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Abstract: Socially effective vocal communication requires brain regions that encode expressive
and receptive aspects of vocal communication in a social context-dependent manner. Here, we
combined a novel behavioral assay with microendoscopy to interrogate neuronal activity in the
posterior insula (pIns) in socially interacting mice as they switched rapidly between states of
vocal expression and reception. We found that distinct but spatially intermingled subsets of pins
neurons were active during vocal expression and reception. Notably, plns activity during vocal
expression increased prior to vocal onset and was also detected in congenitally deaf mice,
pointing to a motor signal. Furthermore, receptive pins activity depended strongly on social
cues, including female odorants. Lastly, tracing experiments reveal that deep layer neurons in
the pins directly bridge the auditory thalamus to a midbrain vocal gating region. Therefore, the
pins is a site that encodes vocal expression and reception in a manner that depends on social
context.
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INTRODUCTION

Vocal communication is an essential medium for forging and maintaining social bonds in all
mammalian species, including humans'™. Socially effective vocal communication requires that
vocal expression and reception (i.e., listening) are carefully regulated as a function of social
context. For example, vocalizations require an audience to exert their social effects, and the
audience must in turn discern which vocalizations signify socially relevant exchanges. A major
unresolved issue is the extent to which single brain regions encode expressive and receptive
aspects of vocal communication in a manner that is sensitive to social context.

The insular cortex binds various sensory and social signals to guide behavior>™, providing a
potential site for encoding socially salient vocal signals. In fact, the posterior insula (pIns)
integrates multisensory information, including auditory stimuli, in monkeys' and mice®*™**. In
monkeys, plns neurons respond to a range of animal vocalizations, with the strongest
responses evoked by conspecific vocalizations*?. Although pins activity during vocal expression
has yet to be described in monkeys or rodents, intracranial electroencephalography (iIEEG)
recordings in human subjects show enhanced activity during speech as well as speech
playback®®, and human patients with insula lesions suffer from articulatory planning deficits*"2.
Therefore, the plns is an attractive candidate brain region where expressive and receptive
aspects of vocal communication may be encoded in a manner that is sensitive to social context.

Our understanding of how the plns encodes expressive and receptive aspects of vocal
communication is currently limited. First, most studies of the auditory properties of plns neurons
have presented vocalizations through a speaker to head-fixed, socially isolated animals, a state
where vocalizations are devoid of social context. Furthermore, a systematic characterization of
the same populations of plns neurons during social interactions that involve both vocal
expression and reception have yet to be undertaken. While the recent characterization of pIns in
humans is a step in this direction, IEEG lacks cellular resolution and how social context
modulates plns activity remains unknown.

Here, we combined a novel behavioral assay with miniature microendoscopy (miniscope) in
which we could interrogate plns neuronal activity in socially interacting mice as they switched
rapidly between states of vocal expression and reception. We found that distinct but spatially
intermingled subsets of plns neurons were active during these two states. Notably, pins activity
during vocal expression increased prior to vocal onset and was also detected in congenitally
deaf mice, consistent with a motor-related signal. Moreover, the subset of pins neurons that
were activated when a mouse listened to vocalizations produced during social encounters were
activated only weakly or not at all by vocal playback when the mouse was by itself. Further
analysis of pins activity using multiphoton imaging in head-fixed male mice in which we could
carefully regulate exposure to a female mouse revealed that female odorants enhanced pins
responses to vocal playback. Lastly, tracing experiments reveal that deep layer neurons in the
pins directly bridge the auditory thalamus to a vocal gating region in the periaqueductal gray
(PAG). These findings identify the pins as a site where auditory and motor representations of
vocal communication signals are represented in a manner that depends on social context.
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63 RESULTS

64 A behavioral protocol for monitoring social-vocal communication

65 Male mice emit ultrasonic vocalizations (USVs) when exposed to female mice or their odors™??,
66 and these vocalizations facilitate mating®**. This courtship behavior provides an ethologically
67 relevant context in which to explore the neural correlates of expressive (in the male) and
68  receptive (in the female) aspects of social communication. Furthermore, while the female mouse
69 is the intended audience of the male’s USVs, in natural settings other mice including rival males
70  can eavesdrop on these vocal bouts and thus detect these courtship encounters. Therefore,
71  eavesdropping males provide an additional context in which to probe the neural correlates of
72 vocal reception.

73

74 In order to study the neural correlates of these expressive and receptive processes, we
75 developed a two-chamber system in which to probe neural activity in the pins in male and
76  female mice during social encounters in which the males typically emit USVs (Fig. 1A). In this
77  setup, a male mouse was housed with a female in a “courtship” chamber while another male
78 was placed in an adjacent “eavesdropping” chamber. The two chambers were separated by a
79  mesh screen through which auditory signals and odors were transmitted. The movements of the
80 individual mice were monitored under infrared illumination, eliminating any social signals
81  provided by visual cues. Microphones over each chamber were used to detect USVs and to
82  establish that vocalizations emanated exclusively from the courtship chamber. We assumed that
83  the majority of these USVs were produced by the male in the courtship chamber, given that
84  female mice rarely emit USVs during courtship encounters®>?’. Therefore, both the female as
85 well as the male in the adjacent chamber served as receivers for the courting male’s USVs. By
86 moving the female from one chamber to the other, we were able to switch a male’s role from
87  emitting USVs during courtship to eavesdropping on the other male’s courtship USVs. Finally,
88  we isolated the experimental mouse and delivered a series of pre-recorded male USVs through
89  a speaker, allowing us to measure auditory responses to vocalizations in the absence of social
90 cues.

91

92 The posterior insula is active during socially salient vocal expression and reception

93  We combined our behavioral approach with calcium imaging using a miniature microscope
94  (miniscope) to monitor pins activity during expressive and receptive phases of socially salient
95  vocal communication and when vocal stimuli were presented in social isolation. Briefly, we used
96 viral vectors to express GCaMP8s pan-neuronally in the pins and a GRIN lens to gain optical
97  access to superficial and deep layers of this region (Fig. 1A, left). Qualitatively, activity of pins
98 increased sharply in male mice when they emitted USVs during courtship interactions with a
99 female and when they eavesdropped on live USV bouts of another male suitor (Fig. 1B, left and
100 middle). In contrast, plns neurons were only weakly activated in trials where socially isolated
101  males listened to USV bouts played through a speaker (Fig. 1B, right).

102

103  To more systematically quantify these effects, we performed a receiver operating characteristic
104 (ROC) analysis, allowing us to identify subsets of neurons that were significantly excited or
105  suppressed relative to baseline during USV production, eavesdropping and playback (Fig. S1A).
106  This approach confirmed that subsets of ROIs in the pins were significantly excited or
107  suppressed during vocal production and eavesdropping (Fig. 1C and fig. 1D, left top and
108  bottom), but not during playback (Fig. 1E). Furthermore, the ROC analysis revealed that the
109  population of plns ROIs active during self-produced vocalizations (pInsye;) was mostly non-
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110  overlapping with the population active during eavesdropping (pInseorp) (Fig. 1F and fig. 1G,
111 right top and bottom). A smaller number of ROIs were modulated during self-produced
112 vocalizations and eavesdropping (Fig. 1F and fig. 1G, right middle). In contrast, plns neurons
113 were barely activated when socially isolated mice listened to the same vocalizations played
114  through a speaker (Fig. 1H). In total, ~22% (466 of 1992) of ROIs in the pIns were significantly
115 modulated from baseline during self-initiated vocalizations and ~10% (209 of 1992) were
116  modulated during eavesdropping (Fig. 1I, N = 5 male mice, Wilcoxon, p < 0.05). Furthermore,
117  ~9% of all responsive ROIs (61 of 675) were significantly modulated from baseline during both
118 vocal production and eavesdropping (Fig. 1J). In contrast, only 1 ROI was significantly
119 modulated by USV playback. Therefore, different populations of neurons in the pins encode
120  expressive and receptive aspects of vocal signals and auditory responses to these signals are
121  sensitive to the social context in which they are heard.

122

123 A notable feature of the population of plnsy,. neurons was that their activity deviated from
124  baseline prior to vocal onset, whereas activity in the pInsegp.op, population deviated after the onset
125  of the other male’'s USVs (Fig. 1F and fig. 1G, bottom). Therefore, modulation of plns activity
126 during vocal production was not purely a consequence of vocalization-related auditory feedback
127 and instead may reflect a premotor signal. We also examined whether these two populations of
128 pins neurons were spatially distinct. Qualitatively, pInsyo,c and plnsgpop, appeared to be
129  intermingled across the imaging field of view (Fig. 11 & 1J, top). Furthermore, the probability of
130 pairwise Euclidean distances between pInsy,. and plnsepop ROIs were closely overlapping,
131  indicating these two populations have similar spatial distributions in the insula (Fig. 1K, two-
132 sided KS test, p = 0.71). In summary, largely distinct populations of spatially intermingled pins
133 neurons are active during vocal expression and reception in male mice, and may separately
134  encode motor versus auditory information about USVs.

135

136  Activity during vocal expression is not attributable to locomotion

137  Vocalization in freely behaving male mice typically occurs during female pursuit, and locomotion
138 can modulate activity in sensory cortices, including the auditory cortex?®°, In fact, we confirmed
139 that the male’s running speed increased prior to USV onset, raising the potential confound that
140  vocal modulation of pIns activity was driven by locomotion rather than vocal production (Fig.
141 2A). However, aligning pinsy.. ROIs to either running onset or acceleration in running speed
142  failed to detect any change in fluorescence (Fig. 2B & 2C, Wilcoxon, p = 0.31). Furthermore, we
143  trained a long short-term memory (LSTM) network to decode either vocalization or running from
144  the entire population of plns ROIs (1992 ROIs from N = 5 male mice). The decoding accuracy of
145 the LSTM was significantly greater for vocalization when compared to shuffled data, while
146  running state could not be decoded (Fig. 2D & 2E, Wilcoxon ranksum, p < 0.05 & p = 0.69).
147  Therefore, activity in plnsy,. ROIs is a consequence of vocal production rather than locomotion.

148

149  Activity during vocal expression does not require hearing

150 As previously noted, activity in plnsyo,c ROIs increased prior to vocal onset, indicating that
151  activity during vocal expression is not limited to vocalization-related auditory feedback. To
152 further probe the extent to which vocal modulation in pinsy,. ROIs was independent of auditory
153  feedback, we monitored pins activity in congenitally deaf males as they engaged in courtship or
154  eavesdropping (Tmc1(A))*!. Calcium signals in a subset of plns ROIs in Tmc1(A) male mice
155  were modulated from baseline during vocal expression (Fig. 2F). Notably, the proportion of
156  vocalization-modulated pInsy,. ROIs (~25%, 261 of 1063 ROIs, N = 5 males) and the time
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157 course of their vocal modulation was similar in deaf and hearing mice. Therefore, modulation of
158 plIns activity during vocal expression does not require auditory feedback, pointing to the
159  presence of either a motor or a proprioceptive signal. In contrast, no modulation occurred when
160 Tmcl(A) males were placed in the eavesdropping chamber and exposed to another male’s
161  courtship USVs (Fig. 2G, N = 4 males), confirming that eavesdropping-related activity depends
162  on hearing.

163

164  plns Neurons in the female mouse respond to socially salient USVs

165 We also imaged pins neurons in female mice housed in the courtship chamber with a vocalizing
166  male (Fig. 3A). A subset of pins ROIs in females responded strongly to USVs of a male suitor
167 (Fig. 3C & 3D). An ROC analysis quantified 153 of 1500 ROIs as USV-responsive, similar to the
168  proportion of USV-responsive pins ROIs detected in eavesdropping males (Fig. 3E,
169 N =5 females). As in eavesdropping males, the responses of female pINs ROIs to male USVs
170  were strongly dependent on social context, as no ROIs were modulated by USV playback when
171  these females were in social isolation. In summary, a subset of plns ROIs are active during
172 vocal reception in both female and male mice.

173

174  Female Odor Increases Auditory Responsiveness in Male Posterior Insula

175 Here we found that a subset of neurons in the pins of eavesdropping male mice respond
176  strongly to USVs produced by a nearby courting male, whereas USV playback elicits only weak
177  responses in the pins when males are in social isolation. Therefore, additional non-vocal social
178  cues must augment responses of pins neurons to the other male’'s USVs. Given the multi-
179  sensory nature of plns'**? we hypothesized that female odor is one of these social cues.
180 Regulating odor delivery in unrestrained courting mice is impractical, so we instead used 2p
181 methods to image plins activity in the head-fixed male mouse while regulating its exposure to
182  female mouse odors and delivering pre-recorded USVs of other males through a speaker. In
183  this setting, odors were delivered to the head-fixed male by directing airflow into a chamber
184  containing the female and through a nozzle in front of the male’s snout (Fig. 4A, middle). Under
185  conditions of no directed airflow or when the female was absent (Fig. 4A, top), a subset of pins
186 ROIs were either excited or suppressed by USV playback (Fig. 4B, top and bottom; the
187  proportion of playback responsive ROIs was ~37%, 499 of 1351 ROlIs; this was significantly
188  higher than USV playback-excited neurons detected using miniscopes in socially isolated male
189  mice; Wilcoxon ranksum, p < 0.05). When airflow was directed towards the male, the magnitude
190  of the excitatory and suppressive responses of these ROIs to USV playback increased (Fig. 4B,
191 middle and bottom, fig. S2A, N = 4 males, Wilcoxon, p < 0.05). Separate from playback
192  responses, we did not detect any differences in fluorescence between the undirected (i.e., no
193  odor) and directed airflow conditions (Fig. S2B, two-sided KS test, p = 0.17). Therefore, female
194  odorants modulate auditory responses in the male’s pIns to other male’s USVs.

195

196 We also conducted an additional experiment in which a female mouse could approach the
197 head-fixed male mouse snout to snout, which often elicited USVs from the male (Fig. 4A
198  bottom). As in the miniscope experiments, pins activity was strongly modulated in the pins of
199  vocalizing, head-fixed males, and this vocalization-related activity increased before vocal onset
200 (Fig. 4C). In fact, 2p imaging detected an even greater proportion of pins ROIs that were
201  modulated during USV production (~55%, 749 of 1351 ROIs). However, the subset of pins ROIs
202  that were modulated during vocalization was largely non-overlapping with those that were
203  excited or suppressed by USV playback in either the presence or absence of female odor


https://doi.org/10.1101/2024.10.15.618282
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.15.618282; this version posted October 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

204  (~33% overlap of all responsive ROIs). Finally, we compared the activation times of these
205  vocalization modulated ROIs in pins with those of vocalization modulated ROIs in auditory
206  cortex (AuC) from a previous study®. This comparison revealed that the modulation prior to
207  vocal onset occurred earlier in the pins than in the AuC (Fig. 4D, Wilcoxon, p < 0.001). In
208 summary, the 2p imaging approach used here revealed that a greater proportion of plns ROIs
209  were active during USV production and playback than detected using miniscopes, presumably
210 reflecting the enhanced sensitivity of 2p imaging methods. Nonetheless, 2p imaging confirmed
211  that the subsets of ROIs activated during these two conditions were largely non-overlapping
212 while also showing that female odorants modulate male pins activity evoked by auditory
213 presentation of other males’ USVs.

214

215  The Posterior Insula Links the Auditory Thalamus with a Vocal Gating Region in the PAG

216  Previous neuronal tracing studies with fluorescent markers provide evidence that neurons in the
217  auditory thalamus (MGB) make axonal projections to the plns™*™°. To further characterize this
218  projection, we injected retrograde AAV-Cre (AAVrg-Cre) in the pins and AAV-flex-GFP in the
219  MGB (Fig. 5A left, N = 3). This approach resulted in robust GFP expression in cell bodies in the
220  medioventral part of MGB (MGByns) and in the posterior intralaminar thalamic nucleus (PIL),
221 which is adjacent to the MGB and is implicated in social, maternal and sexual behaviors®*3¢
222 (Fig. 5A right). This intersectional approach also resulted in dense GFP labeling in axon
223 terminals in all layers of the pins (Fig. 5A middle), confirming that thalamic regions including the
224  MGB and PIL are a major source of input to the posterior insula.

225

226  Prior studies have established that neurons in the caudolateral PAG (clPAG) gate USV
227  production in male mice through their axonal projections to vocal premotor neurons in the
228  nucleus retroambiguus (PAGgram)***. We explored whether pins innervates this vocal gating
229  region of the clPAG by injecting AAV retro-Cre in the PAG and AAV-FLEXed GFP in the pins
230 (Fig. 5B left, N = 4). This intersectional approach resulted in robust GFP expression in cell
231 bodies in the pIns, especially in layer V (Fig. 5B, middle and right). We extended this approach
232 by combining this intersectional with injections of retrogradely transported fluorescent latex
233  microbeads into nucleus retroambiguus (RAm, Fig. 5C left). This approach revealed that the
234 axon terminals of PAG-projecting plns neurons overlapped with the region of cIPAG that
235  projects to RAm (Fig. 5C right, N = 2). Finally, we tested whether the region of the pins that
236  projects to PAGgram also receives input from the auditory thalamus (Fig. 5D left, N = 3). We
237  injected AAV1-Cre into the MGB, resulting in Cre expression in pIlns neurons postsynaptic to the
238  MGB, and injected a retrogradely transported AAV into the cIPAG, resulting in expression in the
239  plins of a fluorescent reporter that flips from red to green in a Cre-dependent manner (AAVrg-
240  colorflipper). This approach resulted in GFP expression in cell bodies of layer 5 neurons in pins
241 (Fig. 5D right). These results indicate that the plns directly links the auditory thalamus with the
242 vocal-gating region in PAG.

243

244  The posterior insula communicates with other brain regions for social behavior

245  We also performed further viral tracing experiments to map the efferents and afferents of the
246 plIns. In one set of mice (N= 7 mice; 4 male and 3 female), we injected AAV9 in pins of wildtype
247  mice (N = 7) to express EGFP in pins axonal efferents (Fig. 6A). In another set of mice (N= 7
248  mice; 4 male and 3 female), we injected AAVrg-Cre in pins of transgenic Ail4 mice (N =7) to
249  express tdTomato in neurons afferent to the pins (Fig 6B). These viral tracing experiments
250 revealed strong reciprocal connections between the pins and other cortical regions, including
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251 the anterior insula, amygdala, motor cortex, orbitofrontal cortex, piriform cortex and rhinal cortex
252 (Fig. 6 C-F). Additionally, the plns made reciprocal connections with the temporal association
253  cortex, a region involved in encoding ultrasonic pup vocalizations®, and with the MGB/PIL. This
254  approach also revealed that the plns made a variety of non-reciprocal connections, especially
255  with subcortical regions. These include efferents from the pins to the PAG and afferents from
256  the dorsal raphe nucleus and the ventromedial thalamic nucleus to the pins. (Fig. 6C and E
257  lower left). The current mapping results are consistent with an earlier study indicating that the
258 pIns is bidirectionally connected with many cortical regions and mostly unidirectionally
259  connected with subcortical connections®’.

260

261 DISCUSSION

262  Here we used calcium imaging in freely courting male and female mice to characterize the
263  activity of plns neurons during vocal communication. In male mice, we identified two mostly
264  distinct but spatially intermingled neuronal populations in the pins that increased their activity
265  during vocal communication. One population increased its activity prior to and during USV
266  production in both hearing and deaf mice, consistent with a premotor or proprioceptive signal.
267  Another population, which responded to USVs produced by nearby male mice engaged in
268  courtship, was detected only in hearing and not deaf mice; similar responses were also detected
269 in the plns of female mice interacting with a vocalizing male. Notably, this USV-responsive
270  population was only weakly excited by USV playback when mice were placed in social isolation,
271  indicating that USV-responsiveness in the pins is augmented by non-auditory social cues. In
272  fact, 2-photon calcium imaging in head-fixed male mice revealed that female odorants could
273  enhance USV responsiveness. A combination of intersectional and conventional tracing
274  methods indicated that the plns, and specifically layer 5 neurons, bridge the auditory thalamus
275  with a region of the PAG that gates USV production. In summary, the pins integrates auditory,
276  olfactory and vocalization-related signals to encode expressive and receptive aspects of vocal
277  communication in a manner that is sensitive to social context.

278  While the pins is well known as a site for the auditory encoding of conspecific vocalizations'?,
279  pointing to a receptive function, here we found that the pins is remarkably active during USV
280  production, consistent with an expressive function. Specifically, activity in the pins increased
281  prior to the onset of USV production and remained elevated throughout the vocal bout.
282  Moreover, similar patterns of vocalization-related activity were observed in hearing and
283  congenitally deaf mice. The pre-vocal, hearing-independent nature of this vocalization-related
284  activity is consistent with a motor-related signal. Indeed, a major afferent to the pins identified
285 here and in earlier studies®® is the secondary motor cortex (M2), a region that displays
286  vocalization-related activity*>*! and that is a source of motor-related corollary discharge signals
287  to the primary auditory cortex’®?. Another possibility is that the pIns integrates proprioceptive
288  signals originating from respiratory and vocal muscles, although neither the somatosensory
289  cortex or thalamus were labeled by the intersectional, retrograde tracing methods we employed.
290 Because courtship USVs of male mice are typically produced in response to female odorants®,
291  the pre-vocal activity in the pins could also be linked to olfactory signals, which could be
292  transmitted to the plns from the piriform cortex and amygdala. However, delivering female
293  odorants to a head-fixed male did not modulate pins activity in the absence of subsequent USV
294  production. A remaining possibility is that the pre-vocal signature in the pins reflects signals
295 related to the decision to vocalize, which could be transmitted to the plns from the orbitofrontal
296  cortex* or from the anterior insula, the latter of which receives input from the medial prefrontal
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297  cortex®, a region directly linked to vocal production in rats, mice and monkeys**. In summary,
298 a distinct subset of neurons the pins are activated during vocal expression, mostly likely
299 reflecting signals linked to vocal motor production or the decision to initiate vocalizations.

300 Previous studies found that the pins responded to pure tones in mice™** and to vocalizations of

301  conspecifics in rhesus monkeys'™. While these studies point to the plns as a site where
302  vocalizations could be encoded in a socially salient manner, they monitored neural activity of
303 playback stimuli delivered to head-fixed subjects in social isolation. An important advance of the
304 current study is the analysis of plns neurons during more naturalistic vocal communication
305 involving several mice. Courtship USVs of male mice are typically produced in response to
306 female odorants and render females more receptive to mating®®?*?*. While male mice generate
307 USVs without apparent intentionality or awareness as to outcome, the male’s USVs - given their
308 pro-mating effects - can be regarded as adaptive signals that convey information about the
309 male’s presence and reproductive fitness to an intended female target. However, as with other
310  vocalizations, the courting male’s USVs convey information to any nearby animals that can hear
311  them, including rival males. Here we created a social-vocal context in which a courting male’s
312 USVs could be monitored by both a female mouse, the male’s intended courtship target, as well
313 as a nearby “eavesdropping” male. This approach revealed that hearing the courting male’s
314  USVs increased activity in neurons in the pins in both the female and the eavesdropping male.
315  This USV-evoked increase in activity was not simply a consequence of auditory stimulation,
316  because USV playback evoked much less activity in the pins when the female or the
317  eavesdropping male was placed in social isolation. Instead, our results indicate that the plns
318 encodes male courtship USVs in a socially salient manner, consistent with prior studies that
319  implicate the insula more generally in salience detection®*"“®.

320 The current study identifies female odorants as an important social cue that augments pins
321  activity in a male listening to another male’s USVs. Specifically, multiphoton imaging in head-
322  fixed male mice revealed that exposure to female odorants augments responses in a male’s
323 pIns to USV playback. Consistent with prior anatomical studies®*°*°, tracing experiments
324  conducted here show that the pins receives direct inputs from piriform cortex and amygdala,
325  providing a pathway by which odorants could modulate USV responses. While we did not
326  explore whether male odorants modulate USV-evoked responses in the pins of the female
327  mouse, these pathways are sexually monomorphic, suggesting that the pins may serve a similar
328 role in male and female mice. More broadly, odorants from mouse pups can modulate auditory
329  cortical responses in dams to pup cries®® %, and thus odorant-dependent modulation may reflect
330 a more general feature of the cortical representation of vocal sounds in the mouse cortex. Two-
331  photon imaging in the pins of socially isolated mice also revealed that a larger subset of
332 neurons were modulated by USV playback than when the same region was imaged with 1p
333  miniscopes in socially isolated unrestrained conditions. This could reflect the higher sensitivity of
334  2p methods or a heightened state of arousal in the head-fixed male that increases responses to
335 auditory stimuli. Nevertheless, our results indicate that female odorants enhance
336 responsiveness of plns neurons in male mice listening to the courtship USVs of other males.

337  The present study also underscores the pivotal position of the pins in the vocal sensorimotor
338 hierarchy. The pins is partly defined as a region that receives input from the auditory
339 thalamus™. Our results extend these findings by elucidating that layer 5 neurons in the pins
340 receive direct input from the auditory thalamus and make axonal projections to USV-gating
341  region in the PAG?**’. Whether these axons project directly to USV-gating neurons is unknown,
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342  but prior intersectional tracing studies from our lab suggest that they predominantly target local
343  interneurons that provide inhibitory input onto USV-gating neurons in the PAG*. In this
344  framework, activity evoked in the pins by listening to another male’s USVs could serve to
345  suppress USV production in the listener. However, a purely suppressive effect of the pins on
346  vocal gating neurons in the PAG cannot account for how activity in some pins neurons
347  increases before and during USV production. Therefore, an important goal of future studies will
348 be to establish the identity, connectivity and function of plns neurons that are active during
349  expressive and receptive phases of social-vocal communication.

350 Effective social communication depends on establishing a correspondence between expressive
351  and receptive aspects of communication signals. The current study shows that the pins is a site
352  where both expressive and receptive aspects of vocal signals are encoded, albeit in largely
353  distinct neuronal populations. These observations confirm and extend a recent study in
354  humans®® showing that the posterior insula is active during speech production and perception.
355  Similar to primary auditory cortical neurons, we found that a population of pins neurons that
356  were responsive during vocal reception were suppressed during vocal production®0°%%7,
357 However, unlike the primary auditory cortex, an even larger subset of pins neurons were
358 strongly excited during vocal production, and this excitation arose earlier relative to vocal
359  onset®. Therefore, the insula contains both expressive and receptive representations of vocal
360 sounds, which could help to establish a sensorimotor correspondence that facilitates
361 communication.

362
363 MATERIALS AND METHODS

364  Experimental models and subject details

365  Animals statement

366  All experiments were conducted according to a protocol approved by the Duke University
367 Institutional Animal Care and Use Committee (protocol # A183-23-09 (1)).

368  Animals

369  For calcium imaging (1-photon and 2-photon) and neuronal tracing experiments, the following
370  mouse lines from Jackson labs were used: C57 (C57BL/6J, Jackson Labs, 000664), Tmc1(A)
371  (courtesy of Jeffery Holt, Harvard University) and Ail4 (B6.Cg-Gt(ROSA)26Sortim14(Cag-
372  tdTomato)Hze/J, Jackson Labs, 007914). Mice were housed in 12/12 hours day/night cycle.

373

374  Method details

375 Lens implantation and baseplating

376  One surface of a GRIN lense (4mm length, 1mm diameter, Inscopix) was covered with a silk-
377  fibroin-virus mixture (1 part virus, 1 part silk fibroin) either the day before surgery and kept
378 overnight at 4 degree Celsius or 30 minutes before implantation as described in (Jackman et al.,
379  2018). Mice were then anesthetized (1.5%-2% isoflurane), and the plns was targeted for
380 injection. GRIN lenses were then implanted 0.1mm above pins target location and were fixed to
381  the skull using Metabond (Parkell) and dental cement (Ortho-Jet). We covered the lens with
382  body-double and an additional layer of dental cement to protect it from damage. After a recovery
383  period of 4-6 weeks, a baseplate was cemented on top of the animal and imaging experiments
384  were conducted starting 3-7 days after baseplating.

385  USV recording and analysis

386 USVs were recorded using ultrasonic microphones (Avisoft, CMPA/CM16) amplified (Presonus
387  TubePreV2), and digitized at 192 kHz/250 kHz (RZ6 Multi /O Processor from Tucker Davis and
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388 a Power1401 CED board, Spike2) during 1p- and 2p-imaging, respectively. USVs were detected
389  using Mupet®®. USV bouts were defined by a minimum duration of 500ms and a minimum
390 interbout duration of 2 seconds. Custom Matlab code was used to visualize each detected bout,
391  and on- and offsets were manually adjusted if necessary.

392  Playback stimulus presentation

393 We used pre-recorded USVs from freely interacting males and females. Ultrasonic loud
394  speakers (ES1 SN: 4907, Tucker Davis Technologies) were used to present these stimuli. Four
395  different USV bouts with a length of 2-8 seconds were presented during the 1p-imaging
396 experiments (10 presentations per stimulus, pseudorandomized order, 40 presentations in
397 total). Six different USV bouts with a length of 2 seconds were presented during the 2p-imaging
398 experiments (20 presentations per stimulus, pseudorandomized order, 120 presentations in
399 total).

400  Behavior recording and analysis

401  All experiments were conducted under infrared light (IR llluminator, model: YY-IR30W,
402  LineMax). We used a webcam (HD 1080p, Logitech) from which we removed the infrared filter
403 to monitor the behaviors of the mice. Animal pose estimations were acquired by using
404 Deeplabcut®™. We then used custom Matlab code to calculate speed and acceleration of an
405 animal. Runnning bouts were defined as follows: minimum duration 0.5sec, interbout duration
406  1sec. Acceleration bouts were defined as follows: minimum duration 0.25sec. Area dimensions
407  of the arena were acquired manually and we used video frames to convert pixels into metric
408  values.

409  One-photon imaging

410  On the day of testing, a miniature miscroscope (UCLA miniscope V4) was mounted on the
411  baseplate of the animal and fixated in place by a screw before the animal was placed into one of
412  the two chambers of the two-chamber assay. Calcium data was acquired using the provided
413  open-source software for UCLA miniscopes V4 which synchronized its recording times by
414  sending out a TTL pulse to the audio recording system each time a frame was acquired. After
415  an acclimation period of 3-5 minutes, the animal was exposed to other conspecifics and
416  playback stimuli. Video, audio and calcium signals were recorded as the mouse freely interacted
417  with the presented stimuli. The resulting calcium signal was analyzed using Minian®® and
418  custom Matlab codes. Extracted ROIs were manually inspected.

419  Two-photon imaging

420  Prior to 2-photon calcium imaging we implanted titanium Y-headbars on mice using Metabond
421  (Parkell) after they underwent surgery for GRIN lens implantation as described above. Mice
422  were head-fixed on a radial treadmill and habituated for at least one week before the experiment
423  was conducted. The baseplate was filled with carbomer gel (refractive index 1.4) and signal
424  were recorded by a 10x/0.45NA water immersion objective (Nikon). We used a titanium
425  sapphire laser (MaiTai DeepSee, 920nm, Neurolabware) with a laser power of 100mW.
426  Recordings were performed in darkness. Data was acquired using Scanbox (sampling rate
427  15.49 Hz; 512 x 512 pixels) that sent out a TTL pulse to Spike7 audio-recording system each
428 time a frame was acquired. Suite2p® was used to extract individual calcium signals and
429  subsequent data analysis was performed by custom Matlab code. Extracted ROIls were
430  manually inspected.

431  Viruses and tracers

432  We used the following viruses and tracers: AAV2/9-syn-jGCaMP8s-WPRE (Addgene), AAVrg-
433  PGK-Cre (Addgene), AAV-2/1/CAG-Flex-EGFP (Addgene), pENN.AAV.hsyn.Cre WPRE.hGH
434  (AAV1, Addgene), pOOTC1032 — pAAV-EFla-Nuc-flox(mCherry)-EGFP and Red Retrobeads™
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435  IX (LumaFluor). We injected into the following coordinates relative to bregma: pins, AP=-
436  1.05mm, ML=3.80mm, DV=-3.50mm; MGB, AP=-2.90mm, ML=-1.75mm, DV=-3.40mm; PAG=-
437 4. 7/mm, ML=0.70mm, DV=-1.75mm; RAm: AP=-8.05mm, ML=1.00mm, DV=-5.20mm.
438  Coordinates were achieved via a digital stereotaxic instrument (RWD) and viruses were
439  pressure-injected with a Nanoject Ill (Drummond) at a rate of 1nl/sec.

440  Post-hoc visualization of viral labeling

441  Mice were deeply anesthetized with isoflurance and then transcardially perfused with ice-cold
442 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (4% PFA). Dissected brain samples
443  were postfixed overnight in 4% PFA at 4 degrees C, cryoprotected in a 30% sucrose solution in
444  PBS at 4 degrees C for 48 hrs, frozen in Tissue-Tek O.C.T. Compound (Sakura), and stored at -
445 80 degrees Celcius until sectioning. Brains were cut into 100 um coronal sections, rinsed 3x in
446  PBS, and processed for 24 hrs at 4 degrees with NeuroTrace (1:500, Invitrogen) in PBS. To
447  increase fluorescence of jGCaMP8s in brain slices we added primary antibody (Chk pAb to
448  GFP, ab13970, Abcam) to NeuroTraces, rinsed the samples 3x in PBS and processed with
449  secondary antibody (Anti-Chicken IgY, 488, 703-545-155, Jackson ImmunoResearch). Tissue
450  sections were rinsed again 3x in PBS, mounted on slides, and coverslipped with Fluoromount-G
451  (Southern Biotech). After drying, slides were imaged with a 10x objective in a Zeiss 700 laser
452  scanning confocal microscope and a Keyence microscope (BZ-X810, All-in-One Fluorescence
453  Microscope).

454  Statistical analysis

455  All AF/F calcium traces were z-scored prior to each analysis and were presented in units of
456  standard deviation. We quantified responses of each neurons during miniscope recordings
457  using a receiver operating characteristic (ROC) analysis, which has been applied previously to
458  detect responses during natural behavior®®. We calculated ROC curves for each ROI by first
459  obtaining the distribution of calcium responses across all vocal bouts and during baseline
460  (difference of means before and after vocal onset) and then used a moving criterion from
461  minimum calcium amplitude to maximum calcium amplitude of those two distributions. The
462  length of this moving criterion was calculated as the (max — min)/100. We then used the area
463  under the resulting ROC curve and compared it to a 1000 times randomly shuffled distribution
464  for each ROI. ROIs with ROC area under the curve values below or above the 2.5 and 97.5™
465  percentile were considered suppressed or excited during vocal bouts, respectively. Playback
466  responses during 1-photon and 2-photon calcium imaging and changes in running speed were
467  quantified using a two-sided Wilcoxon ranksum test. Individual average calcium signals were
468  baseline subtracted prior to visualization.

469  Decoding analysis

470  For each recording session we performed a principal component analysis on all ROIs and used
471  the first 24 principle components (PCs) as the input layer to our model. We then divided each
472  recording session into two data sets: The training data set contained 85% of vocal bouts while
473  the test data set contained 15% of vocal bouts. We then created a long short-term memory
474  network using Matlab that we trained on the training data set to decode vocal bouts by PC
475  activity. Next, we applied the decoder to the original test data and a control data set where we
476  randomly shuffled the USV bout appearances. The resulting decoding accuracies for each
477  session were quantified by a standard two-sided Wilcoxon ranksum test.

478
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Figure 1: The posterior insula encodes expressive and receptive aspects of social-vocal
communication. (A) Experimental design showing the three different social-vocal contexts. (B) Example
USVs during vocal expression (top left), eavesdropping (top middle) and playback (top right), and the
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666 corresponding ROI activities below. (C-E) Example ROIs showing activity during USV bouts and USV
667 playback for each of the three communicative contexts (yellow = excited, blue = suppressed, black = non-
668 responsive). (F-G) Average activity of ROIs that are active during vocal expression (ROlsy,), during
669  eavesdropping (ROIlsgprp) OF in both contexts (ROIsgem). Top panels show each individual ROI. The
670 bottom panels show the overall population activity of excited (yellow) and suppressed (blue) ROIs. (H)
671 Same ROIs as in G & H but shown during USV playback. (I) Example field of views of ROlsy,. and
672 ROIseprop (top and bottom left) and amount of excited, suppressed and non-responsive ROIs in each
673  context (voc = vocal expression, edr = eavesdropping, pb = playback). (J) Example field of view of ROIs
674  that are responsive to vocal expression or eavesdropping and their overlap (top). Total amount of
675 responsive ROIs in vocal expression (magenta), eavesdropping (green) or both contexts (brown). (K)
676  Cumulative distribution function of pairwise neuronal distances in pixel of ROlsy, (magenta) and
677 ROISseprop (green).

678
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679

680 Figure 2: Activity in the posterior insula encodes vocal expression in hearing and deaf mice (A)
681  Average running speed of vocalizing male aligned to USV bout onset. (B) Average population activity of
682  excited (left) and suppressed (right) ROIsy, aligned to USV bout onset (magenta) and running bout onset
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(green). (C) Average population activity of excited (yellow) and suppressed (blue) ROlsy,. aligned to
acceleration bout onset. (D-E) Decoding accuracies for vocal expression (right) and running (left). (F)
Average activity of ROIs that are active during vocal expression in deaf males (top) and the
corresponding average population activity of excited (yellow) and suppressed (blue) ROIs. (G) Same is in
(F) but for activity during eavesdropping in deaf males.
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690 Figure 3: The posterior insula of females responds to social vocalizations of males. (A-B)
691 Experimental design for live and playback vocalizations. (C) Average ROI activity in the posterior insula of
692  females while exposed to a vocalizing male (top). The bottom panel shows the average population activity
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693 of excited (yellow) and suppressed (blue) ROIs. (D) Same ROIs as in (C) but shown during USV
694 playback. (E) Example field of view of excited (yellow) and suppressed (blue) ROIs of a female when
695 exposed to a vocalizing male (top). Total amount of ROIs for each of the two contexts (live vocalization
696  and playback).

697


https://doi.org/10.1101/2024.10.15.618282
http://creativecommons.org/licenses/by-nc/4.0/

698
699

700
701

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.15.618282; this version posted October 16, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A Experimental Design B Odor Evoked Playback Responses

playback no < odor excited suppressed

. USV playback onset _-USV playback onset
236 162 5
>1.
-4 *- -
( %./ playback g
no Y odor
05
-
- 1 3
layback ' odor -
e 183 g
b bt
- 00"
j J
Alrﬁowq\s)-{e__.’? =, playback g
- - %./ ), Y odor
(o e
4 -0.5
1 ;
03 ! I @ no odor
1 A ] @ odor
[ I
' | y I
population §0...‘_. .= e snenrnsas o
activity 1 h
[ 1
1 1
03 I 1
-2 0 5 -2 0 5
time (sec) time (sec)
C Vocalization Activity D Prevocal Onset Comparison
_USV bout onsels 2 _USV bout onsets
- ippressed &
749 '
>1.0 &
pins —-',\/' R——
AUC — o —
) 05 3 <l>
[e] bt '
o — L)
00" ! s
AuC *
1 -0.5 5 0 5
0.5 time (sec)

zscore (s.d.)
(=]
(= e e e ——

time (sec)

Figure 4: Female odor increases responsiveness in the posterior insula of males. (A) Experimental
design showing the head-fixed male exposed to USV playback during neutral airflow (top), positive airflow
that delivers odorants from a distal female (middle) and USVs elicited by an approaching female (bottom).
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(B) Average activity of ROIs that were active during neutral and positive airflow (top and middle). The
bottom panel shows the average population activity of excited (yellow) and suppressed (blue) ROIls
during neutral and positive airflow. Stars indicate significance between the two populations. (C) Average
activity of ROIs that were active during vocal expression in head-fixed males. Bottom panel shows
average population activity of excited (yellow) and suppressed (blue) ROIs. (D) Prevocal onset activity of
posterior insula (pIns) and auditory cortex (AuC) of excited and suppressed ROI populations.
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709
710 Figure 5: The posterior insula links the auditory thalamus with a vocal gating region in the PAG.

711 (A) Experimental design to label MGByns projecting neurons (left); axon terminals in pins (middle); cell
712 bodies in MGB/PIL region (right). (B) Experimental design to label plnspag projecting neurons (left); axon
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terminals in PAG (middle); layer 5 cell bodies in plns (right). (C) Experimental design to identify
projections to vocal-gating region in the PAG (left); axon terminals of plnspac projections (green) and cell
bodies of PAGram neurons (red); (D) Experimental design to identify plnspag neurons that receive direct
inputs from MGPy,s neurons (left); layer 5 pinspac neurons that expressed a colorflipper virus and
switched from red to green due to the presence of Cre (right). Abbreviations: pins, posterior insula; MGB,
auditory thalamus; PIL, posterior intrathalamic nucleus; PAG, periaqueductal grey; RAm, nucleus
retroambiguus.
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721
722 Figure 6: The posterior insula communicates with other brain regions for social behavior. (A-B)

723 Experimental approach to trace efferents (green) and afferents (red) of the posterior insula. (C) Identified
724  efferents in seven mice. (D) Identified afferents in seven mice. (E) Efferent examples. (F) Afferent
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725 examples. Abbreviations: plns, posterior insula; alns, anterior insula; TeC, temporal association cortex;
726 PirC, piriform cortex; PerC, perirhinal cortex; PIL, posterior intrathalamic nucleus; PAG, periaqueductal
727 grey; OFC, orbitofrontal cortex; MGB, medial geniculate body; MC, motor cortex; EntC, entorhinal cortex;
728  EctC, ectorhinal cortex; Amy, amygdala; dRN, dorsal raphe nucleus; VMN, ventromedial thalamic
729 nucleus;

730
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731
732  Supplemental figure 1: (A) Schematic examples of receiver-operator characteristic to quantify
733 responsiveness of ROIs: top, excited; middle, suppressed; bottom, non-responsive.
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734
735 Supplemental figure 2: (A) Correlation of mean activities of ROIs responsive during USV playback.

736 Colors depict responsiveness in neutral airflow (green), positive airflow (magenta) and in both (black). (B)
737 Cumulative distribution function of baseline activity during neutral airflow (green) and positive airflow
738 (magenta).
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