
note duration and song length) (Fig. 3H, model 2),
as evident in both birdsong (47) and human
speech (42). If motor control of the song is shared
between the OMC and subcortical regions, then
cooling may alter some temporal properties while
preserving others (Fig. 3H, model 3). One pos-
sibility is that cooling may change the slope of
the song trajectory, a parameter we observe to
be socially modulated (Fig. 1). To test these mod-
els, we used a custom-built Peltier device ca-
pable of rapidly and reversibly cooling the OMC
(fig. S4). Cooling strongly affected song timing
by monotonically increasing the overall song
duration (Fig. 3I). In contrast, cooling did not
affect running speed (fig. S5), a behavior un-
likely to require substantial cortical involvement
(46, 47). OMC cooling resulted in a shallower
song trajectory that took longer to unfold (Fig. 3,
Ito K; n = 10 animals). We found that cool-
ing decreases the slope of the song trajectory
(Slopecontrol = 0.013 + 0.001; Slopecooling = 0.009 +
0.001, P < 0.002, Wilcoxon signed rank test) as
well as the time for the song trajectory to sur-
pass an arbitrary threshold (Thresholdcontror =
4.23 + 0.16 s; Thresholdcooling = 4.88 £ 0.2 s,
P < 0.002, Wilcoxon signed rank test). These
changes demonstrate that the OMC contributes
significantly to song patterning, thereby ruling
out model 1 (Fig. 3H). In addition, a closer ex-
amination of song acoustic structure revealed
that the distribution of individual note dura-
tions did not change with cooling (Length oo =
68.1 = 1.5 ms; Length.ogling = 67.8 £ 1.5 ms, P =
0.92, Wilcoxon signed rank test), which is in-
consistent with the model that the OMC solely
determines all aspects of song timing (Fig. 3H,
model 2). Instead, we find that the OMC shapes
song progression without influencing the struc-
ture of individual notes. Neither the starting
nor the ending note durations change as the
result of cooling, but it takes longer for this
progression to occur, which is accomplished
by increasing the total number of notes produced
(Note number onrol = 44.9; Note numberogling =
48.9, P < 0.01, Wilcoxon signed rank test).
Therefore, these data suggest a hierarchy of
motor timing control (Fig. 3H, model 3), with
the OMC being capable of exerting moment-
by-moment control over the pacing of a sub-
cortically generated song sequence.

In our initial experiments, we observed that
social interaction profoundly changed song pro-
gression (Fig. 1E) and that this song variability
was driven by the degree of social engagement
during vocal interactions (Fig. 2, F and G). Our
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Fig. 2. Temporal coordination of vocal interactions between conspecific males. (A) One hour of
continuous audio recordings from two interacting males. Two typical interactions are shown in detail: one
initiated by resident mouse (black) and another by a recruit (red). (B) All vocal interactions (n = 101
interactions for this example pair) over a 24-hour period aligned to either the end (left) or the beginning
(right) of the resident’s songs. The corresponding start and stop probability distributions for the recruit's
song are plotted below. (C) Summary of mean start latencies across all pairs (n = 8). For each, the circle
represents the mean latency of the recruit mouse's song with respect to the offset of the resident’s
song, with horizontal line indicating song initiation jitter (full-width at half maximum of the probability
distribution). (D) Mean stop latencies across all pairs with respect to onset of the resident’s song.

(E) Probability of song occurrence at any given time point aligned to the end of the resident mouse’s
song for the pair featured in (A) (top) as well as for all pairs (bottom), showing active avoidance of song
overlap between conspecifics. In the bottom plot, dashed lines represent the SEM. (F and G) Song
initiation jitter is negatively correlated with countersinging probability (F) (Pearson’s correlation, r =
-0.78, P < 0.05) as well as the degree of song duration variability change from the alone condition (G)
(Pearson’s correlation, r = =0.79, P < 0.05). Each dot represents the behavior of a single recruit mouse.
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stimulation and cooling studies suggest that the
OMC is well positioned to contribute to such
social coordination by altering song structure.
Therefore, we proceeded to test this prediction
by reversibly inhibiting the OMC with muscimol

Fig. 3. Hierarchical control A

I

(a GABA, agonist). Preliminary injections of a
high muscimol dose (100 mM, 100 nl) in the
motor cortex led to gross movement abnormalities
as well as the complete abolishment of singing
behavior for an extended period of time (>4 hours).

Such nonspecific motor deficits were not evident
when we lowered this concentration to 10 mM
(100 nl), a common dosage (46, 48, 49). Each
animal was tested for both experimental con-
ditions: muscimol (OMC inactivation) and saline
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OMC and subcortical structures share this control (right). (I) Spectrograms
and trajectories of example songs during baseline and cooling sessions.
Cooling of the OMC lengthens song durations by decreasing the rate of
change of note duration (slope) during song. (J and K) Summary for all
songs during the control (n = 27 songs) and cooling periods (=3°C: n =

10 songs, —=6°C: n = 32 songs) for mouse C4 (J), as well as the mean £ SEM
values of the entire population (K) (n = 10 animals). Arrows in (J) denote
the mean values of each distribution. Cooling resulted in a decrease in the
slope of the song trajectory (left) and an increase in the time needed to
reach a threshold note length of 75 ms (middle) without changing the
duration of individual notes (right). Asterisks indicate a significant
difference between conditions (*P < 0.01, Wilcoxon signed rank test).
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(control; n = 6 mice) (Fig. 4, A and B). In both
conditions, we found that five of six individuals
produced spontaneous songs and that the rate
of spontaneous singing was not significantly
influenced by this manipulation [Fig. 4C (bar
graphs); control, 4.1 + 1.51 songs/hour; mus-
cimol, 2.1 + 1.2 songs/hour, P = 0.31, Wilcoxon
signed rank test].

We next used playback to evaluate whether
the OMC mediated social influences on singing
behavior. In control (saline-injected) animals,
song playback led to an increase in the amount
of singing as well as song duration variability,
as expected in a social countersinging context
(Fig. 4, C and G; P < 0.05, Kruskal-Wallis test).
In contrast, muscimol-injected animals did not
sing more songs in response to playback (Fig. 4,
C and G; P = 0.81, Kruskal-Wallis test), suggest-
ing that the OMC affects context-dependent
modulation of song rate, a phenomenon we
have observed during natural social encounters
(Fig. 1F). Similarly, the probability of eliciting
a countersinging response was significantly
greater in the control condition than in the OMC-
inactivated condition for each mouse (Fig. 4, C
to E; P < 0.05, binomial test) as well as across
the population (Fig. 4F; n = 5, saline: 0.59 + 0.13;
muscimol: 0.09 + 0.05; P < 0.05, one-sided Wil-
coxon signed rank test). Using a permutation
test, we found that this difference in response
probability could not be explained by our ob-
served changes in song rate across conditions
(fig. S6). Moreover, in cases where residual sing-
ing behavior remained after muscimol injection
to the OMC (Fig. 4C), we observed an increase in
mean response latency of 2.2 + 0.9 s relative to
that of saline-injected controls (Fig. 4, D and E;
P < 0.05, Wilcoxon rank sum test). These data
demonstrate that the OMC is critical for rapid
vocal responses to playback; such responses
must be driven by sensorimotor coupling rather
than by more general changes in motivation.

In this study, we examined vocal interactions
between pairs of S. teguina to test a range of
hypotheses concerning the neural mechanisms
underlying complex sensorimotor interactions.
Using four complementary lines of evidence
(intracortical microstimulation, stimulation-
induced vocal arrest, focal cooling, and phar-
macological inactivation), we define a region
of the motor cortex (the OMC) that influences
vocalization and mediates rapid vocal interac-
tions. Whereas previous studies have used im-
mediate early genes or electrophysiological
approaches to suggest cortical involvement in
nonhuman primate communication (50-54), our
study represents the first direct demonstration of
cortical dependence of precise vocal interactions
in a mammal. Specifically, we have shown that the
motor cortex is required for adaptive counter-
singing but not for song production itself. Addi-
tionally, our cooling results demonstrate that the
motor cortex is capable of dynamically adjust-
ing the pacing and duration of song sequences,
consistent with the changes in these same pa-
rameters during social interactions. This finding
provides evidence for recent proposals that the
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Fig. 4. The OMC is required for countersinging. (A) Countersinging response to audio playback
of a conspecific male song. (B) Design of experimental paradigm. (C) Song raster plot of all trials

with either saline (top) or muscimol (bottom); each row denotes a different session. Ticks
represent playback from a loudspeaker, and colored dots represent S. teguina songs. Bar plots
indicate the total number of spontaneous songs per hour during the pretesting (nonsocial)
period for each animal. (D and E) Compared with saline (control) injections, dosing with

muscimol eliminates a precise countersinging response [top and middle: mouse M29; bottom:

entire population (n = 5 mice, mean £ SEM)]. Mouse M28 was excluded because he did not

countersing in either condition. (F) Countersinging response probability significantly decreases
with muscimol treatment compared with saline dosing (*P < 0.05 for each animal, n = 5 mice,
binomial test). Dashed lines represent cases where the muscimol session preceded the saline

session. (G) In saline-injected animals, the total number of songs per hour significantly increases

during the playback period compared with the pretesting alone period (*P < 0.05, n = 6 mice,
Kruskal-Wallis test) and the playback period after muscimol inactivation (¥*P < 0.05, n = 6 mice,
Kruskal-Wallis test). This increase of song rate during the playback condition was absent upon
OMC inactivation with muscimol (P = 0.8068, n = 6 mice, Kruskal-Wallis test). Gray circles

represent individual animals; black circles denote mean and SEM. (H) Song durations during the

playback period are significantly higher for saline-dosed mice compared with muscimol-injected

animals (saline: 8.55 * 0.25 s; muscimol: 5.1 £ 0.41 s, *P < 0.00001, Wilcoxon rank sum test).
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motor cortex informs subcortical structures to
appropriately respond to unexpected sensory
stimuli (47, 55) and is consistent with the idea
that cortical control may be required for voli-
tional vocal production in primates (56). In
S. teguina, this executive role of the motor cortex
may be bolstered by integrating information
from other regions, potentially related to factors
such as past history and social status. Future
studies in which neural activity is monitored
during countersinging will help to further refine
our understanding of OMC’s contribution to this
behavior.

The hierarchical control mechanism that ap-
pears to underlie countersinging in S. teguina
features functionally distinct regions responsible
for vocal production and coordination. By segre-
gating the vocal motor pathway from cortical con-
trol, the structure of the individual notes remains
tightly constrained, thus conveying context-
invariant information, perhaps related to individ-
ual identity (57). A similar organizing principle
appears in other taxa as well (6, 58, 59). For in-
stance, cricket stridulation is controlled by a
command neuron upstream from central pattern
generators (60). In songbirds, specific pallial re-
gions are necessary for precise vocal timing of
innate calls that are likely to originate subcorti-
cally (61). These examples of hierarchical control
across the animal kingdom suggest a common
algorithm that may mediate a wide variety of
social interactions.

There has been a recent emphasis on under-
standing brain function through the lens of com-
plex, ethologically relevant behaviors (62, 63).
Here we present S. teguina as a new rodent
model for investigating neural mechanisms
underlying vocal communication with a socially
modulated, tractable, and cortically dependent
behavior. Moreover, countersinging itself can
be temporally segregated into distinct sensory
and motor epochs (Fig. 2 and movie S2). Such
segregation offers an enormous experimental
advantage by recapitulating the organization
of task structure typically engineered into stan-
dard laboratory sensorimotor paradigms (7-3)
and will allow for the incorporation, testing,
and extension of existing hypotheses for anal-
ogous brain regions.
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Materials and Methods
Animals

All procedures were conducted in accordance with protocols approved by the Institutional Animal
Care and Use Committee of NYU Langone Medical Center. Animals used in the study were adult
(> 3 months) male laboratory-reared offspring of wild-captured Scotinomys teguina from La
Carpintera and San Gerardo de Dota, Costa Rica (23). Mice were maintained at 22 + 3 °C with a
12:12 L:D cycle.

Behavioral recording

S. teguina were housed in individual recording chambers (Med Associates) lined with sound
insulation foam (Soundproof Cow). Vocalizations were recorded using condenser microphone
(Avisoft Bioacoustics CM16/CMPA) sampling at 250 kHz (digitized with Avisoft UltraSoundGate
116Hb) that were placed within home cages. In the ‘social’ condition, a ‘recruit mouse’ was
transferred to nearby acoustic chamber with auditory (but not visual) access to a conspecific male
(‘resident mouse”’). To precisely align the singing behavior of both individuals, each audio stream
was additionally recorded continuously into a separate digital signal processor (RX8, PO5e:2150
PC interface card, Tucker-Davis Technologies) at 100 KHz. In some cases, we replaced the
‘resident” mouse with song playback through an ultrasonic tweeter (Vifa). For these playback
experiments, two male conspecific songs were used 10 times each with random intertrial intervals.
To avoid adaptation, playback sessions were separated by at least four days.

To obtain noninvasive measurements of respiratory flow and tidal volumes during song and normal
breathing patterns, we placed mice in a whole-body plethysmograph chamber. Respiratory flow
was collected via a digital pressure transducer (Emka) and song was collected using an ultrasonic
microphone (Avisoft) placed along the wall of the plethysmograph chamber. Respiratory flow and
song data were acquired simultaneously and digitized using a high-speed digital acquisition card
(National Instruments). In separate experiments, we monitored running speed by affixing a
Cadmium-Sulfide photoresistor (RadioShack) within a running wheel (Innovive) that contained
an opaque position marker at the rim of the wheel. The frequency of wheel revolutions was used
to calculate instantaneous speed using an estimate of elapsed linear running distance over time.

Song analysis

We analyzed song structure using custom software (MATLAB). We first smoothed the sound
waveform with a 4 ms sliding window. We then sought to identify individual notes, which typically
exhibited an absolute intensity threshold corresponding to 25-40 dB below the mouse’s loudest
note. Exact note start and stop times were calculated based on the maximum intensity of each note,
such that onsets and offsets were first and last crossings of 1% (20 dB quieter) of each note’s
maximum intensity. Note duration was calculated as the difference between the offset and the
onset for each note. For each song, a song trajectory plot was generated in which the duration of
each note of the song was as a function of its onset time. The slope of the song trajectory, calculated
by fitting a linear regression line between 2 and 6 s, quantifies the rate at which note durations
increase per unit time. VVocalizations shorter than 2 s were not considered as songs and a pause
greater than 0.5 s (much longer than the typical inter-note durations) indicated the start of a new
song. For social interaction and playback experiments, song onsets and offsets were determined
using a fixed threshold after band-pass filtering (15-40 kHz) the temporally aligned audio streams.

Surgery



For all surgical procedures, mice were anesthetized with 1-2% isoflurane in oxygen and placed in
a stereotaxic apparatus. Two primary devices were implanted in the brain bilaterally as part of
these studies: (1) Teflon-coated .002” stainless steel bipolar (400-600 pum separation) stimulating
electrodes (California Fine Wire) whose tips were positioned at a depth of 800 um or (2) Peltier
devices (Custom Thermoelectric) similar to those previously used for focal surface cooling (36).
Devices were centered on the location of the vocal motor cortex (VMC), as determined by
intracranial microstimulation (Fig. 3C). A waterproof silicone elastomer (Kwikcast, WPI) was
used to seal the craniotomy, and all devices were secured to the skull with dental acrylic and
Metabond cement (Parkell). Mice were treated with subcutaneous (Baytril) and topical
(Neosporin) antibiotics before being released into their home cages. Manipulations were carried
out once singing rates returned to presurgical levels. For the VMC inactivation experiments, 50
nL of either saline or muscimol (1 mg/ml, Sigma) was injected to VMC with a glass pipette (20-
30 um tip diameter) at depths of 400 um and 700 pm each using an oil-based injection system
(Nanoject Il, Drummond Scientific, 2.5 nL/cycle, 20 cycles, 8 second interval). Mice were allowed
to recover in their home-cages for 1-1.5 hours (pre-testing) before being tested in the
countersinging paradigm with audio playback.

For electromyography (EMG) recordings, mice were rotated into a supine position, and an incision
was made into the skin above the throat. Skin and fascia were retracted to expose the digastricus
muscle bilaterally. EMG recordings were conducted using coated seven-stranded .003” stainless
steel wire (A-M Systems) placed in the digastricus muscle. The distal 2-4 mm of each wire was
stripped of insulation, folded over, and embedded into the muscle as a flat hook where it was held
securely in the muscle using a light layer of VetBond restricted to the muscle insertion point, which
was then covered with a waterproof silicone elastomer (Kwikcast, WPI) and secured with sutures.
Each EMG recording was obtained as a differential signal between the two wires. For experiments
that tracked EMG during song, EMG wires were routed through the fascia between the skin and
muscles of the cheek, terminating on a microelectronics connector (Omnetics) affixed to the back
of the skull via dental acrylic and Metabond cement (Parkell).

For the intracortical microstimulation experiments, mice were initially anesthetized with
isoflurane during the implantation of the EMG recording electrodes and the preparation of the
craniotomy and then transferred to ketamine-xylazine (100 mg/kg ketamine, 15 mg/kg xylazine).
We used a custom bipolar concentric stimulating electrode fabricated by threading 50 um insulated
stainless steel wire (California Fine Wire) through a 10 pL Nanofil syringe with a 34-gauge
beveled tip (WPI). Stimulation sites were located along a grid with either 250 or 500 um spacing,
and sites were evaluated serially along the medial-lateral axis. Occasional deviations from this grid
pattern were necessary to avoid large blood vessels. For each site, stimulus trains were delivered
800 um below the pial surface using an isolated pulse stimulator (A-M Systems). Stimulus trains
consisted of four 200 ps long biphasic pulses, delivered 2.5 ms apart. EMG responses were
sampled at 40 kHz (National Instruments) following stimulation at a range of amplitudes (10-100
WA, 10 pA steps). Threshold responses were defined as the lowest current at which the standard
deviation of the muscle response (2.5 to 35 ms following the stimulus train) was 50% greater than
baseline (2.5 to 12.5 ms preceding stimulation) (e.g., Fig. 3B and S3).

Definitions and Statistics

Countersinging probability (Fig 2F) was defined as the ratio of the number of bouts in which the
‘recruit” sang within 60 s of the ‘resident” mouse’s song ending to the total number of times the
‘resident’ sang. This quantifies the degree of engagement for a ‘recruit’” mouse to participate in

3



coordinated vocalizations with the ‘resident’ mouse. For each ‘recruit’, the peak (modal value) and
the full-width at half maximum of the start or stop probability distributions (Fig. 2B) were defined
as the latency and the jitter respectively. Mean latency was calculated as the average across all
‘recruits’ (n = 8). For each ‘recruit’” mouse during ‘alone’ and ‘social’ sessions, song duration
variability was calculated as the standard deviation of all the song durations produced in that
session. Song duration variability change (Fig. 2G) was calculated as the percentage change in
song duration variability between the ‘social’ and the ‘alone’ conditions, with a large value
indicating a greater degree of social modulation. Response probability (e.g., Fig. 4F) for each
session was defined as the proportion of playback trials in which the ‘recruit’” mice sang in the
interval occurring after the onset of playback song and within 5 s of its end. The likelihood of
‘spurious countersinging’ for each recruit mouse given the average number of songs per hour alone
was estimated by —

* M
3600

where, @ is the time-interval over which response probability is calculated (in seconds, see above)
and M being the number of recruit songs/hour (Fig. 1F).

Chance Response Probability =

Normality of underlying distributions was not assumed and hence non-parametric hypothesis tests
were used throughout the manuscript. Wilcoxon signed rank tests were performed when comparing
data from each animal across two conditions (e.g., control vs cooling). Wilcoxon rank sum tests
were used when data were pooled across animals before comparisons were performed. A Kruskal-
Wallis test was performed when comparisons were made across more than two conditions (e.g.,
Fig. 4G). Since responses to playback stimuli (Fig. 4C-F) is a categorical variable that could either
be true or false, for each mouse, we calculated how likely it was to observe the ‘muscimol’
response probability given the ‘saline’ responses using a binomial test. We used a permutation test
to estimate the expected probability of countersinging by chance given the total number of songs
in each session. To do so, the playback timepoints were randomly shuffled to generate 20000 mock
playback sessions (20 songs/session). The shuffled response probability was calculated across the
mock playback sessions while keeping the experimentally measured song numbers and timepoints
fixed (Fig. S6A)To account for the difference between the spontaneous (pre-testing epoch) singing
rates between saline and muscimol conditions, the total number of songs in the saline playback
condition was downsampled by 52% (ratio of spontaneous singing rates during muscimol
compared to saline). As before, the shuffled response probability distribution was calculated by
bootstrapping (n = 10,000, Fig. S6B) and p-values were calculated with respect to these shuffled
response probability distributions. All data in this study are presented as mean £ SEM unless
otherwise indicated.

Song Perturbation: Electrical Stimulation

During VMC stimulation experiments, mice were tethered but allowed to roam freely about the
cage. The chamber was small enough to ensure that mice were never more than 30 cm from the
microphone. Stimulation (biphasic, 200 us duration, 5-20 pulses at 25 Hz, 25 to 900 pA) was
administered using an isolated pulse stimulator (A-M Systems) triggered by song. Changes to song
were classified as either Pauses, defined as the cessation of singing for the duration of at least one
note, or Truncations, defined as cases in which song production halted for at least 5 seconds, such
that any resumption in song was considered an independent song attempt.



To analyze the effect of electrical stimulation of the VMC on singing behavior, we examined song
trajectory plots. The 10 notes produced before stimulation were used to fit a linear pre-stimulus
song trend (e.g., Fig. 3E-G). Because song occasionally resumed with quiet and sometimes
intermittent short notes, song was deemed to have continued when notes as loud as the quietest
pre-stimulus trend note were produced. Using this criterion, the first 10 notes following stimulation
were used to fit a post-stimulus song trend. Only songs in which the point of continuation fell at
least 400 ms after the beginning of stimulation were analyzed. Changes in note length between the
time of stimulation and official resumption were noted and compared to an extrapolated song trend
line made by averaging pre- and post-stimulus song trend lines for individual songs.

Song Perturbation: Cooling

During the course of cooling experiments, a DC power supply (Kepco) was connected to the mouse
via a wire tether. Current steps were applied continuously, usually for 20-60 minute periods. We
excluded from our analysis any songs recorded during the initial 5 minutes of every cooling trial
in which the temperature was asymptotically approaching a steady value. For each animal, the
degree of cooling was intentionally varied in a pseudorandom order to limit interactions across
trials. A water-based heat sink capable of maintaining a flow rate of 10 mL/min was used to keep
the Peltier device at a consistent temperature. We calibrated the extent of cooling with a miniature
thermocouple (Custom Thermoelectric) placed ~1 mm below the implanted cooling probe in
isoflurane anesthetized mice. As before, we quantified slope by fitting a linear regression line to
relatively linear portion of the song trajectory plots (2 — 6 s). Cooling-related changes in note
number were also quantified within this time epoch. Time to threshold was defined as the elapsed
time in seconds between the start of the song to the beginning of the first note longer than 75 ms.
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fig. S1. Determining the stimulus trigger for the recruit's song onset. (A) All vocal interactions
(n = 101) for a single pair of S. teguina throughout a 24-hour period aligned to the beginning of
resident’s songs. An equivalent plot aligned to the end of the resident’s songs is provided elsewhere
(Figure 2B, left). The corresponding song onset probability distributions are plotted underneath.
(B) Song initiation jitter of the recruit mouse is significantly smaller when aligned to the end of
resident’s song rather than the beginning (n = 8, p < 0.05, Wilcoxon signed rank test).
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fig. S2. Relationship between respiratory rhythm and song production. (A) Song waveform
(top, black) shown with simultaneous plethysmograph recording (bottom, green). Upward
deflections represent exhalation. During song, the basal respiratory rate increases considerably,
matching note production. (B) An expanded view of the region highlighted in dotted box in A. The
pattern of high-frequency oscillation between exhalation (notes) and inhalation (mini-breaths) is
clearly visible, with each note produced during the exhalation phase of the respiratory rhythm.
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fig. S3. A full intracortical microstimulation (ICMS) map of frontal cortex for one example
animal. (A) Example EMG responses (digastricus muscle) as a function of stimulation current
from four different cortical locations in one S. teguina. The dashed line indicates the minimum
current (current threshold) required to elicit a significant EMG response defined as a response 50%
greater than baseline (see Materials and Methods). (B) All sampled areas for one individual were
represented by colored circles overlaid at the appropriate location on a background of a S. teguina
brain image. The color bar indicates the current threshold needed to achieve a significant EMG
response. Sites where no responses were triggered are plotted in white circles. Example traces from
A are indicated by colored squares surrounding the corresponding location.
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fig S4. Peltier cooling device. (A) Cooling device composed of Peltier elements, a copper heat
sink with hosing to circulate water, and a microconnector (pictured attached to tether) that
interfaces with the surface of the brain via a bioinert platinum sheet (long axis: 4 mm). (B) Cooling
probe performance calibrated within the cortex of an anesthetized mouse. The calibration curve
shows the amount of cooling achieved as a function of delivered current.
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fig S5. Cooling motor cortex does not affect running speed. (A) Histogram of running speed of
an example S. teguina during control and cooling sessions. (B) Across the population of animals
tested (n = 8), there was no significant difference between the average running speed during
cooling of the motor cortex (control: 541.4 + 34.0 mm/s; cooled: 514.0 + 33.2 mm/s, p = 0.46,
Wilcoxon rank sum test). The red line denotes the exemplar mouse from panel A.
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fig S6. Song rates alone cannot quantitatively account for the measured response
probabilities in both saline and muscimol conditions. (A) For each animal, the playback song
times were randomly shuffled (bootstrapping, n = 10,000) to generate the expected response
probability distributions (dashed line) given the amount of singing in the ‘saline’ playback
sessions. The observed response probabilities (red arrows) were significantly higher than this null
distribution, rejecting the hypothesis that increased song rates during control playback sessions
could simply explain the high degree of sensorimotor coupling we observed. (B) To account for a
reduction in spontaneous song rates after muscimol injection, we downsampled the total number
of songs during the control playback sessions to match the amount of singing in the muscimol case
and again generated the expected response probability distributions (dashed lines). For each
animal, the observed response probability after muscimol inactivation (blue arrows) was
significantly lower than expected by chance. p-values are indicated on the panel.
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Supplementary Movie Legends:

Movie S1. Spontaneous song of a male S. teguina mouse. Video recording of an adult male S.
teguina in acoustic isolation spontaneously singing an advertisement song. The characteristic
posture and the jaw movements accompanying each note can be observed, especially for longer
notes towards the end of the song.

Movie S2. A male S. teguina mouse engaged in countersinging. Playback of a conspecific song
from outside the homecage (the first and fainter song) elicits an advertisement song from a male
S. teguina.
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