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NEUROSCIENCE

Cortical circuits modulate mouse social vocalizations

Benjamin Gan-Or and Michael London*

Vocalizations provide a means of communication with high fidelity and information rate for many species. Di-
encephalon and brainstem neural circuits have been shown to control mouse vocal production; however, the
role of cortical circuits in this process is debatable. Using electrical and optogenetic stimulation, we identified a
cortical region in the anterior cingulate cortex in which stimulation elicits ultrasonic vocalizations. Moreover,
fiber photometry showed an increase in Ca** dynamics preceding vocal initiation, whereas optogenetic sup-
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pression in this cortical area caused mice to emit fewer vocalizations. Last, electrophysiological recordings in-
dicated a differential increase in neural activity in response to female social exposure dependent on vocal
output. Together, these results indicate that the cortex is a key node in the neuronal circuits controlling

vocal behavior in mice.

INTRODUCTION

Humans and a wide variety of animals use the vocal production of
sound to facilitate a high-throughput and high-fidelity means of
communication that does not require visual or physical contact.
Mice emit ultrasonic vocalizations (USVs) in various contexts (I—
4) with one prominent instance being during courtship behavior, in
which mice emit simple and complex USVs (5-7) (movie S1). Most
of the evidence indicates that laboratory mouse USV emission is an
innate behavior with little or no role for learning (8-10). Neural
mechanisms in the subcortical forebrain and midbrain that directly
control USV behavior were recently illuminated. It has been shown
that neurons in the preoptic area (POA), periaqueductal gray
(PAG), nucleus ambiguus, and nucleus solitary tract are necessary
and sufficient for USV emission and their modulation controls spe-
cific USV properties such as bout length or syllable amplitude (11—
16). Naturally emitted USV bouts show a substantial level of com-
plexity (11-13, 17-19). At present, it is unclear whether POA- and
PAG-induced USV bouts show the same degree of complexity.
Other neural circuits, specifically cortical circuits and their projec-
tions, may contribute to the complexity of this behavior.

While in mammals such as humans, monkeys, and bats, there are
cortical circuits dedicated to vocalization (20, 21), the involvement
of the cortex in the production and control of USVs in mice is
subject to debate. Arriaga et al. (22) reported a direct projection
from the primary motor cortex to laryngeal motoneurons. They
also found that lesioning M1 subtly modulates the frequency com-
ponent of USV repertoire but does not affect syllable composition
or amplitude. In wild neotropical singing mice, the cortex was re-
quired to maintain their natural vocal turn-taking behavior (23). In
sharp contrast, using genetic ablation of the entire population of ex-
citatory neurons in the cerebral cortex, Hammerschmidt et al. (24)
have shown that the cortex is not necessary for USV production in
mice and that these mice lacking cortex from birth produce USVs
indistinguishable from control mice. However, later analysis of
these identical data showed that artificial deep neural networks
could be trained to distinguish control mouse USVs from those
emitted by mice lacking cortex (25). Studies in mammals
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demonstrating the involvement of cortical circuits in vocalizations
point to the anterior cingulate cortex (ACC) as a key cortical area.
For example, intracortical electrical microstimulation (ICMS) of the
ACC evokes vocalization in several mammals including rats, bats,
guinea pigs, squirrel monkeys, macaques, and humans (26-31).
Mice have a homolog of some regions of the human ACC (32);
however, no study examined the ACC in relation to mouse USVs.
Furthermore, to our knowledge, no study has examined functional
cortical neural activity in the mouse during USV production.

The evidence reviewed so far sets specific expectations for a pos-
sible role for cortical circuits in controlling USV emission. The suf-
ficiency of subcortical circuits in USV production combined with
the strong inhibition involved in this process indicates that a candi-
date cortical circuit is likely to play a modulatory role in the behav-
ior. Hence, it is not anticipated that manipulating cortical circuits
will robustly initiate or abolish USV's in comparison to manipulat-
ing subcortical circuits. Rather, cortical activity is expected to
change in certain aspects before and in accordance with USV
production.

To address this question of a cortical role in mouse USV produc-
tion, we have performed ICMS, optogenetic stimulation, fiber-pho-
tometry recordings, and optogenetic silencing of ACC. To further
elucidate the neural activity correlate, we used electrophysiology in
this region in vocalizing head-restrained mice to determine the spe-
cific cortical activity preceding USV production. We conclude that a
subregion of the mouse ACC is involved in the modulation of USV
behavior during courtship.

RESULTS

Intracortical microstimulation in ACC triggers USV

In view of the seemingly contradictory evidence for the involvement
of the cortex in the control of USVs in mice (8, 24), we have tested
whether electrical activation of the mouse’s cortex can trigger USVs.
Previous studies have demonstrated that ICMS in the cortex of
various other mammals triggers vocalization (23, 26, 29, 33).
Using ICMS, we performed a systematic mapping of the motor
and premotor areas to determine whether USVs can be induced
in male mice. Male mice only emit USVs while awake; therefore,
a systematic large-scale mapping of possible vocal nodes requires
head restraint. Male mice naive to female exposure were habituated
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to head restraint (Fig. 1A and movie S2). To prevent any hint of
female scent in the ICMS experiments, we never exposed mice to
females on the head-restraint apparatus and never brought
females into the rig throughout the habituation procedure
(Fig. 1B). No mice produced any detectable spontaneous USVs
while head restrained [n = 23 mice, total recording time = 61
hours; see also (34)]. This complete absence of spontaneous USVs
provided an ideal setting to test for USVs triggered by ICMS.

We then performed penetrations over the cortical area at various
depths at each location (advancing in vertical steps of 50 um). Fol-
lowing the work of Graziano et al. (35) in which long-duration
ICMS resulted in complex naturalistic movements in monkeys, we
have used at each location both short- and long-duration stimula-
tion trains (short, 50 ms; long, 200 to 500 ms; Materials and
Methods). In five mice, short- and long-duration ICMS in the
primary motor cortex (M1) and secondary motor cortex (M2) pro-
duced a large variety of simple (twitches) and complex movements;
see also (36)] but have not resulted in any USV production (# USVs
= 0, 1148 penetrations, 11,203 stimulations). In addition, we have
stimulated at the coordinates reported in a previous report (8)
within M1 but failed to induce USVs. Then, we set out to test
ICMS in the cingulate cortex (ACC) (37), and in sharp contrast,
at a clustered location in the anterior ventral ACC, long-duration
ICMS evoked USVs (bregma: 700 + 100 pm medial, 800 + 300
pm anterior, 1500 + 300—um depth; Fig. 1E). An example of an in-
dividual USV and several USVs in succession following a 500-ms-
long ICMS is depicted in Fig. 1C and movie S3. These vocalizations
were in the ultrasonic range and did not represent stress-related
sonic vocalizations (38). An overlay of all ICMS-induced USVs in
successful stimulation sites across all mice is shown in Fig. 1C (total
ICMS sites = 1974, successful sites = 12, number of triggered USV's
= 29, n = 8 mice). Only long-duration stimulations resulted in
USVs, while short-duration ICMS at the same locations did not
induce USVs. Long-duration ICMS-induced USVs had an average
frequency of 81 kHz and varied in duration (see full statistics in table
S1). USVs were only triggered by long-duration ICMS with relative-
ly long latencies to USV emission (average latency to first USV: 1.5 +
0.7 s, N = 8; Fig. 1D), suggesting a complex involvement of ACC in
USV production. This response latency is in agreement with ICMS-
induced USVs in the ACC of monkeys and rats (26, 39). In conclu-
sion, we have identified a location within the ACC of male mice
where long-duration ICMS evokes the initiation of USVs, albeit
with a low success rate and long latency.

Bilateral optogenetic stimulation of pyramidal neurons in
ACC elicits sequences of USVs

ICMS invoked short sequences of syllables, nonrobustly and with
low spatial specificity. Moreover, ICMS-induced USVs could
result from stimulation of passing axons rather than ACC
neurons (40). Therefore, we have tested whether optogenetic activa-
tion of neurons in the same location in ACC triggers USVs. In the
PAG and other subcortical structures, optogenetic stimulation reli-
ably evoked vocalizations (11-13). We expressed Cre-dependent
ChR2 in mouse calcium- and calmodulin-dependent protein
kinase II-positive (CamkII-positive) neurons bilaterally in the
ACC and implanted optical fibers above the injection point [diam-
eter = 200 um, numerical aperture (NA) = 0.22] in the coordinates
specified above. Two weeks after injection, we used light stimulation
(trains of 10-ms pulses at 10 Hz for 10 s at laser intensity 1.5 to 3
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mW/mm?®) while mice were exploring a clean cage. Bilateral stimu-
lation elicited full USV sequences (example post-stimulus vocal be-
havior and zoomed-in vocal sequence in Fig. 2B and movie $4,
example session in Fig. 2C). Mice never vocalized during the opto-
genetic stimulation and elicited vocalizations occurred at a
minimum of 0.95 s after stimulation with an average of 8-s delay
(Fig. 2D). Typically, USVs were emitted in the first 10 s after stim-
ulation (Fig. 2D).

We also performed optogenetic stimulation across various con-
ditions and strains including in females. We found that only bilat-
eral stimulation in the CamkII-Cre males elicited robust vocal
behavior (Fig. 2E; N = 67 successful stimuli in four mice, N =
1190 syllables). Unilateral stimulation occasionally resulted in a
single short USV but with a low success rate. In mouse strains
where expression was limited only to layer 5 pyramidal neurons
(Thyl-ChR2 and RBP4-Cre), we failed to reliably trigger USVs.
As opposed to ICMS-induced vocalizations and unilateral optoge-
netic stimulation—induced vocalizations, bilateral CamkII stimula-
tion—induced USVs were frequent enough so that they could be
compared statistically to female-induced USVs (Fig 2F). Stimula-
tion-induced USVs had an average frequency of 77.5 + 0.4 kHz
compared to 77.2 £ 1.1 kHz in female-induced USVs in the same
mice (n = 4 mice, P = 0.75, paired f test). In terms of duration, stim-
ulus-induced USVs averaged 21.4 + 7.5 ms, while female-induced
USVs averaged at 27.1 + 6.8 ms (n = 4 mice, P = 0.27, paired ¢
test). The frequency bandwidth of stimulus-induced USVs was
11.7 £ 1.9 kHz, while the female-induced USVs were 13 + 3.4
kHz (n = 4 mice, P = 0.50, paired t test). In summary, ACC bilateral
ontogenetic activation in CamklII-positive male mice (in the
absence of a female) robustly induced full sequences of USV that
were not significantly different in their acoustic properties from
natural courtship USVs in the same mice.

Increased neural activity in the ACC precedes vocal onset
To explore the activity of the ACC neuronal population during
natural courtship USV behavior, we used fiber-photometry popula-
tion Ca®* imaging (41). We performed stereotactic injections of
Adeno-associated virus (AAV) viral vectors encoding for Ca?" indi-
cator AAV9.cag.GCaMP6s (see Materials and Methods) (42) into
the location identified using ICMS in the left ACC (Fig. 3A).
After expression, an optical fiber (diameter = 200 um, NA = 0.22)
was implanted in the coordinates specified above, and we measured
Ca** dynamics using fiber photometry in a natural courtship setting
as depicted in Fig. 3B and movie S5 (see Materials and Methods).
Mice implanted with an optical fiber were placed in a fresh cage fora
short habituation period (5 min). Then, the session began, and for a
duration of 20 min, a female mouse was repeatedly presented to
induce USV production and then immediately removed from the
cage. During the session, the Ca®" signal and the microphone
signal were recorded continuously. The male mice often responded
to female entry by emitting USVs. On the basis of the distribution of
the intersyllable interval, we defined a song as a succession of sylla-
bles with a surrounding silent period of at least 10 s of quiet (see
Materials and Methods for syllable and song definitions) (18). Six
mice were recorded for at least one session, totaling 33 hours of re-
cording with 2176 songs (mean, 363 songs per mouse).

Ca’" transients showed a clear temporal correlation with song
initiation (Fig. 3C). Averaging the Ca>" signal aligned on song ini-
tiation (the time of occurrence of the first syllable in every song)
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Fig. 1. Microstimulation in a specific location in ACC induces USV. (A) Schematic illustration of the experimental setup. A glass pipette is used to induce microsti-
mulation in the cortex of a head-restrained male mouse positioned on a running wheel, while an ultrasonic microphone records USVs and a camera records any behav-
ioral response. Male mice are naive to female exposure from weaning at P21. (B) Schematic illustration of experimental preparation. After head restraint, mice recover for 3
days and subsequently undergo habituation to the head-restraint apparatus lasting about 3 days. (C) A single stimulation trial spectrogram example of USVs elicited by
the mouse following ACC microstimulation (stimulus duration of 500 ms). Below is a zoomed-in spectrogram showing that the evoked sound is complex and in the
ultrasonic range. Further below is an overlay of all USVs (n = 29 syllables) induced in all mice with each color representing a different mouse (n = 8 mice). (D) Histogram
of latency from stimulation onset to USV syllable. (E) A 3D visualization of all stimulation sites, with USV-inducing sites in green and quiet sites in gray. Below is a sagittal
section with coordinates of locations tested by ICMS (gray markers denote locations that did not induce any USVs, while pink markers denote locations where at least one
USV was induced).
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Fig. 2. Optogenetic stimulation in ACC induces sequences of USVs. (A) Schematic illustration of the optogenetic activation setup. A male mouse with bilateral optical
fiber implants and injected Chr2 excitatory vector freely moves in a cage (in solitude). (B) An example spectrogram following a single bilateral ACC optogenetic stim-
ulation showing a sequence of USVs elicited (stimulus immediately precedes start of example). Below is a zoomed-in spectrogram; note that these vocalizations are similar
to the normal mouse vocal repertoire. (C) An example session of 8 min with 10 stimuli (laser intensity = 1.5 to 3 mW/mm?), each lasting 10 s with ~30 s of rest between
stimuli. Vocalizations can be seen as long black lines representing the start times and frequency range. (D) Left: A histogram of latency from stimulation offset to USV
onset. Right: A plot of syllable rate by mouse with shaded area representing SD showing that most USVs occurred about 10 s after stimulation offset (N = 67 successful
stimuli total). (E) Comparing number of evoked syllables across animals across all tested optogenetic stimulation experiments. All animals are represented as circles. (F)
Comparing syllable features between animals from stimulation-induced and female-induced USVs. From left to right is duration (P = 0.27), mean frequency (P = 0.75), and
bandwidth (P = 0.50) comparisons. In all of the features, the distribution is highly similar between USVs evoked from optogenetic stimulation and female presentation.

revealed an elevation in Ca®" activity (Fig. 3D). To test whether this
elevation in the Ca** signal is significant, we used a permutation
test. We generated a sequence of random times to trigger the
Ca®* signal and calculated the distribution of the expected Ca**
signal from the data (Fig. 3E). We then compared the actual
signal to the expected one for each mouse. Five of six mice passed
this test with P < 0.05. To control for a possible movement artifact,
we also tested mice using the same procedure, but injected with a
control green fluorescent protein (GFP) vector and found no in-
crease in activity when triggering on USVs (fig. S1). To test

Gan-Or and London, Sci. Adv. 9, eade6992 (2023) 29 September 2023

whether the Ca** signal preceded or followed the song onset, we
defined the Ca®" onset by fitting a straight line to the range of 10
to 90% of its peak amplitude and extrapolated to zero crossing
(see Fig. 3C, upper-left inset). We found that the Ca®" elevation
begins before song onset. The average latency from Ca*" signal
onset to song initiation was 2.3 + 3.8 s (n = 6). This temporal dif-
ference is in good agreement with the delay reported in the stimu-
lations experiment above (taking into account the slow dynamics of
the Ca®" signal and its low-pass filtering). These results demonstrate
an elevation in activity in the same ACC location in which
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Fig. 3. ACC Ca®* activity correlates with song initiation. (A) Virus with Ca®* indicator was injected 2 to 3 weeks before recording. Recordings were made from the left
ACC using blue light to activate the Ca®* indicator, and green light was detected in the photodiode. (B) Schematic illustration of fiber-photometry setup. Male mice with
fiber implants were allowed to move freely in a cage, while a female was introduced to elicit USVs. (C) Example session of 5 min in duration. The green line represents Ca**
signal, thin magenta lines are syllables, and the dotted black line represents song initiations. Above is zoom-in on a single song (with a dotted line showing activity onset
calculation), with the spectrogram to the right showing the first two syllables in the song. (D) Average Ca** signals for all mice, triggered on the first syllable in a song
separated by at least 10 s. (E) Permutation test trials using random trial times plotted in gray. The average from (D) in green is plotted against the average and +2 SD of the
permutation test average in black.

stimulations trigger USVs. This elevation occurs before song initi-  Silencing ACC neural activity reduces syllable production

ation while mice are engaged in natural courtship behavior, further —and song initiation

indicating cortical involvement in this behavior. Previous studies have shown that activation of subcortical regions
such as the PAG and POA is sufficient for triggering USVs and con-
trolling some of their basic properties (such as syllable volume and
bout duration) (11-13, 43). Nevertheless, the effect of manipulation
of cortical activity during courtship on vocalization has not been
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tested. To test whether silencing of the ACC would affect courtship
USVs, we expressed the optogenetic silencing actuator Guillardia
theta anion-conducting channelrhodopsin 2 (GtACR2) (44) unilat-
erally in the left hemisphere ACC of male mice targeted to the
somata of pyramidal neuruons to obtain light-induced suppression
of neural activity (Fig. 4A). After recovery from optic fiber implan-
tation, mice were placed in a clear cage while connected to the laser
without light stimulation while USV's were recorded continuously.
The session started with a 5-min habituation without a female. Af-
terward, a female was introduced into the arena for an additional 20
min (experimental schematic in Fig. 4B). After 2 days, mice again
met a female for 20 min with the laser-activated for 50 interspersed

A

AAV5.CK2.GtACR2.Fred.kv.2.1

R

Optic fiber

GtaCR2
inhibition

~

470 nm

Day 1

stimulation trains (duration = 10 s, frequency = 20 Hz, pulse dura-
tion = 10 ms, laser intensity = 1.5 to 3 mW/mm?). Example seg-
ments from the light sessions demonstrating eight stimulation
trains are depicted in Fig. 4C and movie S6. The final post-stimulus
session was conducted with the same behavioral protocol after 2
days. To test whether light silencing affected USVs, we compared
the number of USVs emitted during light-delivery periods (blue
sections in Fig. 4C) versus concurrent time intervals in the
absence of light stimulation. The stimulation did not produce any
observable disruption of normal courtship behavior, nor did it
prevent vocal or motor behavior (fig. S2D). However, optogenetic
suppression of ACC activity reduced the number of syllables
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Fig. 4. Suppressing ACC activity reduces emitted syllables and song initiation. (A) Schematic illustration of optogenetic suppression setup. A male mouse with optic
fiber implant and injected GtACR2 inhibitory virus freely moves in a cage, while a female is placed by hand into the cage during experimental trials. (B) Schematic of the
experimental timeline. Two weeks after virus injection, to allow for strong expression, session 1 baseline USV performance is assessed. After 2 days, session 2 USV emission
is assessed with simultaneous optogenetic silencing. In session 3, after 2 days, post-stimulus USVs are assessed for recovery. (C) Example 2.5 min of USVs from a baseline
session, stimulation session (light intensity = 1.5 to 3 mW/mm?), and post-stimulus session. Individual stimulation epochs are shown in light blue during the light session.
(D) Mice emitted fewer syllables during ACC suppression. Percentage of syllables across the different sessions with average in blue bars with standard error. Control (GFP)
sessions are compared on the right side. Baseline mice syllable emission is variable, but the stimulation session showed a significant decrease in comparison to the post-
stimulus session 2 days after the stimulus session. (E) Mice emitted fewer songs during ACC suppression. The number of songs across the different sessions with average in
blue bars with standard error. Control (GFP) sessions are compared on the right side. Compared to baseline, mice emitted fewer songs during the stimulation session and
fully recovered in the post-stimulus session.
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produced, whereas the syllable main frequency component re-
mained normal (Fig. 4C). Relative to baseline, the number of sylla-
bles emitted in the light delivery sessions was reduced and returned
to baseline in the post-stimulus session (Fig. 4D; baseline, 1007 +
174; suppressed, 343 + 67; post, 681 + 92; P < 0.05, N = 5). Mice
also initiated fewer songs during ACC suppression compared to
the baseline session while a recovery occurred in the post-stimulus
session (Fig. 4E; baseline, 55 * 3; suppressed, 48 + 3; post, 57 + 2; P <
0.05, N = 5). A basic analysis of temporal and spectral properties
showed no vocal difference between the groups (fig. S2, A to C).
A control group of mice injected with AAVdj.CMV.eGFP were
tested using the same protocol. In the control group, no significant
changes were found in the number of emitted syllables during stim-
ulation trains or in song initiation (Fig. 4, D and E; no of syllables:
baseline, 801 + 159; suppressed, 767 + 135; post, 964 + 198; no. of
songs: baseline, 54 + 6; suppressed, 58 + 5; post, 60 = 4; P> 0.05, N =
6). The results of these experiments suggest that a reduction in ACC
neural activity is associated with a reduction in syllable emission
and song initiation, which further strengthens the conclusion that
the ACC is an important node in the USV-controlling network.

Differential responses of ACC and secondary motor cortex
neurons to social exposure conditioned on song initiation
The series of experiments described above provides one correlative
and two independent causal lines of evidence showing that the ACC
is involved in USV control. Despite this, the recorded signals and
manipulations do not permit spatial and temporal resolution
down to the level of individual neurons and spikes. We next
wanted to explore the role of individual neurons in this region of
the ACC during social USVs. Consequently, we performed electro-
physiological recordings at a greater spatial and temporal resolu-
tion. Adult male mice were habituated to the head-restraint
apparatus used in Fig. 1A. We then used a Neuropixels system
[(45); see Materials and Methods] to record at a depth of 2.5 to 3
mm in the ACC and M2 (coordinates 700 um anterior, 700 pum
lateral). In contrast to the ICMS experiment where head-restrained
males were never exposed to females before or during the experi-
ment, here, male mice were head restrained and female mice were
introduced to trigger USVs. USVs and video were simultaneously
recorded (Fig. 5A). We use the term social exposure (SE) to
denote the female presentation as the male was not always directly
interacting with the female. Mice usually responded to SE by emit-
ting songs (65% of female presentations resulted in songs in 1079 of
1661 presentations). However, in some cases, SE led to songs
induced with long latency, at times where the female was no
longer present (constituting 11% of total song production). We
defined a song as above, emphasizing here that 10 s of silent
period between songs ensures that activity presong is likely to rep-
resent spontaneous activity rather than part of a longer vocalization
bout (see Materials and Methods for syllable and song definitions).
The electrophysiological recordings had a high signal-to-noise
ratio, obviating the need for spike sorting and allowing us to
focus on single-unit activity (Fig. 5B; see Materials and Methods).
In total, we recorded 130 units in three mice. Figure 4 (C to F) shows
example raster plots and perievent time histograms (PETHs) trig-
gered on song initiation or SE. Each row shows a different single
unit, whereas the left column are trials triggered on the song initi-
ation and the right column are trials triggered on the SE. All trials
appear, both SEs with and without vocal output and vocal output

Gan-Or and London, Sci. Adv. 9, eade6992 (2023) 29 September 2023

that did not directly follow SE. We found a variety of units respond-
ing mainly to SE (Fig. 5D), song initiation (Fig. 5E), both (Fig. 5C),
or none (Fig. 5F).

PETHs for all 130 units show that the population of neurons re-
sponded both to SE and to song initiation (fig. S3A). The time
course of the population PETH triggered on song initiation is in
good agreement with the average Ca®*-signal response shown in
Fig. 3E. In addition, we reanalyzed the photometry experiment
using the same separation between SE and song initiation and
found similar delayed responses to song as compared to SE (fig.
S4, A to C).

To quantify the modulation of an individual unit's activity with
respect to SE and song initiation, we selected units if their activity
deviated by two or more SDs compared to baseline (determined by a
permutation test). We found 34 units that passed this test and
showed a significant change in firing rate with respect to either
SE or song initiation. Both M2 and ACC had equal amounts of re-
sponsive neurons (Fig. 6A).

The average PETHs of SE-responsive (SE+) single units show an
elevation in firing rate when compared to a permutation test (Fig. 6,
B and C). The PETH with respect to song initiation (S+) reveals
song-related modulatory activity in half (17 of 34) of responding
units. These average responses are seen regardless of individual
peak response time, as units respond with jittery peak times (note
individual traces in Fig. 6, D and E). Thus, the average song PETH
shows a significant firing rate elevation beginning at 1.6 s before the
song (Fig. 6D). About one-third of the units (36%, 12 of 34) show a
significant elevation in firing rate when triggered on either SE or
song initiation (examples in Fig. 5). In our experimental paradigm,
it was impossible to determine the exact moment of SE and, there-
fore, difficult to draw conclusions about the fine temporal relation-
ship between SE and the change in firing rate. Nevertheless, we can
conclude that 85% (29 of 34) of responding neurons have demon-
strated a significant elevation in firing rate in response to
SE (Fig. 6E).

Figure 6 suggests that the average firing rate of some units in the
ACC and in M2 is increased before song initiation. However, it is
difficult to determine whether the elevation indeed reflects involve-
ment in song emission because the song initiations were almost
always preceded by SE to a female stimulus. In this experiment,
89% of song initiations were preceded by an SE (Fig. 7A). Only
11% of songs were initiated in isolation. Therefore, it is possible
that the elevation in firing rate seen in the PETH of S+ units
merely reflects a response to SE. We examined the latency from
SE to vocal production and found that most songs occur within 2
s of SE (Fig. 7B); therefore, it is impossible to separate the two re-
sponses fully.

However, not every SE resulted in song emission [1079 of 1661
SEs resulted in songs (65%)]. Therefore, we have computed the SE-
triggered PETH separately for SEs that were followed by a song and
for the SE followed by silence. Figure 7C depicts PETHs of one SE+
single unit, separating out the trials with songs or silence following
SE. During SEs followed by song production, as opposed to quiet,
this unit shows an increase in activity (example in movies S7 and
S8). Of 34 responding units, we selected 18 neurons with an
average firing rate greater than 1 Hz during SE for this analysis.
We further categorize their responses as Song-Inducing (10 of
18), Quiet (3 of 18), or Agnostic (5 of 18) single units (the individual
PETH of all units are depicted in fig. S5).
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Fig. 5. Both SE and song initiation modulate cortical single-unit activity. (A) Schematic illustration of the experimental setup. A Neuropixels probe is inserted into the
ACC of a head-restrained male mouse (positioned on a running wheel), while an ultrasonic microphone records USVs and a camera records any behavioral response. (B)
Example of the recording quality of all channels in response to SE and subsequent song initiation. SE epoch is in light green superimposed over the spectrogram of the
recorded sound. Below is a zoomed-in example of a single channel. Only units passing 10 SDs above the mean waveform value are included in the analysis. (C to F)
Example raster plots of single-unit activity. Each unit has two panels: triggered on a song (left) and triggered on SE (right). Magenta stripes denote song (ticks are the
individual USVs), and green stripes mark the time and duration of SE. The left panels show 16 trials when the mouse was emitting USVs aligned on song onset (sometimes
in response to SE and sometimes not). The trials on the right show neural activity while the male was given female exposure triggered on SE onset (sometimes the mouse
emitted USVs and sometimes not). (C) This example shows a single unit responding both when triggered on the initiation of vocalization and when triggered on SE. (D)
This unit responds weakly when triggered on song and more strongly when triggered on SE. (E) A unit with a weak response to song initiation and no response to SE. (F)

An example of a single unit not responding to either song or SE.
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Fig. 6. Two overlapping populations of neurons modulate their activity preceding song initiation and SE. (A) Basic response properties across all single units. Most
of the single units recorded were in ACC, yet of the 34 (22%) responsive single units, only 50% were in ACC. (B) 25% of neurons recorded were responding to either song or
SE. (C) The responsive matrix lists the number in each group. +Song represents the neurons responsive to song, while +SE represents neurons responsive to SE. These
categories do not indicate the absence of one of the groups (i.e., —SE only indicates lack of response, not lack of SEs in that group). Timing of responses was also not
considered for this classification. (D) Averaging all 34 responsive single units on SE reveals a strong response centered around 1 s after SE in the PETH as compared to +2
SD of a permutation test. This response is stronger than when averaging on song initiation. By separating trials when song or quiet follows SE, we can explore a USV
modulatory effect. (E) For 17 song responsive neurons, averaging the PETH on song initiation yielded a significant increase in activity preceding song initiation as com-

pared to the dotted red lines representing £2 SD in a permutation test. However, most song initiations were preceded by SEs, limiting the scope of this result.

The figure shows that most of the SE+ units modulate their SE-
triggered activity depending on whether the mouse will produce a
song or remain quiet. Reanalyzing data from the photometry exper-
iment also confirms this Song/Quiet SE modulation (fig. S4, D and
E). Therefore, even considering the confound of song-triggered
PETHs, which could reflect SE response, cortical neurons modulate
their activity with respect to song initiation and their modulation
has predictive power. By averaging all SE-triggered PETHs sepa-
rately for song trials and quiet trials, we found that in sum,
neurons positively modulate their firing rate in response to Song-
Inducing SE (Fig. 7D and see also fig. S5). In agreement with the
average elevation in firing rate, analysis of the responses of individ-
ual neurons shows the same tendency. We quantified this by ana-
lyzing the distribution of individual cells using the difference
between the PETH in the Song-Inducing and Quiet conditions
(APETH) across all responsive single units. We found that the
real distribution of APETH is shifted toward single units responding
more toward Song-Inducing preference in comparison to a shuffled
distribution (Fig. 7E). Thus, vocal production modulates the SE re-
sponse of ACC and M2 neurons.

Gan-Or and London, Sci. Adv. 9, eade6992 (2023) 29 September 2023

DISCUSSION

We demonstrated that the cortex plays a role in the male mouse
USV courtship behavior. Intracortical microstimulation in a re-
stricted area of the ACC was sufficient to invoke USVs in head-re-
strained mice that were absolutely mute otherwise. This was
achieved in male mice who never encountered a female mouse or
received any other stimulation such as female mouse urine or
other odorants. Furthermore, successful trials, in which USVs
were elicited, occurred only with long-duration stimulation in a re-
stricted area of the ACC and not in other candidate cortical areas.
Bilateral optogenetic stimulation of ACC CamkII-positive neurons
of freely exploring males reliably elicited full USV sequences similar
to female-induced vocalizations, further supporting the ICMS con-
clusion, and eliminating the possibility that ICMS-induced USVs
resulted from activating passing axons instead of cell bodies.
Using fiber photometry, we identified Ca>* signals from the same
ACC location that preceded song initiation. We also found that
when neural activity in the ACC is optogenetically suppressed,
mice produce fewer syllables and initiate fewer songs in the presence
of female mice. These results elucidated a possible function for ACC
in initiating songs and propose the ACC as an important node in the
USV-controlling network. Last, using electrophysiology, we have
shown that units in M2 and the ACC respond with firing rate
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Fig. 7. Conditioning on SE reveals an USV modulatory effect on ACC and secondary motor area neural activity. (A) Most songs are preceded by SE. In 89% of song
emission, mice were exposed to a female, while only 11% of songs were initiated in isolation (at least 5 s of isolation from female SE). (B) Most songs occur ~1to 2 s
following SE. Thus, SE is a confound when averaging neural activity triggered on song initiation. (C) Two example PETHs from a single unit showing responses triggered on
SE, separated to SE resulting in a song or not (quiet). In the above PETH, a Song-Inducing SE reveals an increase in activity about 1 s after exposure. On the other hand, a
Quiet SE shows no increase in activity. (D) Average SE triggered PETH across all responding neurons (N = 18, maximum 40 SEs per neuron) split between Song-Inducing
(red) and Quiet (black) SEs. Song-Inducing SEs have a higher firing rate following exposure and a subsequent inhibition. For each unit, the SE-triggered PETH for Song-
Inducing and Quiet conditions were calculated (fig. S5) and the difference between them was measured as APETH. (E) The cumulative distribution of APETH is shown
(blue). The black line (predicted) is calculated by a permutation test. One thousand randomly shuffled groupings of the Quiet/Song-Inducing signal were chosen and the
APETH was averaged. The APETH distribution (blue) is shifted to the right compared to the random grouping, representing the increase in single units preferring Song-
Inducing SEs.
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elevation to female exposure and before song initiation. Moreover,
many units respond to female exposure differently depending on
the future vocal response, whether that response is a song or a
quiet period.

Our results fit well with the literature on the involvement of the
cortex in vocalizations in many mammals such as monkey, rat, and
bat. Purposeful, but not spontaneous, vocal behavior in monkeys is
associated with increased ACC activity (46). In bats, prefrontal
neurons fire differentially in response to calls from different indi-
viduals in a social setting (21). Previous ICMS and local field poten-
tial recording studies in rats demonstrated a role for the ACC in
USV production (26, 47, 48). Rats produce a type of 50-kHz USV,
which is induced spontaneously or under a variety of conditions
from handling to feeding (49). Tickling or ICMS of somatosensory
areas also evokes this USV behavior (50-52). Rat USVs may be a
general expression of emotional state, whereas mouse USVs are
likely directed toward certain well-defined behaviors as in courtship
or other social contexts. In a strain of wild mice, vocalizations arise
in a unique behavioral context, and stimulation in the motor cortex
disrupts vocalization timing (23). In subcortical areas, recent results
reveal the direct role of the POA, PAG, and nucleus ambiguus in
USV production (11-14). The short latency and greater reliability
of evoked USVs in those studies, as compared to USVs triggered
by ICMS or optogenetics in the ACC, demonstrate the direct con-
nection between subcortical brain areas and the motor control of
USVs. However, the role of the ACC in affecting these areas has
not been studied in the mouse. Moreover, the long latency and
the unreliability in inducing USVs could also be a result of the
tonic inhibition present in subcortical regions controlling USVs
(11, 12).

Most of our experiments were performed on the left ACC mostly
for technical reasons. Hemispheric dominance across species has
been noted in relation to vocalizations (53). In this case, however,
upon bilateral optogenetic stimulation of ACC neurons, mice ro-
bustly emitted full USV sequences. When stimulated unilaterally
in the right or left hemisphere, mice only produced at most a few
syllables in an entire session. It would be of great interest to
further understand how each side of ACC contributes to vocal pro-
duction by using, for example, bilateral simultaneous Neuropixels
electrophysiology recordings.

Our results challenge previous studies focusing on the anatom-
ical aspects of courtship USVs. A previous finding showed that the
motor cortex in mice has a direct monosynaptic connection to the
nucleus ambiguus, where laryngeal motor neurons reside (22). That
finding also showed vocalization-driven immediate early gene acti-
vation in M1 and M2. However, our electrical stimulation in the
motor cortex, while successful in eliciting complex motor respons-
es, failed to elicit any vocal response. These two results could still be
consistent if, for example, other areas are continuously inhibiting
vocal production (11, 12). Previous work revealed that POA inhibi-
tion onto PAG inhibitory interneurons evokes USV production (11,
12). However, this putative PAG “gate” must either spontaneously
fire or receive input to trigger USVs when inhibition is removed.
Alternatively, vocal production could require coordination of
several processes, and the motor cortex might only exert partial
control. In contrast to our motor cortex ICMS, our ACC ICMS suc-
cessfully triggered USVs. This suggests that the ACC resides higher
in the control hierarchy of vocal control. When the cortex (includ-
ing the ACC) is removed through genetic manipulation, mice still

Gan-Or and London, Sci. Adv. 9, eade6992 (2023) 29 September 2023

vocalize (24). Because the analysis showed no statistical differences
between the USVs produced by control and mutant mice, the
authors concluded that the cortex is not necessary for USV produc-
tion and control. However, recent work from the same authors has
instead shown that a more sophisticated analysis can separate USV's
produced by controls and mutants (25). A more sophisticated anal-
ysis of the ACC suppression experiment may reveal differences in
fine-grained social behaviors that may be correlated with vocal be-
havior. Therefore, our results are in contrast to the earlier finding
but are consistent with the latter and with the view that the cerebral
cortex is likely to exert complex control over innate behaviors.

Courtship-related USV behavior is a complex behavior with
many concurrent and related subbehaviors. We separated responses
to SE on the basis of whether mice vocalized or remained quiet, in
an attempt to understand the unique contribution neural activity in
the ACC has on vocal behavior. However, the role of ACC activity in
vocal behavior is likely indirect and may control certain higher-level
features of vocal behavior that elude a simple quantification. Future
studies can target more specific cell populations bilaterally in the
freely moving mouse to further understand the exact role of ACC
in vocal behavior. We do not account for social or sexual motivation
as another factor in ACC activity; however, these factors usually
have longer timescales than the few seconds of increased ACC ac-
tivity as seen in the electrophysiology recordings. Our study is a step
toward understanding the role of cortex in mouse vocal behavior.

The involvement of the ACC in the mouse USV process opens
the option that this process is more complex and plastic than cur-
rently assumed. It is already known that mice vocalize differently
when social context is varied (I, 54-56) and that one study found
that mice can modulate their pitch in a cross-strain fostering scenar-
io; however, other studies question this finding (8, 10, 57). The
access in the mouse to specific cell populations, retrograde labeling,
and genetic manipulations provides a unique opportunity to
explore and manipulate higher-order control on the USV-control-
ling network and ultimately relate it to human speech in health and
in various forms of neurological and genetic conditions in which it
is disrupted (58-61, 61-67).

MATERIALS AND METHODS

Animals

We used C57BL/6 male mice unless otherwise noted (at least 8
weeks old). In addition, we used several genetically modified
mouse lines (Camk2, Rbp4, Thyl, Rbp4-Ai32, and Pv-CRE):
(B6.Cg-Tg(Camk2a-cre)T29-1Stl/] from the Jackson Laboratory,
Tg(Rbp4-cre) from the Jackson Laboratory, B6.Cg-Tg(Thyl-
COP4/EYFP)18Gfng/] from the Jackson Laboratory, B6;129S-
Gt(ROSA)26Sortm32(CAG-COP4*H134R/EYFP)Hze/] from the
Jackson Laboratory crossed with RBP4 mice as above, and
B6;129P2-Pvalbtm1(cre)Arbr/] from the Jackson Laboratory. The
Hebrew University Animal Care and Use Committee approved all
experiments (IACUC NS-16-14216-3, “"Functional identification of
brain regions involved in ultrasonic vocalization in mice.”).

Surgery and viral vectors injections

During surgery, mice were anesthetized with isoflurane (1 to 2% by
volume in O,, LEI Medical). Rymadyl analgesia (10 mg/kg body
weight, 200-pl injection volume) was administered before incision.
Mice were put in a stereotactic frame (Narishige, Japan/Luigs &
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Neumann GmBH), and a small craniotomy <1 mm in diameter was
made over the left ACC (dura was not removed). Virus-containing
solution was slowly injected (1 to 2 nl/s) through a quartz pipette
(pulled on P-2000, Sutter Instrument) using a Nanoject 3 system
(Drummond Scientific Company, PA) (500 nl, one site per
animal at a depth of 1400 to 1700 um). After injection, the craniot-
omy was sealed with bone wax, and the skin was attached with
VetBond (3 M). Two to 3 weeks after the virus injection, the mice
were prepared for optical stimulation. Surgery was performed under
isoflurane anesthesia, and Rymadyl analgesia was given. For the
optical stimulation experiments, a custom-made fiber optical
cannula was subsequently implanted over the injection site. For
animals undergoing fiber-photometry experiments, an optical
fiber was directly connected to the skull with dental cement
under the same conditions. For ICMS experiments, a head post
was fixed on the skull under the same surgical conditions and sub-
sequently awakened and allowed to rest for 2 to 3 days before ICMS
began. For electrophysiology recordings, a head post and ground
pin were fixed on the skull under the surgical conditions and sub-
sequently awakened and allowed to rest for 2 to 3 days before re-
cording sessions began.

Sound recording and USV analysis

In all experiments, sound was recorded to capture USVs using an
ultrasonic microphone (Avisoft, CM16/CMPA) amplified (either by
CMPA40-5 V or UltraSoundGate 116H) and digitized at 250 kHz
(either by National Instruments Card or Avisoft RECORDER). In
fiber-photometry and optogenetic experiments, males were isolated
for 5 min in a new cage and presented with a female either by adding
it to the same cage or by presenting it on the experimenter's hand.
In electrophysiology experiments, head-restrained males were pre-
sented with a female mouse or female mouse urine only on the ex-
perimenter’s hand to induce vocal production. We parsed USVs
using an algorithm previously published available at https://
github.com/london-lab/MouseUSVs/tree/master/USV_Parsing
(16). In brief, the raw audio signal is cleaned for common noise
sources, and pixels in the spectrogram are removed if they are iso-
lated from other pixels. For the algorithm parameters, we used a fre-
quency cutoff between 20 and 125 kHz and a square size of 3. In all
subsequent analysis, a syllable is defined as a continuous frequency
modulation in the spectrogram of at least 8 ms in duration with a
surrounding silent period of at least 16 ms. In addition, a song is
defined as a series of syllables with a surrounding silent period of
at least 10 s. We determined syllable features using the following
methods: Duration was determined by subtracting the end from
the start time of the syllable as defined using our parsing algorithm.
Mean frequency was determined by using another threshold on the
syllable spectrogram to clean noise and then taking the average of all
remaining pixels across frequency. Frequency bandwidth was deter-
mined on the same spectrogram by subtracting the highest frequen-
cy from the lowest frequency remaining in the spectrogram.

Intracortical electrical microstimulation

Intracortical microstimulation was performed on head-restrained
awake male mice to map cortical coordinates to complex behaviors
(26, 32, 65, 66). All mice were group housed and naive to females
after weaning at P21. A broken pipette tip was lowered into the brain
with a micromanipulator. Each site was stimulated between 10 and
100 times with a current stimulator of World Precision Instruments
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(FL). The stimuli consisted of either a 50-ms (short) or 200- to 500-
ms (long) duration train of 333-Hz stimulation varying between
positive and negative currents (biphasic square wave) between 10
and 100 pA. The large stimulus amplitudes are similar to other
ICMS studies looking at complex behaviors (24, 33).

Optical stimulation

Channelrhodopsin 2 (ChR2) was injected bilaterally as described on
a CamKII promotor in the AAV9 viral serotype into transgenic mice
expressing CRE in CamkII-positive neurons [B6.Cg-Tg(Camk2a-
cre)T29-1Stl/] from the Jackson Laboratory]. Fiber optical cannulas
(multimode fibers FT-200-URT, Thorlabs, Griinberg, Germany)
with a diameter of 200 um and a NA of 0.22 were implanted at a
10° angle into ACC at coordinates (700 lateral, 700 anterior) and
covered in dental cement. After recovery and 2 weeks to allow for
viral expression, mice were tested while exploring either their home
cage or a fresh cage with no female present before or during the
session. Light was delivered through a 100-mW laser (1.5 to 3
mW/mm” using a 473-nm laser; Changchun New Industries Opto-
electronics, Changchun, China) attached to a rotary joint splitter
(Part # RJ2, Thorlabs, Griinberg, Germany) to allow for free explo-
ration. ACC neurons were activated with 10 s of stimulation with
about 30 s of rest between stimulations. Stimulus trains consisted
of 20-Hz pulses of 10 ms.

Fiber photometry

We used multimode fibers (FT-200-URT, Thorlabs, Griinberg,
Germany) with a diameter of 200 um and an NA of 0.22. After re-
moving the cladding from the fiber tip, the tip of the fiber was in-
serted into the brain and subsequently covered with dental cement.
Low-intensity stimulation (typically <0.1 mW at the tip of the
optical fiber) was delivered by a 20-mW solid-state laser (Sapphire,
488 nm, Coherent, Dieburg, Germany) for excitation of the
GCaMPé6s indicator and recording of Ca**-dependent fluorescence
was collected through the same fiber to an avalanche photodiode
(APD, S5343, Hamamatsu Photonics, Herrsching, Germany). The
resulting voltage signal was oversampled at 50 kHz and stored for
offline analysis.

Optical supression

GtACR?2 was injected as described on a CamKII promotor in the
AAVS5 viral serotype (41). Fiber optical cannulas were implanted
as above into ACC. After recovery, male mice interacted with
female mice in a prelight baseline session. ACC neurons were sup-
pressed in the second session after 2 days by optical stimuli from
laser illumination (1.5 to 3 mW/mm?” using a 473-nm laser; Chang-
chun New Industries Optoelectronics, Changchun, China). Fifty
stimuli at 20 Hz for a duration of 10 s were given semirandomly,
ensuring that about every 4 min, at least 10 stimuli occurred.
Short pulses of stimuli were given before the session began to cali-
brate the laser power to below the threshold for movement
initiation.

ICMS, fiber photometry, and optical stimulation data
analysis

All analysis was conducted offline using custom code written in
MATLAB 9.9 (MathWorks). In ICMS experiments, each audio
file was manually reviewed at least twice to identify any USVs. In
fiber-photometry experiments, relative fluorescence changes Af/f

12 of 15

£202 ‘Sz Joquiaoad U0 B10°90Us 195 MMM//:SANY WO | PaPE0 [UMOC]


https://github.com/london-lab/MouseUSVs/tree/master/USV_Parsing
https://github.com/london-lab/MouseUSVs/tree/master/USV_Parsing

SCIENCE ADVANCES | RESEARCH ARTICLE

= (f — f0)/f0 were calculated as Ca** signals relative to baseline,
where the baseline fluorescence was determined as the 10th percen-
tile of the signal. For optical stimulation and fiber-photometry ex-
periments, the USV parsing was as described above.

Neuropixels recording and analysis

The Neuropixels probe is a high-density and high signal-to-noise
extracellular probe [Jun et al. (45)]. The probe was soldered to
short the reference pad to ground, and ground was connected to
a pin in the head post. The probe was held on a custom metal-bar
attached to a Luigs & Neumann (Ratingen, Germany) micromanip-
ulator. Before recording, mice were habituated to head restraint
using their home-cage running wheel in the experimental setup.
Females were briefly presented to head-restrained males to induce
vocal behavior. We call these presentations “social exposures,”
which ended shortly after the experimenter saw that the mice
started to vocalize. This was done to maximize vocal output in
the short period that mice can be head restrained. SEs that did
not evoke vocalizations did not go beyond 10 s, as female mice
were a constant danger of breaking the Neuropixels probe. A brief
craniotomy surgery was performed as described above to achieve
access to cortex. The craniotomy was continuously filled with arti-
ficial cerebrospinal fluid and sealed between experiments. We re-
corded signals in 11 experiments from three mice in the left
hemisphere ACC and M2 at a maximum depth between 2000 and
2500 um. Probes were allowed to settle for about 10 min, while
probe gain calibration occurred. All recordings were made using
SpikeGLX software. All data were preprocessed using the
common average reference by subtracting the common median
across all channels [Ludwig et al. (68)]. Single-unit channels were
selected by manual inspection. In the case that a single unit was
on multiple channels, the channel with the largest spike waveform
was chosen. Subsequently, spikes were detected as threshold cross-
ings greater than 10 SDs from the mean.

Video analysis for Neuropixels electrophysiology

Video was recorded at 30 frames per second concurrently with Neu-
ropixels and sound data using a blue light-emitting diode as a syn-
chronization signal. Off-line, the presence of females was extracted
by using a region of interest in front of the head-restrained mouse
snout to automatically detect changes in pixel strength to indicate a
possible behavioral event. Subsequently, each possible behavioral
event was manually confirmed with start and end frames determin-
ing SE times.

Statistical analysis

Statistical significance was assessed using the unpaired Student's
two-sided ¢ test unless otherwise specified. When comparing USV
properties, paired Student’s two-sided ¢ test was used between
animals for each property. Significant level was marked as *P <
0.05, **P < 0.01, and ***P < 0.001. All data were reported as
means + SEM unless otherwise specified.

Viral vector list
Viral vectors are as follows:
AAV9-CAG:: GCaMP6S.WPRE.SV40 (Penn Vector Core, titer
3.28 x 10", 500 nl per site, LOT CS0775)
AAV9-CAG-FLEX-rev-Chr2-TdTomato (ELSC Vector Core fa-
cility, titer 3 x 10'%, 300 nl per site)

Gan-Or and London, Sci. Adv. 9, eade6992 (2023) 29 September 2023

AAV5-CK2:: GtACR2.Fred.kv.2.1 (ELSC Vector Core facility,

titer 1 x 10'", 500 nl per site)

AAVdj-CMV:: eGFP (ELSC Vector Core facility, titer 5 x 102,

300 nl per site)

AAV9-CAG-FLEX-TdTomato (ELSC Vector Core facility, titer 5

% 10'2, 300 nl per site).
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Figs. ST to S5

Table S1

Legends for movies S1 to S8

Legend for data S1

Other Supplementary Material for this
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REFERENCES AND NOTES
1.

. S.R. Egnor, K. M. Seagraves, The contribution of ultrasonic vocalizations to mouse

. H.-S. Mun, T. V. Lipina, J. C. Roder, Ultrasonic Vocalizations in Mice During Exploratory

. T.Peleh, A. Eltokhi, C. Pitzer, Longitudinal analysis of ultrasonic vocalizations in mice from
. T. E. Holy, Z. Guo, Ultrasonic Songs of Male Mice. PLoS Biol. 3, €386 (2005).

. T.E. McGill, Sexual Behavior in Three Inbred Strains of Mice. Behaviour 19, 341-350 (1962).
. K. L. Ronald, X. Zhang, M. V. Morrison, R. Miller, L. M. Hurley, Male mice adjust courtship
. G. Arriaga, E. D. Jarvis, Mouse vocal communication system: Are ultrasounds learned or

. K. Hammerschmidt, E. Reisinger, K. Westekemper, L. Ehrenreich, N. Strenzke, J. Fischer,

. C. V. Portfors, D. J. Perkel, The role of ultrasonic vocalizations in mouse communication.

. J. Chen, J. E. Markowitz, V. Lilascharoen, S. Taylor, P. Sheurpukdi, J. A. Keller, J. R. Jensen,

J. Chabout, A. Sarkar, D. B. Dunson, E. D. Jarvis, Male mice song syntax depends on social
contexts and influences female preferences. Front. Behav. Neurosci. 9, 00076 (2015).

courtship. Curr. Opin. Neurobiol. 38, 1-5 (2016).

Behavior are Context-Dependent. Front. Behav. Neurosci. 9, 00316 (2015).

infancy to adolescence: Insights into the vocal repertoire of three wild-type strains in two
different social contexts. PLOS ONE 14, 0220238 (2019).

behavior in response to female multimodal signals. PLOS ONE 15, 0229302 (2020).

innate? Brain Lang. 124, 96-116 (2013).

Mice do not require auditory input for the normal development of their ultrasonic vocal-
izations. BMC Neurosci. 13, 40 (2012).

Curr. Opin. Neurobiol. 28, 115-120 (2014).

£202 ‘Sz Joquiaoad U0 B10°90Us 195 MMM//:SANY WO | PaPE0 [UMOC]

B. K. Lim, S. R. Datta, L. Stowers, Flexible scaling and persistence of social vocal commu-
nication. Nature 593, 108-113 (2021).

. V. Michael, J. Goffinet, J. Pearson, F. Wang, K. Tschida, R. Mooney, Circuit and synaptic

organization of forebrain-to-midbrain pathways that promote and suppress vocalization.
elife 9, €63493 (2020).

. K. Tschida, V. Michael, J. Takatoh, B.-X. Han, S. Zhao, K. Sakurai, R. Mooney, F. Wang, A

Specialized Neural Circuit Gates Social Vocalizations in the Mouse. Neuron 103,
459-472.e4 (2019).

. L. R. Hernandez-Miranda, P.-L. Ruffault, J. C. Bouvier, A. J. Murray, M.-P. Morin-Surun,

N. Zampieri, J. B. Cholewa-Waclaw, E. Ey, J.-F. Brunet, J. Champagnat, G. Fortin,
C. Birchmeier, Genetic identification of a hindbrain nucleus essential for innate vocaliza-
tion. Proc. Natl. Acad. Sci. US.A. 114, 8095-8100 (2017).

. Y. Yajima, Y. Hayashi, N. Yoshii, Ambiguus motoneurons discharging closely associated

with ultrasonic vocalization in rats. Brain Res. 238, 445-450 (1982).

. D. M. Wetzel, D. B. Kelley, B. A. Campbell, Central control of ultrasonic vocalizations in

neonatal rats: |. Brain stem motor nuclei. J. Comp. Physiol. Psychol. 94, 596-605 (1980).

. S. Hertz, B. Weiner, N. Perets, M. London, Temporal structure of mouse courtship vocali-

zations facilitates syllable labeling. Commun. Biol. 3, 1-13 (2020).

. G. A. Castellucci, D. Calbick, D. McCormick, The temporal organization of mouse ultrasonic

vocalizations. PLOS ONE 13, 0199929 (2018).

. M. R. Warren, M. S. Spurrier, D. T. Sangiamo, R. S. Clein, J. P. Neunuebel, Mouse vocal

emission and acoustic complexity do not scale linearly with the size of a social group. J. Exp.
Biol. 224, jeb239814 (2021).

13 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Gan-Or and London, Sci. Adv. 9, eade6992 (2023)

U. Jirgens, The neural control of vocalization in mammals: A review. J. Voice Off. J. Voice
Found. 23, 1-10 (2009).

M. C. Rose, B. Styr, T. A. Schmid, J. E. Elie, M. M. Yartsev, Cortical representation of group
social communication in bats. Science 374, eaba9584 (2021).

G. Arriaga, E. P. Zhou, E. D. Jarvis, Of Mice, Birds, and Men: The Mouse Ultrasonic Song
System Has Some Features Similar to Humans and Song-Learning Birds. PLOS ONE 7,
46610 (2012).

D. E. Okobi, A. Banerjee, A. M. M. Matheson, S. M. Phelps, M. A. Long, Motor cortical control
of vocal interaction in neotropical singing mice. Science 363, 983-988 (2019).

K. Hammerschmidt, G. Whelan, G. Eichele, J. Fischer, Mice lacking the cerebral cortex
develop normal song: Insights into the foundations of vocal learning. Sci. Rep. 5,

8808 (2015).

A. Ivanenko, P. Watkins, M. A. J. van Gerven, K. Hammerschmidt, B. Englitz, Classifying sex
and strain from mouse ultrasonic vocalizations using deep learning. PLoS Comput. Biol. 16,
1007918 (2020).

P. J. G. Bennett, E. Maier, M. Brecht, Involvement of rat posterior prelimbic and cingulate
area 2 in vocalization control. Eur. J. Neurosci. 50, 3164-3180 (2019).

G. Coudé, P. F. Ferrari, F. Roda, M. Maranesi, E. Borelli, V. Veroni, F. Monti, S. Rozzi, L. Fogassi,
Neurons Controlling Voluntary Vocalization in the Macaque Ventral Premotor Cortex. PLOS
ONE 6, 26822 (2011).

D. M. Gooler, W. E. O'Neill, Topographic representation of vocal frequency demonstrated
by microstimulation of anterior cingulate cortex in the echolocating bat, Pteronotus par-
nelli parnelli. J. Comp. Physiol. A 161, 283-294 (1987).

D. B. Green, T. M. Shackleton, J. M. S. Grimsley, O. Zobay, A. R. Palmer, M. N. Wallace,
Communication calls produced by electrical stimulation of four structures in the guinea pig
brain. PLOS ONE 13, e0194091 (2018).

P. Muller-Preuss, U. Jirgens, Projections from the ‘Cingular’ vocalization area in the squirrel
monkey. Brain Res. 103, 29-43 (1976).

S. Roy, L. Zhao, X. Wang, Distinct Neural Activities in Premotor Cortex during Natural Vocal
Behaviors in a New World Primate, the Common Marmoset (Callithrix jacchus). J. Neurosci.
36, 12168-12179 (2016).

B. A.Vogt, P. R. Hof, K. Zilles, L. J. Vogt, C. Herold, N. Palomero-Gallagher, Cingulate area 32
homologies in mouse, rat, macaque and human: Cytoarchitecture and receptor architec-
ture. J. Comp. Neurol. 521, 4189-4204 (2013).

U. Jurgens, “Neuronal control of vocal production in non-human and human primates” in
Current Topics in Primate Vocal Communication, E. Zimmermann, J. D. Newman, U. Jirgens,
Eds. (Springer, 1995), pp. 199-206.

B. Weiner, S. Hertz, N. Perets, M. London, Social Ultrasonic Vocalization in Awake Head-
Restrained Mouse. Front. Behav. Neurosci. 10, 236 (2016).

M. S. Graziano, C. S. Taylor, T. Moore, Complex movements evoked by microstimulation of
precentral cortex. Neuron 34, 841-851 (2002).

R. Hira, S-I. Terada, M. Kondo, M. Matsuzaki, Distinct Functional Modules for Discrete and
Rhythmic Forelimb Movements in the Mouse Motor Cortex. J. Neurosci. 35,
13311-13322 (2015).

B. A. Vogt, G. Paxinos, Cytoarchitecture of mouse and rat cingulate cortex with human
homologies. Brain Struct. Funct. 219, 185-192 (2014).

J. M. S. Grimsley, S. Sheth, N. Vallabh, C. A. Grimsley, J. Bhattal, M. Latsko, A. Jasnow,

J.J. Wenstrup, Contextual Modulation of Vocal Behavior in Mouse: Newly Identified 12 kHz
"Mid-Frequency” Vocalization Emitted during Restraint. Front. Behav. Neurosci. 10,

38 (2016).

U. Jurgens, D. Ploog, Cerebral representation of vocalization in the squirrel monkey. Exp.
Brain Res. 10, 532-554 (1970).

M. H. Histed, V. Bonin, R. C. Reid, Direct Activation of Sparse, Distributed Populations of
Cortical Neurons by Electrical Microstimulation. Neuron 63, 508-522 (2009).

A. Stroh, H. Adelsberger, A. Groh, C. Riihimann, S. Fischer, A. Schierloh, K. Deisseroth,

A. Konnerth, Making Waves: Initiation and Propagation of Corticothalamic Ca2+ Waves In
Vivo. Neuron 77, 1136-1150 (2013).

T.-W. Chen, T. J. Wardill, Y. Sun, S. R. Pulver, S. L. Renninger, A. Baohan, E. R. Schreiter,

R. A. Kerr, M. B. Orger, V. Jayaraman, L. L. Looger, K. Svoboda, D. S. Kim, Ultra-sensitive
fluorescent proteins for imaging neuronal activity. Nature 499, 295-300 (2013).

S.-C. Gao, Y.-C. Wei, S.-R. Wang, X.-H. Xu, Medial Preoptic Area Modulates Courtship Ul-
trasonic Vocalization in Adult Male Mice. Neurosci. Bull. 35, 697-708 (2019).

A.Y. Malyshev, M. V. Roshchin, G. R. Smirnova, D. A. Dolgikh, P. M. Balaban, M. A. Ostrovsky,
Chloride conducting light activated channel GtACR2 can produce both cessation of firing
and generation of action potentials in cortical neurons in response to light. Neurosci. Lett.
640, 76-80 (2017).

J.J.Jun, N. A. Steinmetz, J. H. Siegle, D. J. Denman, M. Bauza, B. Barbarits, A. K. Lee,

C. A. Anastassiou, A. Andrei, C. Aydin, M. Barbic, T. J. Blanche, V. Bonin, J. Couto, B. Dutta,
S. L. Gratiy, D. A. Gutnisky, M. Hausser, B. Karsh, P. Ledochowitsch, C. M. Lopez, C. Mitelut,

29 September 2023

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

S. Musa, M. Okun, M. Pachitariu, J. Putzeys, P. D. Rich, C. Rossant, W. Sun, K. Svoboda,

M. Carandini, K. D. Harris, C. Koch, J. O'Keefe, T. D. Harris, Fully integrated silicon probes for
high-density recording of neural activity. Nature 551, 232-236 (2017).

N. Gavrilov, S. R. Hage, A. Nieder, Functional Specialization of the Primate Frontal Lobe
during Cognitive Control of Vocalizations. Cell Rep. 21, 2393-2406 (2017).

J. Burgdorf, P. L. Wood, R. A. Kroes, J. R. Moskal, J. Panksepp, Neurobiology of 50-kHz ul-
trasonic vocalizations in rats: Electrode mapping, lesion, and pharmacology studies. Behav.
Brain Res. 182, 274-283 (2007).

Y. Saito, K. Okanoya, Response characteristics of the rat anterior cingulate cortex to ul-
trasonic communicative vocalizations. Neuroreport 28, 479-484 (2017).

D. A. Laplagne, M. Elias Costa, Rats Synchronize Locomotion with Ultrasonic Vocalizations
at the Subsecond Time Scale. Front. Behav. Neurosci. 10, 184 (2016).

J. Burgdorf, J. Panksepp, J. R. Moskal, Frequency-modulated 50 kHz ultrasonic vocaliza-
tions: a tool for uncovering the molecular substrates of positive affect. Neurosci. Biobehav.
Rev. 35, 1831-1836 (2011).

K. M. Harmon, H. C. Cromwell, J. Burgdorf, J. R. Moskal, S. M. Brudzynski, R. A. Kroes,

J. Panksepp, Rats selectively bred for low levels of 50 kHz ultrasonic vocalizations exhibit
alterations in early social motivation. Dev. Psychobiol. 50, 322-331 (2008).

S. Ishiyama, M. Brecht, Neural correlates of ticklishness in the rat somatosensory cortex.
Science 354, 757-760 (2016).

S. Moorman, S. M. H. Gobes, M. Kuijpers, A. Kerkhofs, M. A. Zandbergen, J. J. Bolhuis,
Human-like brain hemispheric dominance in birdsong learning. Proc. Natl. Acad. Sci. 109,
12782-12787 (2012).

J. Chabout, P. Serreau, E. Ey, L. Bellier, T. Aubin, T. Bourgeron, S. Granon, Adult Male Mice
Emit Context-Specific Ultrasonic Vocalizations That Are Modulated by Prior Isolation or
Group Rearing Environment. PLOS ONE 7, €29401 (2012).

E. Ey, F. de Chaumont, T. Bourgeron, Spontaneous social communication in laboratory mice
- placing ultrasonic vocalizations in their behavioral context. 2020, 195362 (2020).

E. Sasaki, Y. Tomita, K. Kanno, Sex differences in vocalizations to familiar or unfamiliar
females in mice. R. Soc. Open Sci. 7, 201529 (2020).

T. Kikusui, K. Nakanishi, R. Nakagawa, M. Nagasawa, K. Mogi, K. Okanoya, Cross Fostering
Experiments Suggest That Mice Songs Are Innate. PLOS ONE 6, 17721 (2011).

M. R. Ciucci, L. Vinney, E. J. Wahoske, N. P. Connor, A translational approach to vocalization
deficits and neural recovery after behavioral treatment in Parkinson disease. J. Commun.
Disord. 43, 319-326 (2010).

C. A. French, M. F. Vinueza Veloz, K. Zhou, S. Peter, S. E. Fisher, R. M. Costa, C. |. De Zeeuw,
Differential effects of Foxp2 disruption in distinct motor circuits. Mol. Psychiatry 24,
447-462 (2019).

L. M. Grant, F. Richter, J. E. Miller, S. A. White, C. M. Fox, C. Zhu, M.-F. Chesselet, M. R. Ciucci,
Vocalization deficits in mice over-expressing alpha-synuclein, a model of pre-manifest
Parkinson's disease. Behav. Neurosci. 128, 110-121 (2014).

C. Michetti, Modeling Social Communication Deficits in Mouse Models of Autism. Autism-
Open Access. 01, (2012).

D. Offen, N. Perets, S. Hertz, M. London, Intranasal administration of exosomes derived
from mesenchymal stem cells improves autistic-like behaviors of BTBR mice. Cytotherapy
20, 523 (2018).

M. L. Scattoni, S. U. Gandhy, L. Ricceri, J. N. Crawley, Unusual Repertoire of Vocalizations in
the BTBR T+tf/J Mouse Model of Autism. PLOS ONE 3, e3067 (2008).

A. Selimbeyoglu, C. K. Kim, M. Inoue, S. Y. Lee, A. S. O. Hong, I. Kauvar, C. Ramakrishnan,
L. E. Fenno, T. J. Davidson, M. Wright, K. Deisseroth, Modulation of prefrontal cortex ex-
citation/inhibition balance rescues social behavior in CNTNAP2-deficient mice. Sci. Transl.
Med. 9, eaah6733 (2017).

W. Shu, J. Y. Cho, Y. Jiang, M. Zhang, D. Weisz, G. A. Elder, J. Schmeidler, R. De Gasperi,
M. A. G. Sosa, D. Rabidou, Altered ultrasonic vocalization in mice with a disruption in
theFoxp2gene. Proc. Natl. Acad. Sci. US.A. 102, 9643-9648 (2005).

M. Wohr, Ultrasonic vocalizations in Shank mouse models for autism spectrum disorders:
Detailed spectrographic analyses and developmental profiles. Neurosci. Biobehav. Rev. 43,
199-212 (2014).

D. M. Young, A.K. Schenk, S.-B. Yang, Y. N. Jan, L. Y. Jan, Altered ultrasonic vocalizations in a
tuberous sclerosis mouse model of autism. Proc. Natl. Acad. Sci. 107, 11074-11079 (2010).
K. A. Ludwig, R. M. Miriani, N. B. Langhals, M. D. Joseph, D. J. Anderson, D. R. Kipke, Using a
Common Average Reference to Improve Cortical Neuron Recordings From Microelectrode
Arrays. J. Neurophysiol. 101, 1679-1689 (2009).

Acknowledgments: We thank S. Netser, Y. Ben-Shaul, and D. Omer for insightful comments on
the manuscript. We also thank O. Yizhar for providing the GtACR2 plasmids and M. Groysman
for vector production. This work is dedicated to the memory of L. Safra, a great supporter of

brain research. Funding: The work was supported by the Gatsby Charitable Foundation and a
grant by the Israel Science Foundation (1024/17). B.G.-O. has been supported by a fellowship of

14 of 15

£202 ‘Sz Joquiaoad U0 B10°90Us 195 MMM//:SANY WO | PaPE0 [UMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

the Edmond and Lily Safra Center for Brain Science. Author contributions: Experiment design:
M.L. and B.G.-O. Experiment performance and analysis: B.G.-O. Writing: M.L. and B.G.-O.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions in the paper are present in
the paper and/or the Supplementary Materials.

Gan-Or and London, Sci. Adv. 9, eade6992 (2023) 29 September 2023

Submitted 1 September 2022
Accepted 30 August 2023
Published 29 September 2023
10.1126/sciadv.ade6992

15 of 15

£202 ‘Sz Joquiaoad U0 B10°90Us 195 MMM//:SANY WO | PaPE0 [UMOC]



Science Advances

Cortical circuits modulate mouse social vocalizations
Benjamin Gan-Or and Michael London

Sci. Adv. 9 (39), eade6992. DOI: 10.1126/sciadv.ade6992

View the article online

https://www.science.org/doi/10.1126/sciadv.ade6992
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN 2375-2548) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

£202 ‘Sz Joquiaoad U0 B10°90Us 195 MMM//:SANY WO | PaPE0 [UMOC]


https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	Intracortical microstimulation in ACC triggers USV
	Bilateral optogenetic stimulation of pyramidal neurons in ACC elicits sequences of USVs
	Increased neural activity in the ACC precedes vocal onset
	Silencing ACC neural activity reduces syllable production and song initiation
	Differential responses of ACC and secondary motor cortex neurons to social exposure conditioned on song initiation

	DISCUSSION
	MATERIALS AND METHODS
	Animals
	Surgery and viral vectors injections
	Sound recording and USV analysis
	Intracortical electrical microstimulation
	Optical stimulation
	Fiber photometry
	Optical supression
	ICMS, fiber photometry, and optical stimulation data analysis
	Neuropixels recording and analysis
	Video analysis for Neuropixels electrophysiology
	Statistical analysis
	Viral vector list

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

