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Playback of Alarm and Appetitive Calls
Differentially Impacts Vocal, Heart-Rate,
and Motor Response in Rats

Krzysztof H. Olszy�nski,1 Rafał Polowy,1 Monika Mał_z,1 Paweł M. Boguszewski,2 and Robert K. Filipkowski1,3,*

SUMMARY

Our rudimentary knowledge about rat intraspecific vocal system of information
exchange is limited by experimental models of communication. Rats emit 50-
kHz ultrasonic vocalizations in appetitive states and 22-kHz ones in aversive
states. Both affective states influence heart rate. We propose a behavioral model
employing exposure to pre-recorded playbacks in home-cage-like conditions.
Fifty-kHz playbacks elicited the most vocalizations (>60 calls per minute, mostly
of 50-kHz type), increased heart rate, and locomotor activity. In contrast, 22-kHz
playback led to abrupt decrease in heart rate and locomotor activity. Observed
effects were more pronounced in singly housed rats compared with the paired
housed group; they were stronger when evoked by natural playback than by cor-
responding artificial tones. Finally, we also observed correlations between the
number of vocalizations, heart rate levels, and locomotor activity. The correla-
tions were especially strong in response to 50-kHz playback.

INTRODUCTION

Ultrasonic vocalizations (USV) of adult rats are divided into two main categories: 22-kHz and 50-kHz USV.

The former usually accompany aversive situations (fear, anxiety, social aggression, predator scent/pres-

ence, unfamiliar humans, air-puff). The latter are emitted in appetitive contexts such as rough and tumble

play, social exploration, reward anticipation and acquisition, successful copulation, and tickling (Wohr and

Schwarting, 2013; Simola and Granon, 2019; Burgdorf et al., 2020).

Suitable behavioral models to investigate vocal communication in rats are lacking, with a significant prob-

lem in identifying the USV emitter when more than one animal is present. Attempts to solve the problem

require elaborate technical solutions that fail to unambiguously assign all USV (Neunuebel et al., 2015) or

require invasive devocalization that changes social dynamics between rats (White and Barfield, 1989; Kisko

et al., 2015a, 2015b). However, playback studies, i.e. with the presentation of recorded or prepared calls,

can offer some simplification by replacing one of the animals with a speaker. Nonetheless, they proved not

to be effective to evoke USV emissions (White and Barfield, 1989; White et al., 1993; Wohr and Schwarting,

2007, 2009; Sadananda et al., 2008; Berg et al., 2018). To this end, we wanted to first verify whether rats,

under low stress experimental conditions, would vocalize to pre-recorded USV played from a speaker.

Previous playback studies have shown that presenting 50-kHz USV evoked various behaviors such as

approach (Wohr and Schwarting, 2007), positive responses to ambiguous cues (Saito et al., 2016), reduction

in fights (Kisko et al., 2015a), restoration of sexual activity in devocalized rats (White and Barfield, 1989), and

awakening from haloperidol-induced catalepsy (Tonelli et al., 2018). Whereas, exposing rats to 22-kHz play-

back inhibited behavior (Wohr and Schwarting, 2007), decreased locomotor activity during replay and

immediately afterward (Sales, 1991; Brudzynski and Chiu, 1995), and caused negative responses to ambig-

uous cues (Saito et al., 2016), and anxiety-like behaviors (Demaestri et al., 2019). Presentation of 50-kHz

versus 22-kHz playback also resulted in activation of c-Fos in different brain areas (Beckett et al., 1997; Sa-

dananda et al., 2008; Ouda et al., 2016; Demaestri et al., 2019).

Finally, there is a social effect of USV emission. Production of 22-kHz USV during and after exposure to a

predator increased in the presence of familiar conspecifics, which may serve as alarm cries (Blanchard

et al., 1991). Female vocalizations have also been found to affect the sociosexual behavior of male rats
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(White and Barfield, 1989). Since USV are means of communication, perhaps rodents housed in various so-

cial conditions, e.g. single versus paired, would react differently to USV presented. Recent findings show

that rats respond to 50-kHz calls differently according to their period of isolation (Seffer et al., 2015).

Heart rate (HR) is a physiological variable that changes substantially in aversive and appetitive situations.

Resting HR state is mainly controlled by the autonomic nervous system through the parasympathetic inhi-

bition via the vagus nerve. Notably, lowering the vagal tone in the heart and increasing the sympathetic

tone correlates with chronic stress, emotional trauma, and anxiety in humans (Carnevali and Sgoifo,

2014). Moreover, regulation of HR, respiratory rhythm, vocal emissions, and other behaviors are controlled

by the same brain areas, e.g. the nucleus of the solitary tract (afferent path), the nucleus ambiguus (efferent

path), and also a common signaling pathway—multiple neural pathways of the vagus nerve—as described

by the polyvagal theory (Porges, 1995, 2007, 2009).

In this study, we investigated (1) whether hearing recorded USV from a speaker can lead to vocal, motor,

and HR response in rats; (2) the direction of HR changes in response to 50-kHz versus 22-kHz playback pre-

sented as unrelated to behavioral situation; (3) whether rats can distinguish between artificially-generated

tones and natural USV, i.e. by measuring distance traveled, vocal, and cardiovascular responses; (4) role of

social context in response to ultrasonic playback, i.e. paired versus singly housed rats; and finally (v)

whether these variables correlate.

RESULTS

Except for the Periods of Ultrasonic Playback, Rats’ Behavior Remained Relatively Constant

Locomotor activity, measured as distance traveled, was the same during the 10-min silence period (Fig-

ure 1A) at an average speed of 2 cm/s (Figures 2A and 2B; Tables S1A and S3), which declined during

the playback session to 1 cm/s (Figures 3A, 3C, 3E, and 3G). See also control time-intervals, from �120 s

to �100 s and �30 s to �10 s (Tables S7A and S8A). We did not observe a strong preference for either

side of the cage during the initial 10 min (Figures 2C and 2D), although the values fluctuated (Tables

S1B and S4). In general, the rats did not prefer a cage-side during the sound presentation sessions; please

note the values around 50% (dotted line) before each ultrasonic emission (Figures 3A, 3C, 3E, and 3G).

Single Rats Behaved Differently Than Paired Ones

The single rats usually, i.e. during the majority of time-intervals, traveled longer distances than the paired

ones during the first 10 min of silence (Figures 2A and 2B; Tables S2A and S3) as well as during ultrasound

presentation session (Figures 3A, 3C, 3E, and 3G; Tables S9 and S13A), the effect was not significant in most

cases, i.e. for particular time-intervals; see, however, 4 cases for 50-kHz tone playback, Table S9. The single

rats initially spent the same amount of time in both sides of the cage as did the paired rats during the intro-

ductory silence (Figures 2C and 2D; Table S4) but tended to spend more time in the speaker’s half of the

experimental cage during the playback session compared with the paired rats (Figures 3A, 3C, 3E, and 3G;

Tables S10 and S13B). However, this preference for the speaker’s side of the cage in the single rat group

was not always statistically significant (5 cases in Table S13B).

HR Levels Declined during the Whole Experimental Session

When average levels of HR from the first 5 min of the 10-min silence period were compared with those from

the last 5 min of the playback session (Figure 1A), there was a significant decline in the paired (467.7 G 5.9

versus 377.5 G 6.3, p < 0.001), single (476.3 G 6.2 versus 384.4 G 6.1, p < 0.001), and all rats (472.1 G 4.3

versus 381.0G 4.4, p < 0.001; all Wilcoxon). The decline began at around 180 s and continued for rest of the

10 min in all groups (Figures 2E and 2F, and S1C, and Table S5, p < 0.001, Friedman). When HR levels were

compared with the very first time-interval, i.e. 10 s, the significant decline started from 280 to 350 s onward

(Table S5).

Single Rats Displayed Higher HR Levels throughout the Experiment

The HR of single and paired rats began to differ during the second half of the 10-min silence period (Figures

2E and 2F) such that the HR of single rats was significantly higher in 14 of the 10 s time-intervals measured

(Tables S2A and S5). Moreover, HR of the single rats remained higher than the paired rats throughout the

playback session (Figures 3B, 3D, 3F, and 3H; Tables S11 and S14C), with significant differences at some

time-intervals (4 cases for Table S11; 5 cases for Table S14C), notably at 10 s after the playback of 50-

ll
OPEN ACCESS

2 iScience 23, 101577, October 23, 2020

iScience
Article



kHz USV as well as both 50-kHz USV and tones (Figures 3B and 3D; Table S11, p < 0.05; Table S14C, p < 0.01,

Mann-Whitney).

Single Rats Emitted USV More Often Than Paired Rats

It was observed during the first 10-min silence period (Figures 2G and 2H; Table S2D), especially from

around 120 s onward (Table S6). Moreover, when non-vocalizers and outliers were excluded from the anal-

ysis of the first 10 min period, the single rats were found to emit more USV at all time-intervals (Figures S1C

and S1D; Table S6) and during the whole silence period (Table 1). Most of these USV were 50-kHz USV, the

main type of vocalizations emitted throughout the whole experiment, i.e. in >90% of cases (Table 1). The

single rats also emittedmore USV than the paired rats during the playback session itself (Figures 3B, 3D, 3F,

and 3H; Tables S12 and S14D), with several significant differences (Table S14D).

Animals Moved Faster during 50-kHz Ultrasonic Presentations and Slowed Down after 22-

kHz Ultrasonic Presentations

Both the single and paired groups traveled significantly longer distances during the presentation of 50-kHz

signals (Figures 3A and 3C; Videos S1 and S2), for both USV and tone playbacks, i.e. at 0 s time-interval

versus neighboring �10 s and 10 s time-intervals (Tables S7A and S9). In case of 22-kHz USV playback (Fig-

ure 3E; Tables S7A and S9), a reduction in distance traveled appeared immediately after signal presenta-

tion, i.e. at 10 s time-interval in the paired rats and single rats (p < 0.01, Table S9, Wilcoxon). This

Figure 1. Scheme of the Experiment

(A–E) Scheme of experiment (A) with motives of ultrasonic signals (B–E) played during playback sessions (gray rectangles).

After 10-min silence, four different signals were presented to each rat in counterbalanced order. Each set of 10-s signals

was followed by 5 min of silence; (B and D) natural USV, i.e. recorded from animals; (C and E) artificial software-generated

signals imitating natural ones, i.e. with the same duration, inter-signal interval, mean peak frequency, and amplitude.

(F) Example of a spectrogram with rat ultrasonic vocalizations (USV, black arrowheads) recorded during 50-kHz tone

playback (black arrows).
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deceleration, however, did not occur after the 22-kHz tone presentation in the paired group (Figure 3G;

Tables S7A and S9).

When the distance traveled data from paired and single rats, as well as effects of USV and tones playback

(sounds), were pooled together (Figure 4E; Table S8A), we found that rats traveled themost during the pre-

sentation of the 50-kHz signal at the 0 s time-interval (significantly more than all other time-intervals, Table

S13A). In contrast, the rats moved the least at 10 s, just after the 22-kHz signals playback (Table S13A). Alto-

gether, the distance traveled after 50-kHz playback was significantly higher than that after 22-kHz presen-

tation (Table S15A).

Rats presented with 50-kHz playback spent more time in the speaker’s half of the cage than animals

exposed to 22-kHz sounds (Figures 4A, 4C, 4E, Figures S2, S2C, S2E, and S2G). The difference was signif-

icant for 10–30 s time-intervals for all results pooled together for analysis (Table S15B).

50-kHz Sounds Caused HR to Increase; 22-kHz Sounds Caused HR to Decrease

Every presented ultrasonic playback affected HR values in all groups, i.e. single, paired (analyzed sepa-

rately, Figures 3B, 3D, 3F, and 3H), and pooled groups (analyzed together, Figures 4B and 4D) when

Figure 2. Assessment of Locomotor Activity, Heart Rate (HR), and the Number of USV Emitted of All Animals

during the First 10 min of Silence in the Experimental Cage

Shown are (A and B) distance traveled (cm); (C and D) time (%) spent in a speaker’s half of the cage with horizontal dotted

line marking 50% chance level; results above it show more time in the speaker’s half; (E and F) heart rate (bpm; beats per

minute); (G and H) number of USV. HR declined progressively in both groups; however, this decrease was more

pronounced in paired rats; single rats vocalized more than paired rats. Mean values with SEM are presented for 10-s

intervals in the line graphs (A, C, E, and G) and 2-min intervals in bar graphs (B, D, F, and H).

Values for paired rats (n = 29/30) are presented as blank dots/bars and for single rats (n = 31) as solid dots/bars; for

p values see Tables S1–S6.
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presented with 50-kHz USV, 50-kHz tones, 22-kHz USV, and 22-kHz tones (Table S11) as revealed by the

analysis of repeated measures for�120 s to 180 s time-intervals (Table S7C, p < 0.001 for all 12 cases, Fried-

man). Since these differences could be due to the tendency of HR levels to decline over a longer time span,

we investigated shorter intervals around the onset of the ultrasonic signal. We found that the HR levels

changed significantly, e.g. from �60 s to 60 s time-intervals and, especially, from �10 s to 10 s (at least

p < 0.05 for all conditions), compared with the steady HR level before the signal onset, i.e. from �30 s to

�10 s or �120 s to �100 s. These HR changes were even more pronounced and significant when the paired

and single animals were pooled together for analysis of USV presentations and tone presentations

(Table S8C).

Figure 3. Response to Appetitive versus Aversive Playback

Impact of ultrasonic playback on distance traveled, time spent in the speaker’s half of the cage, heart rate (HR), and USV

emission. Gray sections correspond to the 10-s-long ultrasonic presentation. Graphs depict responses after exposure to:

50-kHz USV.

(A, B), 50-kHz tones (C, D), 22-kHz USV (E, F), and 22-kHz tones (G, H). In the left column (A, C, E, G), distance traveled is

presented as connected dots (cm, left Y axis) and percentage of time spent in the speaker’s cage half as not connected

dots (%, right Y axis). In the right column (B, D, F, H), HR is presented as connected dots (bpm; beats per minute, left Y

axis); the number of USV is presented as not connected dots (right Y axis). Each point is a mean for a 10-s-long time-

interval with SEM. The dotted horizontal line marks a 50% chance value for time in a side of the cage. HR tended to be

higher in single (lines with solid dots) than in paired rats (blank dots); 50-kHz playback increased locomotor activity in both

paired and single rats. Each ultrasonic playback caused HR changes in all groups; paired rats, n = 29/30; single, n = 31.
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Groups Number of USV Parameters of 50-kHz

USV

Total USV 50-kHz

USV

Short 22-kHz

USV

Long 22-kHz

USV

Duration

[ms]

MPF

[kHz]

USV emitted during the whole experiment

Paired 232.7 G

47.2

224.9G 47.2 5.5 G 1.6 2.3 G 1.3 30.3 G 1.1 58.8 G 0.6

Single 340.4 G

67.8

320.5G 68.6 5.1 G 1.5 4.1 G 4.1 33.0 G 1.6 60.2 G 0.8

p value 0.4531 0.7022 0.7905 0.1724 0.2428 0.1984

USV emitted during the first 10 min of silence

Paired 48.9 G 25.7 46.1 G 25.6 1.8 G 0.5 1.0 G 1.0 19.6 G 1.5 57.2 G 1.2

Single 87.6 G 21.2 81.3 G 21.3 2.3 G 0.8 4.1 G 4.1 20.6 G 1.6 57.1 G 1.6

p value 0.0550 0.1687 0.8451 1.0000 0.6241 0.6745

USV emitted during the first 10 min of silence with non-vocalizers and outliers eliminated

Paired 10.6 G 1.7 8.8 G 1.8 1.9 G 0.7 0.0 G 0.0 19.1 G 1.8 56.4 G 1.3

Single 75.4 G 16.4 67.7 G 16.6 2.7 G 1.0 5.1 G 5.2 19.8 G 1.6 56.9 G 1.8

p value p < 0.01 p < 0.05 0.3568 0.3594 0.6503 0.6686

USV emitted to 50-kHz USV playback (0–120 s time-intervals)

Paired 60.2 G 9.5 59.8 G 9.4 0.4 G 0.2 0.0 G 0.0 33.1 G 1.3 59.2 G 0.5

Single 77.9 G 14.0 77.7 G 13.9 0.1 G 0.1 0.0 G 0.0 36.2 G 1.9 59.2 G 0.7

p value 0.6651 0.6651 0.6020 1.0000 0.1965 0.9133

USV emitted to 50-kHz tone playback (0–120 s time-intervals)

Paired 48.7 G 8.6 48.4 G 8.6 0.3 G 0.2 0.0 G 0.0 32.5 G 1.6 58.9 G 0.9

Single 56.5 G 10.1 56.3 G 10.2 0.2 G 0.1 0.0 G 0.0 35.7 G 1.4 60.2 G 0.6

p value 0.6337 0.6389 0.5548 1.0000 0.1574 0.2023

USV emitted to 22-kHz USV playback (0–120 s time-intervals)

Paired 20.4 G 6.0 19.2 G 6.1 1.1 G 0.8 0.1 G 0.1 26.1 G 1.6 58.6 G 0.7

Single 21.2 G 5.9 21.0 G 5.9 0.1 G 0.1 0.0 G 0.0 29.5 G 2.1 60.5 G 0.9

p value 0.5168 0.3258 0.5841 0.5253 0.3376 0.1939

USV emitted to 22-kHz tone playback (0–120 s time-intervals)

Paired 13.3 G 4.6 12.4 G 4.6 0.4 G 0.3 0.4 G 0.4 26.9 G 2.6 56.3 G 1.6

Single 19.0 G 5.0 18.8 G 5.0 0.2 G 0.1 0.0 G 0.0 25.7 G 2.3 57.6 G 1.7

p value 0.6292 0.4021 0.6295 0.1472 0.7345 0.6387

Table 1. Average Number of Emitted USV of Different Types and Selected Characteristics of 50-kHz USV Emitted

during the Whole Experiment, First 10 min of Silence, and during Playback Sessions, i.e. during the 10-s-Long

Playback and 110 s Afterward

MPF, mean peak frequency.

The number of USV from three categories: 50 kHz USV (MPF >32 kHz), short 22 kHz (MPF of 18–32 kHz, duration <0.3 s), long

22 kHz (MPF of 18–32 kHz, duration >0.3 s); paired, n = 30; single, n = 31; p values of Mann-Whitney test.
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The changes in HR around the signal onset, i.e. from �10 s to 10 s, were most striking, especially in rats

exposed to 50-kHz versus 22-kHz playback. The former experienced a significant increase in HR values be-

tween 0 s time-interval and following time-intervals (Figures 3B and 3D; Table S11), whereas after 22-kHz

sounds presentation, themost striking feature was a drop in HR levels between�10 s time-interval and sub-

sequent 0 s and 10 s time-intervals (Figures 3F and 3H; Table S11).

Moreover, when the single and paired rats were analyzed together (Table S11; Figures 4B and 4D), and

when comparing both 50 kHz and both 22 kHz groups of results, i.e. USV and artificial tones, with both sin-

gle and paired rats pooled together (Table S14C; Figure 4F), the tendencies of HR levels to increase or

decrease intensified.

Finally, we also employed time-resolved analysis of several individual rats exposed to 22-kHz USV playback

to determine the duration of HR drop by measuring the heart’s inter-beat intervals. We found that the HR

decrease takes indeed several seconds, i.e. 2–5 s in investigated animals (Figure 5).

Figure 4. Response to Appetitive versus Aversive Playback (Pooled Data)

Comparison of responses to 50-kHz versus 22-kHz playback of USV (A, B) or artificial tones (C, D) in rats pooled together

for analysis irrespective of social context, as well as with responses to respective USV and tones pooled together (sounds)

for analysis (E, F). Gray sections correspond to the 10-s-long ultrasonic presentations. Responses to 50-kHz sounds are

presented as solid dots and to 22-kHz playback as blank dots.(A, C, and E) Distance is presented as connected dots (cm,

left Y axis), time spent in the half of the cage proximal to the speaker is presented as not connected dots (%, right Y axis).

(B, D, and F) HR is presented as connected dots (bpm; beats per minute, left Y axis); the number of USV is presented as not

connected dots (right Y axis). Each data point is a mean for the 10-s-long time-interval with SEM. The dotted horizontal

line marks 50% chance value for time spent in the speaker’s half of the cage. HR values increased after 50-kHz USV, tones,

and sounds and decreased during and after 22-kHz USV, tones, and sounds (B, D, F). The number of USV (B, D, F) and

distance traveled (A, C, E) increased during 50-kHz presentations; for p values see Tables S7–S17; n = 60 for A, C; n = 61 for

B, D; n = 120 for E; n = 122 for F.
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HR Levels Were Different during and following 50-kHz versus 22-kHz Playback

Fifty-kHz playback resulted in higher HR. It was observed following 50-kHz USV versus 22-kHz USV play-

back, in the paired (Figure S2B) and single rats (Figure S2D), for 50-kHz tones versus 22-kHz tones in the

paired rats (Figure S2F) and in single rats (Figure S2H; see Table S16C for statistics). The differences

became more pronounced and significant when both paired and single groups were pooled together

for analysis (Figures 4B and 4D; Table S16C) and even more so when the results of USV and tones were

pooled together respective to their frequency band for analysis, e.g. 50-kHz USV and tones constituted

50-kHz sounds. Then HR changes in response to the 50 kHz versus 22 kHz sounds differed throughout 0–

160 s time-intervals (Figure 4F; Table S16C).

Despite the overall increase in HR in response to 50-kHz sounds, playback of these signals produced short

HR drops observed as a difference between �10 s and 0 s time-intervals (Figures 3B and 3D). This initial

short HR drop was significant in the paired (p < 0.05) and all rats (p < 0.05, Wilcoxon, Table S11) as well

as in all rats with 50-kHz playbacks sounds (USV and tones pooled; p < 0.01, Figure 4F; Table S14C).

Both 50- and 22-kHz Sounds Evoked an Ultrasonic Response

All ultrasounds presented impacted the number of USV emitted by the rats. These numbers changed in all

groups analyzed, especially after the 50-kHz playback in the paired, single (separately, Figures 3B and 3D),

and paired and single rats pooled together (Figures 4B and 4D) when presented with 50-kHz USV or 50-kHz

Figure 5. Impact of 22-kHz USV Playback on Inter-Beat Interval (IBI) of Paired (Top Three) and Single (Bottom

Three) Randomly Selected Rats That Experienced 22-kHz USV Playback as their First Playback (Comp. Figure 1)

Gray sections correspond to the 10-s-long ultrasonic presentation. Dotted vertical lines indicate 1-s-long intervals. In

general, 22-kHz USV presentation evoked increase in IBI (i.e. HR decrease); the increase process lasted approx. 2–5 s in

each rat.
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tones, as revealed by the analysis of repeated measures (Table S7D, Friedman), i.e. p < 0.001 for all groups

at all investigated time-intervals which included 0 s playback interval (i.e.�120 to 180 s,�60 to 60 s,�10 to

10 s) but not during the control time intervals. There was an increase in the number of USV between �10 s

time-interval and time-intervals that followed (Table S12).

Similarly, there was also a response following 22-kHz playback (Figures 3F, 3H, 4B, and 4D), e.g. for the

paired and single rats analyzed together—for �10 s to 10 s interval after presentation of 22-kHz USV

(p < 0.01) and 22-kHz tones (Table S7D, p < 0.05; Friedman) and significant differences between �10 s

time-interval and the intervals after 22-kHz USV or tone playback (Table S12).

The majority of calls emitted by the rats during and after the playback, i.e. at 0–120 s time-intervals, were

appetitive 50-kHz USV. Notably, it was observed for both 50- and 22-kHz playback, for natural and artificial

sounds alike (Table 1). However, 50-kHz USV, emitted by the rats during and after 22-kHz playback, had

shorter duration than those emitted during and following 50-kHz playback, which was significant for

both USV (p < 0.01) and tones playback (p < 0.01, Wilcoxon), with paired and single rats analyzed together.

Please note that a small number of aversive long 22-kHz USV were emitted only following 22-kHz playback,

i.e. total of 5 calls in 3 rats following 22-kHz USV and 2 calls in 2 rats following 22-kHz tones.

These changes in the number of USV that were evoked by 50-kHz versus 22-kHz sounds were even more pro-

nounced and significant when the data from paired and single animals as well as USV and tones from respective

frequency bands were pooled together into larger groups for analysis (Table S8D; Figure 4F) with prolonged in-

creases in the number of emitted USV as compared with �10 s time-intervals (Table S14D).

Rats Vocalized More Often during and following 50-kHz Playback Than 22-kHz Playback

Exposition to 50-kHz playback resulted in a dramatic increase in the number of USV emitted (Figures 3B and

3D), whereas the increase was modest during and after 22-kHz sounds presentation (Figures 3F and 3H).

When the values of USV emissions following 50- versus 22-kHz playback were compared (Table S16), there

was a clear and prolonged difference, which increased in duration and significance as we analyzed more

cases together (Figures S2B, S2D, S2F, and S2H versus Figures 4B, 4D, and 4F). As already mentioned,

the single rats tended to vocalize more often than the paired ones.

Natural and Artificial Ultrasounds Produced Similar Results, but Still, SomeDifferences Stood

Out

In general, all the investigated responses to natural versus artificial ultrasounds of the same frequency band

were nearly identical and subtle differences were rarely significant when the groups were analyzed sepa-

rately (Table S17). However, natural calls, as expected, had stronger effects than artificial calls in several

instances. The following results are most visible in single rats and pooled groups (paired and single rats

together; Figures S3 and S4; Table S17): natural 22-kHz USV reduced distance traveled by single (p <

0.05) and all rats (p < 0.01, Wilcoxon), at 10 s time-interval, more than 22-kHz tone playback (Figures

S3E, S3G, and S4C); natural 22-kHz USV reduced HR in single (p < 0.01) and all rats (p < 0.01, Wilcoxon),

visible at 0 s time-interval, more than 22-kHz tone playback (Figures S3F, S3H, and S4D); natural 50-kHz

USV evoked more USV emissions in response, visible at 10–80 s time-intervals (in most cases significant,

Wilcoxon), than 50-kHz artificial tone playback (Figures S3B, S3D, and S4B); and natural 22-kHz USV evoked

more USV in response, visible at 50 s (p < 0.05 for single, p < 0.01 for all rats) and 70 s time-intervals (p < 0.05

for all rats, Wilcoxon), than 22-kHz tone playback (Figures S3F, S3H, and S4D).

There Were Correlations between the Distance Traveled, Number of Vocalizations, and

Heart Rate Changes

Next, we investigated the correlations between selected categories of HR levels, USV emissions, distance trav-

eled, and time spent near the speaker (Data S1). Specifically, for the 50-kHz playback, we have correlated HR

levels at�10, 0, 10, 20, 30 s time-intervals as well as average HR at 0–20 s, 10–30 s, 10–60 s, and 10–120 s (9 cat-

egories), with the numbers ofUSV emitted at 0, 10, 20 s intervals, 0–20 s, 0–50 s, and 0–110 s sums of USV as well

as differences between the number of USV at �10 s time-interval and 0, 10, 20 s, and 0–10 s averages (10 cate-

gories); with distance traveled at �10, 0 and 10 s time-intervals, and difference in distance between 0 s versus

�10 s and versus 10 s intervals, as well as total distances traveled during 0–20 s and 10–30 s intervals (7 cate-

gories); and with time spent in the speaker’s half of the cage at �10, 0, 10 s, average time spent at 0–20 s

and 10–30 s time-intervals, and difference in time between 10 s versus 0 s and �10 s intervals (7 categories).
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Similarly, for 22-kHz playback, we aligned 9 HR-level categories, 10 number-of-USV-emission categories, 7 dis-

tance-traveled categories, and 7 time-spent categories.

In general, correlations for 50-kHz playbacks were more pronounced than those for 22-kHz ones. Correla-

tions observed in response to 22-kHz sounds were fewer and appeared random (Data S1A and B). There

were no strong correlations for the time spent on the speaker’s side of the cage for both 50-kHz and 22-

kHz playbacks. The observed correlations for 50-kHz playback were especially pronounced in the single

rats exposed to natural USV, where we observed 28 significant (p < 0.05, Spearman) distance-HR correla-

tions (of 63 investigated), 47 distance-USV correlations (of 70 total), and 78 HR-USV correlations (of 90 total).

At the same time, these numbers were lower for the paired rats exposed to 50-kHz USV (6, 33, 63), single

rats exposed to 50-kHz tones (19, 12, 76), and paired rats exposed to 50-kHz tones (9, 49, 0), respectively.

The investigated correlations turned out to be more significant when the results of the single and paired

rats and USV- and tone-playbacks were pooled together (Figure 6; Data S1).

The most striking and consistent correlation was between distance traveled and the number of emitted USV at

0 s time-interval (Figure 6B; Videos S1 and S2), which was observed in the single rats exposed to 50-kHz USV

(0.68, p < 10�4) or 50-kHz tones (0.51, p < 0.01) and paired rats exposed to 50-kHz USV (0.65, p < 0.001) or tones

Figure 6. Correlations Obtained for Variables Measured in Response to 50-kHz Playback

The correlations are: (A) between distance traveled and heart rate (HR) during 10 s time-interval, (B) distance and number

of emitted USV during 0 s interval, and (C) between HR at 20 s and number of USV at 10 s intervals. Correlations were

calculated for paired (white marks) and single (black marks) rats exposed to USV (circles) or tones (squares). Straight lines

represent linear regressions calculated for all four groups of results presented.

For more correlations and p values, see Data S1.
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(0.77, p < 10�5; all Spearman; Data S1A), as well as during 22-kHz playback (Data S1B). There were also distance-

HR correlations, e.g. during 10 s time-interval (Figure 6A), whichwas significant only for the single rats exposed to

50-kHz USV (0.46, p < 0.01) and tones (0.59, p < 0.001; Spearman). Finally, there were numerous HR-USV corre-

lations, e.g. HR levels at 20 s time-interval correlated with the numbers of USV emitted during 10 s interval (Fig-

ure 6C), which was observed in the single rats exposed to USV (0.64, p < 0.001) and tones (0.58, p < 0.001) as well

as in the paired rats exposed to USV (0.40, p < 0.05; Spearman). The three correlations (Figure 6) weremore sig-

nificant, when the results from both single and paired rats as well as USV and tone playback were pooled for

analysis, 0.66, p < 10�14 (Figure 6B); 0.40, p < 10�4 (Figure 6A); 0.49, p < 10�6 (Figure 6C); Spearman.

DISCUSSION

In Our Behavioral Model, Rats Vocalize when Exposed to Ultrasonic Playback

We developed an assay of bidirectional communication in rats by exposing individual rats in familiar con-

ditions to ultrasonic playbacks. Rats vocalized copiously, up to >60 calls per minute (Figures 3B and 3D),

mostly within the 50-kHz range (Table 1). In similar playback setups, rats vocalized mainly in the 22-kHz

range with only 0.2–3.0 50-kHz calls per minute (Wohr and Schwarting, 2007, 2009; Sadananda et al.,

2008; Seffer et al., 2015; Berg et al., 2018) or 3.0–4.0 USV of unknown frequency per minute in a mating

context (White and Barfield, 1989; White et al., 1993). The observed differences are likely due to steps taken

to reduce stress levels, e.g. more handling sessions, longer room habituations, shorter playbacks, home-

like-cages (versus elevated maze). We observed more USV during and after 50-kHz versus 22-kHz playback

(Figures 4B, 4D, 4F, S2B, S2D, S2F, and S2H; Table S16D) and more USV after hearing natural versus arti-

ficially-generated ultrasounds (Figures S3B, S3D, S3F, S3H, S4B, and S4D; Table S17D). The proposed

behavioral model can serve to study experimental models of brain diseases (Simola and Granon, 2019)

and USV-based communication allowing manipulations of various experimental conditions including,

but not limited to, rat (paired versus single, familiar versus unfamiliar), cage (e.g., with conspecific’s scent),

and playback (flat versus trill).

HR Increased after 50-kHz Playback, Decreased after 22-kHz Playback

We observed a striking difference in HR levels following 50-kHz versus 22-kHz playback, which lasted for

almost 3 min (Figure 4F; Table S16C). To the best of our knowledge, HR changes following rats’ exposure

to different USV were not described before despite some attempts (Demaestri et al., 2019).

It has been demonstrated that rat 50-kHz USV signal emitter’s appetitive state, whereas 22-kHz calls signal

an aversive state (Wohr and Schwarting, 2007; Brudzynski, 2009, 2015). Hence, presentation of species-

typical signals informing about two opposite emotional states could in turn induce relevant emotional

arousal in the receivers. Such scenario is strengthened by the observed pattern of limbic and cortical struc-

tures activated by aversive versus appetitive calls. Playback of 50 kHz calls activated predominantly frontal

and motor cortices and nucleus accumbens, whereas replay of 22 kHz calls activated perirhinal cortex, ba-

solateral amygdala, and periaqueductal gray (Sadananda et al., 2008; Brudzynski, 2013).

Notably, the nucleus accumbens mediates appetitive behavior and is critically modulated by dopami-

nergic afferents that are known to encode the value of reward. It was demonstrated that playback of

50-kHz USV leads to phasic and rapid dopamine release in the nucleus accumbens, which was positively

correlated with social approach behavior (Willuhn et al., 2014). In contrast, the periaqueductal gray, with

its several subdivisions, is regarded as a final common path for defensive responses and was shown to

mediate bradycardia and behavioral inhibition. For example, 22-kHz playback induced locomotor hypo-

activity and freezing responses in rats, which were paralleled by activation in the ventral region of the

caudal periaqueductal gray (Vianna and Brandao, 2003). Also, white noise induced freezing behavior,

which was mediated by activation of lateral/ventrolateral periaqueductal gray and evoked HR decrease

through parasympathetic outflow (Koba et al., 2016). The two types of calls are therefore processed in

distinct neuroanatomical regions, which in turn initiate reward versus defense-related neurotransmission

and behavioral responses.

Indeed, reception of USV was shown to incite negative state and to activate fight/flight/freeze system, in

response to 22-kHz calls, with avoidance and behavioral inhibition or to incite positive arousal, in response

to 50-kHz calls, with approach behavior and self-administration of these USV (Wohr and Schwarting, 2007;

Burgdorf et al., 2008; Seffer et al., 2014). We observed such positive arousal of the receivers in the case of

50-kHz playback, since these rats for example emitted abundant amount of 50-kHz USV in response. We
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also observed effects of possible negative arousal in the receivers of 22-kHz playback, e.g. decreased lo-

comotor activity. Therefore, we provide the example of decoding different vocal signals and initiating rele-

vant and dissimilar physiological changes in conspecifics via emotional communication in a process termed

before as ethotransmission (Brudzynski, 2013).

Analogous results were seen in infant chimpanzees that responded with cardiac acceleration in response to

conspecific laughter, whereas showed deceleratory cardiac responses to conspecific screams (Berntson

et al., 1989). Also, humans showed strong and prolonged cardiac deceleration to negatively-associated

synthesized spoken words and unpleasant pictures, whereas exposure to pleasant pictures resulted in

HR increase (Bradley et al., 2001; Bradley, 2009; Ilves and Surakka, 2012), although the latter effect was

not always observed (Bradley et al., 2001).

Notably, HR changes in animals witnessing conspecific distress were also investigated in behavioral models

of empathy. HR of mice observing other mice experiencing fear increased initially but decelerated below

starting levels with repeated exposures (Chen et al., 2009). Rats exposed to a socially stressed cage-mate

showed HR increase after the reunion, which lasted around 10 min and habituated over subsequent expo-

sures (Carnevali et al., 2017). Correspondingly, in human children, HR is augmented in response to others’

fear, sadness, anger, and happiness/surprise (Anastassiou-Hadjicharalambous and Warden, 2008). These

observations are apparently contradictory to our results, as HR decreased during and following playback

of 22-kHz aversive calls in our rats. However, these rats did not have direct contact with their conspecifics

during ultrasonic playback. Most likely, mammals display different HR changes when in the physical pres-

ence of their conspecific emitting emotionally charged signals, e.g. USV, versus when only exposed to iso-

lated stimuli, e.g. pictures, words, or recorded USV.

In conclusion, we observed a striking difference in opposite HR level shifts in response to 50-kHz versus 22-

kHz playback, which are known to function as species-typical signals of opposite affective states, i.e. appe-

titive versus aversive, respectively. The signals were therefore decoded to initiate relevant and contrasting

physiological changes.

Locomotor Activity Increased during 50-kHz Sounds, Decreased after 22-kHz Playback

The increase in locomotor activity was observed only during the 50-kHz exposure, whereas the 22-kHz play-

back, more so the natural playback, evoked a 30-s-long decrease only after and not during the playback

(Figures 3A, 3C, 3E, and 3G; Table S9). Fifty-kHz calls have been shown before to induce activity and

approach, whereas 22-kHz calls led to behavioral inhibition (Wohr and Schwarting, 2007; Burman et al.,

2008; Seffer et al., 2014; Snoeren and Agmo, 2014; Davidson and Hurst, 2019; Schonfeld et al., 2020;

see, however, Endres et al., 2007). As described earlier, such inhibition was shown to be mediated by

the periaqueductal gray upon hearing aversive sounds (e.g. Vianna and Brandao, 2003).

As others before, we also observed the rats’ locomotor activity to be stable during 22-kHz playback and to

decrease immediately at the end of the stimuli presentation (Brudzynski and Chiu, 1995). Our rats spent

more time in the speaker’s half of the cage following 50-kHz versus 22-kHz playback (Figures 4A, 4C,

and 4E; Table S15B). It has previously been shown that exposure to 50-kHz USV caused rats to spend

more time in maze arms proximal to the speaker (Berg et al., 2018).

Single Rats Responded Differently Than Paired Ones

Vocal communication is a feature of rats’ interactions (Brudzynski, 2009); the influence of the social context

on USV emission and perception remains mostly unknown. We used young adult rats, 7 weeks old, i.e. after

rough-and-tumble play period (Panksepp, 1981) and housed them in pairs or singly for 32 days and tested

them at 12 weeks of age. Single animals vocalized more when placed in an empty cage (Figures 2G, 2H,

S1C, and S1D; Table S6) during the 10-min silence period (Table S2D) and during the playback session (Ta-

bles S12 and S14D). Other studies have demonstrated that post-weaned singly housed rats vocalized more

than group-housed rats during rough-and-tumble play (Knutson et al., 1998) and tickling (Panksepp and

Burgdorf, 2000; Burgdorf and Panksepp, 2001).

The single rats displayed higher HR throughout the experiment compared with the paired ones (Figures 2E,

2F, 3B, 3D, 3F, 3H, S1A, and S1B; Tables S2C, S5, S11, and S14C). Similarly, group-housed rats and prairie

voles displayed lower HR than single-housed ones (Sharp et al., 2002; Grippo et al., 2007), even more so
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when their home-cages were kept in a roomwith only single-housed conspecifics (Azar et al., 2011), as is our

case. HR was the highest at the beginning and then declined throughout the session in agreement with pre-

vious studies (e.g. Richardson et al., 1988).

We also observed that single rats showed a tendency of increased locomotor activity (Figures 2A, 2B, 3A, 3C, 3E,

and 3G; Tables S2A, S3, S9, and S13A). There are inconsistencies in previous findings such that some studies

show that housing in isolation reduced exploration in novel situations, whereas others described more activity.

The discrepancy can be due to a multitude of factors, such as age and stress levels (Dalrymple-Alford and Ben-

ton, 1981a; Arakawa, 2018). Isolation during juvenile postnatal days 26–40 (PND26-40) suppressed exploration,

whereas isolation at postpuberty (PND51-65) had no effect, and isolation at adulthood (PND114-130) facilitated

open-field exploration (Arakawa, 2003, 2005). Our single rats were isolated at PND49-82; therefore, some in-

crease in activity is expected. Stress has also been shown to reduce the locomotor activity of isolated rats (Dal-

rymple-Alford and Benton, 1981a; Arakawa, 2018). Stress can be lowered by repeated exposure and acclima-

tizing to testing conditions—as in our case—which resulted in more active singly housed rats compared with

the group-housed (Dalrymple-Alford and Benton, 1981a, b; Arakawa, 2003, 2018).

In addition, the single rats spent more time in the speaker’s half of the cage during playback sessions than

the paired rats (Figures 4A, 4C, and 4E; Tables S10 and S13B), an equivalent of approach behavior

described before (Wohr and Schwarting, 2007). It was demonstrated that nonsocially housed male rats

are more sociable and have higher social novelty preferences than socially housed counterparts (Templer

et al., 2018). Therefore, our single rats were old enough, with alleviated stress levels and socially motivated

to demonstrate increased locomotor activity and approach behavior, higher HR, and more ultrasonic emis-

sions in response to playback compared with the paired rats.

Natural and Artificial Ultrasounds Produced Similar Results; Some Differences Stood out

In our hands, natural 22-kHz USV reduced locomotor activity and HR more than the tone playback version.

Also, natural 50-kHz and 22-kHz USV evokedmore vocalizations than respective tone presentations. Others

have demonstrated playback of natural versus artificial 50-kHz sounds to elicit similar social approaches in

adult rats. In contrast, only natural 50-kHz USV playback led to a substantial increase in locomotor activity in

juvenile rats. Interestingly, in these experiments, natural 50-kHz calls tend to elicit more USV, but the dif-

ference was not significant (Figure 8 in Wohr and Schwarting, 2007). Finally, c-Fos studies suggest different

neuronal pathways to process natural versus artificial 22-kHz playbacks (Ouda et al., 2016).

Vocalizations, HR, and Locomotor Activity are Co-regulated

The changes in HR, USV, and locomotor activity all correlated in response to 50-kHz playback especially.

Such correlations were observed before. Regarding HR level–USV emission correlation, similar one was

documented in voles between HR changes and frequency of emitted USV (Stewart et al., 2015). Such cor-

relation was expected since USV-linked respiration and HR are tightly regulated, e.g. with common reg-

ulatory brain structures, e.g. nucleus ambiguus and afferent feedback (Porges, 2007). Also, common

signaling pathways (e.g. vagus nerve) and cerebral centers (e.g. the nucleus of the solitary tract and nu-

cleus ambiguus) regulate HR levels as well as laryngeal and pharyngeal muscles’ tension (Stewart et al.,

2015). We obtained a highly significant correlation between the number of USV emitted immediately af-

ter 50-kHz playback, at 10 s time-interval, and HR of the next interval, at 20 s (Figure 6C), i.e. the most

pronounced correlation was for USV emissions and subsequent HR levels, i.e. with USV emission—HR

time sequence.

We also observed a distance traveled–HR level correlation. Several vagal reflexes exist that produce rapid HR

decelerations, e.g. in response tomovement, intention tomove, posture shifts, andbreaths (Porges, 2007); these

reflexes influence movement itself. Also, the vagus nerve tone affects many animal behaviors (Stern, 1997; Look

at Figure 1 in Porges, 2007); therefore, changes in HRmay reflect or be caused by changes in locomotor activity.

We, however, observed HR to drop before the decrease in the activity following the 22-kHz playback (Figure 4).

Also, the distance-USV correlations were much more pronounced than distance-HR correlations.

Finally, distance traveled–USV emission correlations were found to be the strongest (Figure 6B; Data S1).

This supports previous studies of rats synchronizing their locomotion and USV on a subsecond timescale,

which implicates a role of mesolimbic dopaminergic pathway and of the basal ganglia (Laplagne and Elias

Costa, 2016). Overall, it would be difficult to separate all effects concerning locomotor activity, HR, and USV
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emission, because they, at least in part, originate from the same vagal path. Their coordinated regulation

can be explained by the polyvagal theory (Porges, 1995, 2007, 2009).

CONCLUSION

We describe a rat behavioral model of vocal communication to study exchange of ultrasonic calls by measuring

and analyzing numerous USV produced in response to appetitive and, to a lesser extent, to aversive playback.

The number of USV emitted correlated with increased locomotor activity and HR changes. Fifty-kHz playback

evoked vocalizations and increased locomotor activity, and approach behavior, whereas 22-kHz playback led

to reduction in locomotor activity. Most notably however, HR gradually increased following 50-kHz playback,

whereas sharply decreased following 22-kHz exposure. Main results are also summarized in Figure 7.

Fifty-kHz and 22-kHz calls signal rat contrasting emotional states, andwe demonstrate that these USV are able to

evoke appetitive or aversive states in signals’ receivers. Therefore, we also introduce objective physiological and

behavioral signatures of affective conditions, filling the need of objective measures of emotional states, and

further confirm the biological role of vocal, emotional, valence-depended communication.

Limitations of the Study

There are somemethodological weaknesses in our work. Fifty-kHz signal presented was a specific, selected

group of USV. A different combination of USV may give different results, e.g. more or less USV in response.

A more detailed and systematic presentation of particular types of USV and their combinations would be

more precise and will be the subject of further studies. Moreover, each rat was presented with all four play-

back signals (Figures 1B–1E) in counterbalanced order; therefore, the experimental design presents both

an element of habituation as well as additional variability in data obtained. The results could be, poten-

tially, less variable, but would require more animals. Also, although the implantation of radiotelemetric

transmitters is a major surgical procedure, which could have some influence on the behavior and physi-

ology (i.e. HR) of the animals, they are nevertheless regarded as the state-of-the-art method for monitoring

physiologic functions in awake and freely moving rats while minimizing stress-associated artifacts (Braga

and Prabhakar, 2009). In addition, HR was measured and averaged over 10-s-long intervals; although a

standard procedure, a more detailed study is being planned. Finally, this experiment was conducted on

laboratory rats, and it should be noted that in the wild, rats may behave differently and display a wider

range of calls (comp. Kalcounis-Rueppell et al., 2010).

Figure 7. Key Results of the Present Work

Main findings can be seen on the right panel with heart rate increasing or decreasing following 50-kHz versus 22-kHz

playback, respectively, as well as increased vocalization following ultrasonic playback. Paired and single rats as well as

responses to respective USV and tones (sounds) were pooled together for analysis (comp. Figures 4E and 4F).
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Supplemental Materials 
 
Transparent Methods 
 
Animals and housing 
All experiments were approved by the Fourth Local Ethical Committee in Warsaw. Naïve adult male 
Wistar rats (7 weeks of age) obtained from The Center for Experimental Medicine of the Medical 
University of Bialystok, Poland, were kept in two separate rooms. In the first one, all the rats were 
housed in pairs (n = 30 pairs, “paired rats”); the second room harbored single-housed rats only (n = 31, 
“single rats”). Standard chow and water were provided ad libitum. Both housing rooms had a 12 h 
light-dark cycle and an ambient temperature of 22–25 °C. All experiments were conducted during the 
light cycle (9:00–21:00 h). There were 32 days between the arrival and the experiment day. In the first 
two weeks, the rats were habituated to new facilities. Then all animals (including both rats in each 
pair) were handled once 2 min per day for 12 days prior to surgery.  
 
Surgical procedures 
For one rat from each pair and for every single rat, a radiotelemetric transmitter (HD-S10, Data 
Sciences International, St. Paul, MN, USA) for cardiovascular studies was disinfected using Cidex® 
(Johnson&Johnson, New Brunswick, NJ, USA) and implanted under ketamine-xylazine anesthesia. The 
abdominal region was shaved and disinfected (Octenisept, Schulke, Norderstedt, Germany). A midline 
incision was performed, the transmitter sensor was implanted into the abdominal aorta by direct 
puncturing of the vessel and fixing with tissue glue (Histoacryl®, B. Braun, Melsungen, Germany). The 
transmitter body was placed in the peritoneal cavity and fixed to the abdominal muscle wall. After 
surgery, the animal was subcutaneously injected with Metacam (0.4 mg/kg; Boehringer Ingelheim, 
Ingelheim am Rhein, Germany) for analgesia. Post-surgical recovery lasted another week during which 
the animals were handled and habituated to experimental conditions 4 times. 
 
Experimental design and settings 
On the day of the experiment, the animals were 12 weeks of age and had spent 32 days either with a 
cage-mate (paired rats) or alone (single rats). The animals were transferred into their individual 
experimental cages, identical to home cages (plastic; 37 x 25 x 16 cm), and transported to the 
experimental room, which was done during the weekend to minimalize human presence and noises in 
the animal house, under white light, in the absence of the experimenter and other rats in the room. 
Acoustic stimuli were presented through an ultrasonic speaker (Vifa, Avisoft Bioacoustics, Berlin, 
Germany), placed just above the shorter side of the cage, connected to an UltraSoundGate Player 116 
(Avisoft Bioacoustics). USV emitted by the rat were recorded by Condenser Microphone 
(UltraSoundGate CM16/CMPA, Avisoft Bioacoustics) placed 33 cm above the center of the cage floor, 
20 cm away from the speaker. In this configuration, calls from the speaker were still visible in the 
recording (monitoring of playback), but they were distinctively weaker than USV emitted from the 
cage. Both playback and recording were performed using Avisoft Recorder USGH software (Avisoft 
Bioacoustics). The locomotor activity of the animal was recorded with a camera (acA1300-60gc, Basler 
AG, Ahrensburg, Germany) mounted above the cage and EthoVision XT software (version 10, Noldus, 
Wageningen, Netherlands). Signals from radiotelemetric transmitters were collected by receivers 
located under the cage floor and then recorded by Dataquest ART 4.36 software (Data Sciences 
International, St. Paul, MN, USA). 
 
Ultrasonic-playback presentation 
Upon placing rat into the experimental cage, a 10 min of silence, i.e. background noise of 20.6 ± 0.2 
dB, was followed by four 10-s-long sets of signals, separated by 5-min-long silence intervals (Figure 1). 
Four set of signals (playbacks) were presented in counterbalanced order to each rat: i. 50-kHz natural 
calls (referred to as “50-kHz USV”), 84 calls in 3 repeats, of 49.2 to 73.4 kHz frequency and 58.6 ± 0.7 
kHz mean peak frequency, 28.4 ± 1.6 ms duration, 31.9 ± 0.6 dB sound pressure, recorded during rats’ 
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social interactions; ii. 50-kHz software-generated tones (“50-kHz tones”), 32.6 ± 0.7 dB; iii. 22-kHz 
natural calls (“22-kHz USV”), 24 calls in 8 repeats, 21.4–23.0 kHz, 22.1 ± 0.1 kHz, 375.3 ± 21.6 ms, 38.3 
± 1.2 dB, recorded during fear conditioning (Avisoft Bioacoustics [Internet]; c2020 Examples of rat 
ultrasonic vocalizations (USV), Norwegian Rat (Rattus norvegicus), Wistar albino strain, Males); and iv. 
22-kHz software-generated tones (“22-kHz tones”), 43.3 ± 3.0 dB, although the sound playbacks of the 
same frequency range, e.g. 50-kHz USV and 50-kHz tones, always followed each another. Artificial 
tones were generated based on natural ones (mean peak frequency, duration, pauses between tones 
in the set, but with no frequency modulations) using Avisoft SASLab Pro (Avisoft Bioacoustic) (Figure 
1). Calls were presented with a sampling rate of 200 kHz in 16-bit format. The sound pressure levels of 
the background noise and playback signals were assessed in the middle of the test cage’s floor, at the 
height of animals’ typical head position, facing the speaker. 
 
Analysis of USV and locomotor activity  
Recordings were transferred to SASLab Pro (Avisoft Bioacoustics), and a fast Fourier transform was 
conducted (512 FFT-length, 100% frame, Hamming window and 75% time window overlap), resulting 
in high resolution spectrograms (frequency resolution: 391 Hz; time resolution: 0.64 ms). An 
experienced user counted the number of USV manually. Automated video tracking system (Ethovision, 
Noldus, Wageningen, The Netherlands) was used to measure total distance traveled (cm), a measure 
for general locomotor activity, and proximity to speaker, i.e. time spent (%) in the half of the cage 
closer to the speaker. Center-point of each animal’s shape was used as a reference point for 
measurements of locomotor activity, thus registering only full-body movements, i.e. distance traveled 
by a given rat. 
 
Statistical analysis 
All data were analyzed using Friedman, Wilcoxon, and Mann-Whitney tests with Statistica 7.1 (Stat-
Soft) due to prevailing non-parametric distribution of the results; the p values are presented in the 
tables, with a minimal level of significance of p < 0.05. Figures were prepared using GraphPad Prism 7 
software and depict mean values with a standard error of the mean (SEM). The data are average values 
for 10-s-long time-intervals. For additional analysis of the first 10-min data, outliers for USV emissions 
were determined by Tukey’s fences method (Johansen and Christensen, 2018; van der Spoel et al., 
2019) and excluded along with non-vocalizers, which reduced the groups to n = 21 (paired) and n = 25 
(single rats). Due to equipment error, we recorded no distance and time data of one of the paired rats 
(hence n = 29). Between-variables co-efficiency was measured with nonparametric Spearman's 
correlation (rho, ρ). We realize that pooling together of data for analysis, e.g. of responses to 50-kHz 
USV and 50-kHz tones of the same animals, is not entirely justified; therefore, we report findings from 
our primary groups, i.e. paired, single, and all rats; while the findings and effects observed in pooled 
data serve to further support and emphasize the results observed for the primary groups. 
 
Literature cited in Methods 
1. Johansen MB, Christensen PA (2018) A simple transformation independent method for outlier 
definition. Clin Chem Lab Med 56:1524-1532. 
2. van der Spoel E, Choi J, Roelfsema F, Cessie SL, van Heemst D, Dekkers OM (2019) Comparing 

Methods for Measurement Error Detection in Serial 24-h Hormonal Data. J Biol Rhythms 34:347-363.  
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Supplemental Materials (Figures) 
 

 

Figure S1. Changes in heart rate (HR) and the number of USV emitted by rats during the first 10 min 
of silence in the experimental cage calculated after eliminating non-vocalizers and outliers. Related 
to Figure 2. The figure is a modification of Figure 2E-H (paired rats, n = 21; single, n = 25); (A, B) heart 
rate (bpm; beats per minute); (C, D) number of USV. Line charts (A, C) are presented as means with 
SEM for 10-s intervals. Bar graphs (B, D) show means with SEM for 2-min intervals. Values for paired 
rats are presented as blank dots and bars, for single rats – as solid dots and bars. Single rats had higher 
HR and vocalized more than paired rats; the differences were strengthened after elimination of 
outliers; for p values, see Table S1CD, Table S2CD, Table S5, and Table S6.  
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Figure S2. Comparison of responses to 50-kHz vs. 22-kHz ultrasonic playback in paired and single 
rats. Related to Figure 3. Gray sections correspond to the 10-s-long time-intervals of ultrasonic 
presentations. Graphs depict responses after exposure of paired rats to USV (A, B), single rats to USV 
(C, D), paired rats to artificial tones (E, F), single rats to tones (G, H). Responses to 50-kHz signals is 
presented as solid dots, to 22-kHz signals – as blank dots. In the left column (A, C, E, G), distance 
traveled is presented as connected dots (cm, left Y axis), percentage of time spent in the half of the 
cage with the speaker is shown as not connected dots (%, left Y axis). The dotted horizontal line marks 
a 50% chance value for time spent in the speaker’s half. In the right column (B, D, F, H), HR is presented 
as connected dots (bpm, beats per minute, left Y axis); the number of USV is shown as not connected 
dots (right Y axis). Each data point is a mean for the 10-s-long time-interval with SEM; for p values, see 
especially Table S16; paired, n = 29/30; single, n = 31. 
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Figure S3. Comparison of responses to playback of natural USV vs. artificial tones in paired and single 
rats. Related to Figure 3. Gray sections correspond to the 10-s-long time-intervals of ultrasonic 
playback. Graphs depict responses after exposure of paired rats to 50-kHz sounds (A, B), single rats to 
50-kHz sounds (C, D), paired rats to 22-kHz sounds (E, F), single rats to 22-kHz sounds (G, H). Response 
to natural USV is presented as solid dots, to artificial tones – as blank dots. (A, C, E, G) Distance traveled 
is presented as connected dots (cm, left Y axis), percentage of time spent in the half of the cage – as 
not connected dots (%, right Y axis) with dotted horizontal line marking a 50% chance value for time 
spent. (B, D, F, H) HR is presented as connected dots (bpm, beats per minute, left Y axis); the number 
of USV is shown as not connected dots (right Y axis). Each point is a mean for the 10-s-long time-interval 
with SEM; for differences in USV vs. tones, see p values in Table S17; paired, n = 29/30; single, n = 31. 
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Figure S4. Comparison of rats’ responses to natural USV vs. artificial tones with paired and single 
animals pooled together for analysis. Related to Figures 3 and 4. Gray sections correspond to the 10-
s-long time-intervals of ultrasonic presentations. Graphs show responses to playbacks of 50-kHz 
sounds (A, B) and 22-kHz sounds (C, D). Responses to natural USV are presented as solid dots, to 
artificial tones – as blank dots. (A, C) Distance covered is shown as connected dots (cm, left Y axis). 
Percentage of time spent in half of the cage with the speaker is presented as not connected dots (%, 
right Y axis). (B, D) HR is shown as connected dots (bpm, beats per minute, left Y axis); the number of 
USV is shown as not connected dots (right Y axis). Each data point is a mean for the 10-s-long time-
interval with SEM. The dotted horizontal line marks a 50% chance value for time spent in the speaker’s 
half of the cage. The most prominent changes were: increased number of USV (B) and increased 
locomotor activity (A) during 50-kHz playback, as well as a decrease in HR (D) and locomotor activity 
(C) during and/or after 22-kHz sounds presentation. Several differences in responses to USV vs. tones 
for 50-kHz (A, B) or 22-kHz signals (C, D) were observed; for description and p values, see the text and 
Table S17; n = 60 for A, C; n = 61 for B, D.  
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Supplemental Materials (Tables) 
 

 all animals no outliers 

interval [s] paired single all rats paired single all rats 

A. distance n = 29 n = 31 n = 60 n = 20 n = 25 n = 45 

10 – 120 p = 0.70 p < 0.05 p = 0.11 p = 0.71 p < 0.05 p < 0.05 

130 – 600 p = 0.28 p = 0.19 p = 0.09 p = 0.17 p = 0.58 p = 0.35 

B. time n = 29 n = 31 n = 60 n = 20 n = 25 n = 45 

10 – 120 p < 0.05 p < 0.001 p < 0.05 p = 0.31 p = 0.10 p = 0.54 

130 – 600 p = 0.10 p = 0.18 p < 0.01 p = 0.50 p = 0.10 p < 0.01 

C. HR n = 30 n = 31 n = 61 n = 21 n = 25 n = 46 

10 – 120 p = 0.63 p < 0.05 p = 0.22 p = 0.50 p = 0.14 p = 0.51 

130 – 600 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

D. # of USV n = 30 n = 31 n = 61 n = 21 n = 25 n = 46 

10 – 120 p = 0.12 p < 0.001 p < 0.001 p < 0.05 p < 0.001 p < 0.001 

130 – 600 p = 0.07 p < 0.001 p < 0.001 p = 0.44 p < 0.001 p < 0.001 

 
Table S1. Distance traveled (A), time spent in the speaker’s half (B), heart rate (C), and the number of USV (D) analyzed 
for changes during the first 10 min of silence. Related to Figures 2 and S1. Differences within groups, between different 
time-points, were evaluated for 10–120 s and 130–600 s time-intervals in paired, single, and all rats as well as in these 
groups without outliers; significant (< 0.05) or exact p values are given; all Friedman’s tests. 
 
 

 all rats no outliers 

[min] 1 – 2 3 – 4 5 – 6 7 – 8 9 – 10 1 – 2 3 – 4 5 – 6 7 – 8 9 – 10 

A. distance traveled 

 paired (n = 29) vs. single (n = 31) paired (n = 20) vs. single (n = 25) 

interval   + + +   + + + 

B. time in speaker’s half 

 paired (n = 29) vs. single (n = 31) paired (n = 20) vs. single (n = 25) 

interval + +   + + +   + 

C. HR changes 

 paired (n = 30) vs. single (n = 31) paired (n = 21) vs. single (n = 25) 

interval + + + p < 0.05+ + + + + p < 0.05+ + 

D. number of USV  

 paired (n = 30) vs. single (n = 31) paired (n = 21) vs. single (n = 25) 

interval  p < 0.05+ p < 0.05+ + p < 0.05+ p < 0.01+ p < 0.01+ p < 0.01+ + p < 0.01+ 

 
Table S2. Differences between paired and single rats during the first 10 min of silence. Related to Figures 2 and S1. Results 
of distance traveled (A), time spent in the speaker’s half (B), heart rate (C), and the number of USV (D) were analyzed for 2-
min-long time-bins in paired, single, and all rats as well as in these groups without outliers. Statistically significant differences 
between the results of paired vs. single rats are marked with p < 0.05 or < 0.01, all Mann-Whitney tests; (+) indicates a higher 
value for the single group. 
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time- 
interval  
[s] 

all animals (60 rats) no outliers (45 rats) all animals no outliers 

compared to average values across 10 min, p values paired vs. single 
p values paired single all rats paired single all rats 

10  +   +  + + 
20  0.001 0.005  0.001 0.005   
30  0.002 0.031 + 0.012    
40  0.009   0.009 0.022   
50  +     +  
60    +     
70 +        
80 +   +     
90 +  + + + +   

100  + + + + + + + 
110 +  + +     
120 +  + +  +   
130  + + + + + + + 
140  + + +  + +  
150 +  + +  +   
160 + + +  + +  + 
170 0.037+ + + + + +   
180 + + +  + + + + 
190 + + +  +  + + 
200 + + + + + + + + 
210 +  + +  +   
220 +   +     
230 + + 0.035+ + + +   
240 + + + 0.033+ + + +  
250 + + + + + + + + 
260       +  
270  + +  0.045+ + + + 
280 + + +  + + + + 
290 +  + +  +   
300 +  + + + +   
310 + + + + + + + + 
320 + + +  + + + + 
330  + +  + + + + 
340 0.024 +     + + 
350  0.010 0.015 + 0.021    
360  +  +  + +  
370    +     
380 0.041  0.005    + + 
390 + + + + + +  + 
400  +   +  + + 
410  + + + + + + + 
420 +   +     
430 + + + + + + + + 
440  + +  + + + + 
450    + + + + + 
460    0.030 +  + + 
470  +     + + 
480       + + 
490  0.048       
500 0.039  0.014 0.048  0.014 + + 
510  +   + + + + 
520 +  0.026     + 
530 + + + + + +  + 
540  +   +  + + 
550 + + + + + + + + 
560 + + +  + + + + 
570       + + 
580 0.018 +   +  0.035+ + 
590  +   +  + + 
600  +   +  + + 

 47% 57% 50% 50% 55% 52% 36/60 (60%) 35/60 (58%) 

Table S3. Analysis of distance traveled during the first 10 min of silence of the playback session. Related to Figures 2 and S1; for paired 
(n = 29), single (n = 31) and all rats (n = 60), and these groups without outliers (i.e. with n = 20, 25, 45; respectively), divided into 10-s-
long intervals. Left part; comparison of given results to average values for entire 10 min; Wilcoxon’s tests; (+) denotes locomotor activity 
higher than average. Right part; significant differences between paired and single groups – for all rats and after eliminating outliers; 
Mann-Whitney tests; (+) denotes each instance of higher value for single rats. Significant (< 0.05) p values are given.  
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time- 
interval  
[s] 

all animals (60 rats) no outliers (45 rats) all animals no outliers 

compared to 50% value, p values paired vs. single 
p values paired single all rats paired single all rats 

10  0.040+   + + 0.015+ + 
20 + + +  +   + 
30 +  + +     
40  +     + + 
50       + + 
60 +  + +     
70 +  + +     
80 +  + +     
90         

100   0.037    + + 
110  +     + + 
120 0.010   0.021   + + 
130       + + 
140         
150  +  + + + + + 
160  +  + + + + + 
170 + + 0.043+ + + + + + 
180 + + + + + + + + 
190 + + + + + + +  
200    +     
210  +  + + + +  
220  +   +  + + 
230 + + +      
240 + + + + + + + + 
250  +   + + + + 
260 + + + + + +   
270 + + + + + +  + 
280 +  + +     
290      0.048   
300   0.018   0.047   
310 +  + +     
320 +  + +  +   
330 + + + + + +    
340 + + 0.044+ 0.048+ + 0.008+ +  
350 + + + + + + + + 
360 + + + + + + + + 
370    +     
380       +  
390       + + 
400  + + +  + +  
410  +   +  + + 
420    +  +   
430       + + 
440     +  + + 
450 +  + + + +   
460 +  + +  +   
470 +   +  +   
480 + + + +  +   
490  +   +  + + 
500 0.009 +  0.017 +  0.035+ + 
510 0.039      + + 
520       + + 
530         
540 + + + + + +   
550 +  + +  +   
560 +  +      
570         
580  +     + + 
590  + +  + + + + 
600 + 0.040+ 0.022+ + + + + + 

 45% 48% 47% 52% 42% 43% 32/60 (53%) 29/60 (48%) 

Table S4. Analysis of time spent in the speaker’s half during the first 10 min of silence of the playback session. Related to Figures 2 and 
S1; for paired (n = 29), single (n = 31) and all rats (n = 60), and these groups without outliers (i.e. with n = 20, 25, 45; respectively), divided 
into 10-s-long intervals. Left part; comparison of the results to 50% chance level; Wilcoxon’s tests; (+) denotes residing longer in the 
speaker’s half. Right part; significant differences between paired and single rats – for all subjects and after eliminating outliers; Mann-
Whitney tests; (+) denotes each instance of higher value for single rats. Significant (< 0.05) p values are given.  
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time- 
interval  
[s] 

all animals (61 rats) no outliers (46 rats) all animals no outliers 

compared to +10 time point, p values  
paired vs. single paired single all rats paired single all rats 

10 x x x x x x + + 
20   0.045    + + 
30  -      + 
40   0.044     + 
50     -   + 
60     -   + 
70   0.014     + 
80       + + 
90       + + 

100       + + 
110       + + 
120  0.030     + + 
130       + + 
140    -  - + + 
150       + + 
160       + + 
170 -      + + 
180 -   -   + + 
190 -   -   + + 
200 -  -    + + 
210 -  - -   + + 
220 - - - - - - + + 
230 -  - - - - + + 
240 -  - - - - + + 
250 -  - - - - + + 
260 -  - - - - + + 
270 - - - - - - + + 
280 - - - - - 0.050- + + 
290 - - - - - 0.047- + + 
300 0.026- - 0.020- 0.035- - 0.005- + + 
310 0.013- - 0.018- 0.013- - 0.004- 0.015+ 0.003+ 
320 0.008- - 0.014- 0.016- - 0.008- 0.012+ 0.010+ 
330 0.022- - 0.018- 0.050- - 0.011- + + 
340 0.009- - 0.004- 0.046- - 0.006- + + 
350 0.035- 0.034- 0.002- - 0.023- 0.004- + + 
360 0.010- - 0.003- 0.017- 0.048- 0.002- + 0.037+ 
370 0.010- 0.031- 0.001- 0.017- 0.019- 0.001- + 0.023+ 
380 0.003- - 0.001- 0.005- - 0.001- + 0.016+ 
390 0.001- 0.040- 0.000- 0.005- 0.023- 0.000- 0.024+ 0.017+ 
400 0.001- - 0.000- 0.009- 0.025- 0.001- 0.005+ 0.028+ 
410 0.001- - 0.000- 0.005- 0.020- 0.000- 0.009+ 0.011+ 
420 0.003- 0.031- 0.000- 0.009- 0.007- 0.000- + + 
430 0.001- - 0.000- 0.003- 0.019- 0.000- 0.048+ + 
440 0.001- 0.040- 0.000- 0.011- 0.025- 0.001- 0.026+ + 
450 0.002- 0.040- 0.000- 0.014- 0.009- 0.000- 0.021+ + 
460 0.002- 0.036- 0.000- 0.014- 0.013- 0.001- 0.005+ 0.025+ 
470 0.000- 0.012- 0.000- 0.006- 0.009- 0.000- 0.010+ 0.010+ 
480 0.001- 0.002- 0.000- 0.009- 0.002- 0.000- + + 
490 0.001- 0.002- 0.000- 0.012- 0.001- 0.000- + + 
500 0.001- 0.002- 0.000- 0.006- 0.001- 0.000- + 0.041+ 
510 0.001- 0.010- 0.000- 0.007- 0.003- 0.000- 0.025+ 0.031+ 
520 0.001- 0.007- 0.000- 0.009- 0.001- 0.000- 0.023+ + 
530 0.000- 0.002- 0.000- 0.002- 0.001- 0.000- 0.012+ 0.048+ 
540 0.000- 0.000- 0.000- 0.001- 0.001- 0.000- 0.041+ + 
550 0.000- 0.000- 0.000- 0.001- 0.001- 0.000- + 0.033+ 
560 0.000- 0.000- 0.000- 0.001- 0.001- 0.000- + + 
570 0.000- 0.000- 0.000- 0.001- 0.000- 0.000- + + 
580 0.000- 0.000- 0.000- 0.000- 0.000- 0.000- + + 
590 0.000- 0.000- 0.000- 0.002- 0.000- 0.000- + + 
600 0.001- 0.000- 0.000- 0.002- 0.000- 0.000-   

 75% 61% 69% 73% 69% 68% 54/60 (90%) 59/60 (98%) 

Table S5. Analysis of heart rate (HR) values during the first 10 min of silence at the beginning of playback session. Related to Figures 
2 and S1; for paired (n = 30), single (n = 31) and all rats (n = 61), and these groups without outliers (i.e. with n = 21, 25, 46; respectively) 
evaluated for each 10-s-long interval. Left part; comparison of the results to the starting values for 10s time-interval; Wilcoxon’s tests; 
(-) denotes each example of lower HR value than at 10 s time-interval. Right part; significant differences between paired and single 
groups – for all rats and after eliminating outliers; Mann-Whitney tests; (+) denotes higher HR value in single rats. Significant (< 0.05) p 
values are given.  
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time- 
interval  
[s] 

all animals (61 rats) no outliers (46 rats) all animals no outliers 

compared to +10 time point, p values  
paired vs. single paired single all rats paired single all rats 

10 x x x x x x + + 
20 + + +     + 
30 + + +     0.009+ 
40 +  +     + 
50 + 0.037+ 0.020+  + +  0.009+ 
60 0.038+ + 0.005+ + + +  + 
70 0.050+ + 0.028+ + + + + + 
80 0.038+ + 0.013+  + +  + 
90 0.028+ 0.013+ 0.001+ + 0.041+ 0.017+ + + 

100 0.011+ 0.009+ 0.000+ + 0.026+ 0.007+ + + 
110 0.011+ 0.022+ 0.001+ + + 0.020+ + + 
120 0.022+ 0.028+ 0.002+ + + 0.041+  0.023+ 
130 0.028+ 0.004+ 0.000+ + 0.011+ 0.006+ 0.035+ 0.001+ 
140 + 0.004+ 0.001+ + 0.011+ 0.005+ 0.013+ 0.001+ 
150 + 0.016+ 0.002+ + 0.041+ 0.032+ + 0.027+ 
160 + 0.005+ 0.000+ + 0.013+ 0.004+ 0.027+ 0.004+ 
170 0.046+ 0.011+ 0.001+ + 0.023+ 0.017+ + 0.002+ 
180 + 0.003+ 0.001+ + 0.007+ 0.006+ 0.011+ 0.001+ 
190 + 0.003+ 0.000+  0.006+ 0.007+ 0.005+ 0.000+ 
200 + 0.012+ 0.001+ + 0.033+ 0.008+ + 0.040+ 
210 0.041+ 0.041+ 0.003+ + + 0.032+ + + 
220 + 0.005+ 0.001+ + 0.013+ 0.005+ 0.036+ 0.015+ 
230 + + 0.007+ + + 0.049+ + + 
240 + 0.023+ 0.006+  + 0.031+ 0.011+ 0.006+ 
250 + 0.016+ 0.001+ + 0.034+ 0.004+ + + 
260 + + 0.015+ +  + + + 
270 + + 0.031+  + + + 0.022+ 
280 + + 0.014+ + + + + + 
290 + + 0.031+  + + 0.043+ 0.003+ 
300 + 0.019+ 0.008+ + + 0.026+ 0.012+ 0.022+ 
310 + 0.045+ 0.015+  + + 0.039+ 0.026+ 
320 + + +  + + + + 
330 + + 0.039+  + + 0.037+ 0.025+ 
340 + 0.017+ 0.006+ + + 0.039+ 0.016+ 0.004+ 
350 + + 0.039+ +  +  + 
360 + 0.050+ 0.020+  + + + 0.047+ 
370 + + +  + + + 0.043+ 
380 + 0.050+ 0.008+ + + 0.039+ + + 
390 + 0.045+ 0.011+ + + + + + 
400 + 0.020+ 0.013+  + + 0.009+ 0.005+ 
410 + + +    0.026+ 0.035+ 
420 + + +    + + 
430 + + 0.013+ + + + + + 
440 + + + + + + + + 
450 + + 0.048+ + + + + + 
460 + + 0.041+  + + + + 
470 + 0.033+ 0.027+  + + 0.018+ 0.014+ 
480 + 0.039+ 0.018+ + + + + 0.040+ 
490 + + + + + + + + 
500 + 0.038+ 0.008+ + + 0.023+ + + 
510 + + 0.037+ + + + + + 
520 + 0.050+ 0.031+  + + 0.032+ 0.047+ 
530 + + 0.017+  + + + 0.025+ 
540 + 0.036+ 0.012+  + + 0.043+ 0.003+ 
550  0.024+ 0.019+  + 0.047+ 0.015+ 0.013+ 
560 + 0.020+ 0.008+ + 0.046+ 0.042+ 0.021+ 0.012+ 
570 + + +  + + + 0.009+ 
580 + + + + + + + + 
590 + + +  + + + 0.032+ 
600  + +    + + 

 97% 98% 100% 56% 86% 90% 52/60 (87%) (100%) 

Table S6. Analysis of numbers of USV during the first 10 min of silence at the beginning of playback session. Related to Figures 2 and 
S1; USV were emitted by paired (n = 30), single (n = 31) and all rats (n = 61), and these groups without outliers (n = 21, 25, 46; respectively) 
divided into 10-s-long intervals. Left part; comparison of the results to the starting values at 10 s time-interval; Wilcoxon; (+) denotes all 
instances of higher number of USV emitted than during 10 s time-interval. Right part; significant differences between paired and single 
groups – for all rats and after eliminating outliers; Mann-Whitney tests; (+) denotes higher value in single rats. Significant (< 0.05) p values 
are given.  
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time-interval [s] / group paired  single  all rats paired  single  all rats 

A. distance traveled (n = 29) (n = 31) (n = 60) (n = 29) (n = 31) (n = 60) 

 50-kHz USV 50-kHz tone 

-120 to 180 p < 0.05 p < 0.01 p < 0.001 p < 0.001 p < 0.01 p < 0.001 

-60 to 60 p < 0.001 p < 0.01 p < 0.001 p < 0.001 p < 0.05 p < 0.001 

-10 to 10 p < 0.01 p < 0.01 p < 0.001 p < 0.001 p = 0.28 p < 0.001 

-120 to -100 p < 0.01 p = 0.54 p = 0.05 p = 0.52 p = 0.28 p = 0.89 

-30 to -10 p = 0.87 p = 0.68 p = 0.94 p = 0.28 p = 0.09 p = 0.12 

 22-kHz USV 22-kHz tone 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p = 0.15 p = 0.20 p = 0.63 

-60 to 60 p < 0.01 p < 0.001 p < 0.001 p = 0.08 p = 0.30 p = 0.29 

-10 to 10 p < 0.01 p < 0.001 p < 0.001 p = 0.08 p < 0.01 p = 0.42 

-120 to -100 p = 0.58 p = 0.37 p = 0.95 p = 0.52 p < 0.05 p < 0.05 

-30 to -10 p = 0.48 p = 0.25 p = 0.60 p = 0.38 p = 0.30 p = 0.95 

 

B. time in speaker’s half (n = 29) (n = 31) (n = 60) (n = 29) (n = 31) (n = 60) 

 50-kHz USV 50-kHz tone 

-120 to 180 p < 0.001 p < 0.05 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p = 0.43 p < 0.001 p < 0.01 p < 0.001 p < 0.001 

-10 to 10 p < 0.05 p = 0.09 p < 0.01 p < 0.01 p < 0.05 p < 0.001 

-120 to -100 p = 0.41 p = 0.18 p = 0.81 p = 0.17 p = 0.35 p = 0.88 

-30 to -10 p = 0.30 p = 0.17 p = 0.82 p = 0.13 p = 0.88 p = 0.54 

 22-kHz USV 22-kHz tone 

-120 to 180 p = 0.62 p < 0.05 p < 0.05 p < 0.05 p < 0.001 p < 0.001 

-60 to 60 p = 0.96 p = 0.44 p = 0.49 p < 0.05 p < 0.001 p < 0.001 

-10 to 10 p = 0.83 p < 0.05 p = 0.11 p = 0.81 p = 0.10 p = 0.29 

-120 to -100 p = 0.28 p = 0.19 p = 0.67 p = 0.27 p = 0.77 p = 0.42 

-30 to -10 p = 1.00 p = 0.90 p = 0.94 p = 0.93 p < 0.001 p < 0.01 

 

C. HR changes (n = 30) (n = 31) (n = 61) (n = 30) (n = 31) (n = 61) 

 50-kHz USV 50-kHz tone 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.01 p < 0.001 

-10 to 10 p < 0.05 p < 0.001 p < 0.001 p < 0.05 p < 0.01 p < 0.001 

-120 to -100 p = 0.27 p = 0.91 p = 0.64 p = 0.27 p = 0.66 p = 0.60 

-30 to -10 p = 0.67 p = 0.67 p = 0.86 p = 0.53 p = 0.58 p = 0.67 

 22-kHz USV 22-kHz tone 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-10 to 10 p < 0.05 p < 0.001 p < 0.001 p < 0.01 p < 0.05 p < 0.001 

-120 to -100 p = 0.34 p = 0.88 p = 0.40 p = 0.27 p = 0.66 p = 0.43 

-30 to -10 p = 0.20 p = 0.99 p = 0.45 p = 1.00 p = 0.54 p = 0.73 

 

D. number of USV (n = 30) (n = 31) (n = 61) (n = 30) (n = 31) (n = 61) 

 50-kHz USV 50-kHz tone 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-10 to 10 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-120 to -100 p = 0.20 p = 0.73 p = 0.80 p = 0.20 p = 0.84 p = 0.30 

-30 to -10 p = 0.70 p = 0.72 p = 0.64 p = 0.48 p = 0.52 p = 0.32 

 22-kHz USV 22-kHz tone 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.01 p < 0.05 p < 0.001 

-60 to 60 p < 0.05 p < 0.001 p < 0.001 p < 0.001 p = 0.18 p < 0.001 

-10 to 10 p = 0.14 p < 0.05 p < 0.01 p < 0.05 p = 0.37 p < 0.05 

-120 to -100 p = 0.90 p < 0.05 p = 0.14 p = 0.42 p = 0.25 p = 0.17 

-30 to -10 p = 0.17 p = 0.35 p = 0.08 p = 0.21 p = 0.72 p = 0.83 

 
Table S7. Evaluation of changes observed around playback. Related to Figures 3, 4, S2, S3, and S4. Analyzed were distance traveled 
(A), time spent in the speaker’s half (B), heart rate (HR) levels (C), and the number of emitted USV (D) around the time of playback, 
i.e. 0 s time-interval (from -120 s to 180 s, -60 s to 60 s, -10 s to 10 s), as well as before playback (-120 s to -100 s, -30 s to -10 s) of 
ultrasounds (50-kHz USV, 50-kHz tones, 22-kHz USV, and 22-kHz tones). Significant (< 0.05) or exact p values following Friedman’s 
tests of results obtained in paired, single, and all rats are given.   
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time-interval [s] / group paired  single  all rats paired  single  all rats 

 50-kHz USV and tones (together) 22-kHz USV and tones (together) 

A. distance traveled (n = 58) (n = 62) (n = 120) (n = 58) (n = 62) (n = 120) 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.01 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p < 0.05 p < 0.001 p < 0.001 

-10 to 10 p < 0.001 p < 0.01 p < 0.001 p = 0.32 p < 0.001 p < 0.001 

-120 to -100 p = 0.07 p = 0.17 p = 0.29 p = 0.51 p = 0.12 p = 0.16 

-30 to -10 p = 0.70 p = 0.23 p = 0.23 p = 0.72 p = 0.26 p = 0.77 

B. time in speaker’s half (n = 58) (n = 62) (n = 120) (n = 58) (n = 62) (n = 120) 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.05 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p = 0.16 p < 0.001 p < 0.001 

-10 to 10 p < 0.001 p < 0.01 p < 0.001 p = 0.70 p < 0.01 p < 0.05 

-120 to -100 p = 0.07 p = 0.08 p = 0.95 p = 0.67 p = 0.33 p = 0.51 

-30 to -10 p < 0.05 p = 0.53 p = 0.84 p = 0.97 p < 0.01 p < 0.05 

C. HR changes (n = 60) (n = 62) (n = 122) (n = 60) (n = 62) (n = 122) 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-10 to 10 p < 0.01 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-120 to -100 p = 0.16 p = 0.89 p = 0.54 p < 0.05 p = 0.81 p = 0.12 

-30 to -10 p = 0.73 p = 0.92 p = 0.86 p = 0.35 p = 0.73 p = 0.86 

D. number of USV (n = 60) (n = 62) (n = 122) (n = 60) (n = 62) (n = 122) 

-120 to 180 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-60 to 60 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 

-10 to 10 p < 0.01 p < 0.001 p < 0.001 p < 0.001 p < 0.05 p < 0.001 

-120 to -100 p = 0.09 p = 0.86 p = 0.40 p = 0.10 p = 0.06 p = 0.19 

-30 to -10 p = 0.81 p = 0.96 p = 0.92 p = 0.45 p = 0.71 p = 0.94 

 
Table S8. Evaluation of changes observed around playback with USV and tones pooled and analyzed together. Related to Figure 
4. Examined were distance traveled (A), time spent in the speaker’s half (B), heart rate (HR) levels (C), and the number of emitted 
USV (D) around the time of playback, i.e. 0 s time-interval (-120 s to 180 s, -60 s to 60 s, -10 s to 10 s), as well as before playback (-
120 s to -100 s, -30 s to -10 s) of ultrasounds – 50-kHz USV and tones (analyzed together), 22-kHz USV and tones (also analyzed 
together). Significant (< 0.05) or exact p values following Friedman’s tests of results obtained in paired, single, and all rats are given.  
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Table S9. Analysis of distance traveled during playback session. Related to Figures 3, 4, S2-4; for paired (n = 29), single (n = 31), and all rats (n 
= 60), before (from -120 s to -10 s), during (at 0 s), and after (10 s to 180 s) presentation of 50-kHz USV, 50-kHz tones, 22-kHz USV and 22-kHz 
tones; significant p values are given after comparing the results with those at 0 and 10 s time-intervals with Wilcoxon tests; for “0 s”, (-) denotes 
a value lover than at 0 s; for “+10 s”, (+) denotes a value higher than at 10 s. Also, under “paired/single”, the differences in distance traveled 
between these groups are evaluated with Mann-Whitney comparisons; significant p values are given; (+) shows a higher value in single rats.  

 vs. 0 s time-interval vs. +10 s time-interval paired/ 
single 

vs. 0 s time-interval vs. +10 s time-interval paired/ 
single time paired single all rats paired single all rats paired single all rats paired single all rats 

[s] 50-kHz USV 50-kHz tone 

-120 0.008- 0.002- 0.000-    + 0.001- - 0.001- + + + + 
-110 - 0.001- 0.000- +    0.004- 0.023- 0.000- + + + + 
-100 0.018- 0.005- 0.000- +  + + 0.000- - 0.000-  + + 0.006+ 

-90 0.023- 0.000- 0.000- +    0.001- - 0.002- + 0.011+ + 0.019+ 
-80 0.005- 0.001- 0.000- +    - - 0.005- + + 0.037+  
-70 0.033- 0.000- 0.000- +    0.002- - 0.000- + + + + 
-60 0.011- 0.006- 0.000- + + + + 0.003- - 0.001- + 0.033+ 0.029+ + 
-50 0.047- 0.002- 0.000- +  +  0.001- 0.006- 0.000- +  +  
-40 0.035- 0.001- 0.000- +  + + 0.002- 0.025- 0.000- + + + + 
-30 0.012- 0.000- 0.000- +   + 0.000- - 0.001-  + + 0.009+ 
-20 0.016- 0.005- 0.000- +  + + 0.000- 0.000- 0.000-    + 
-10 0.002- 0.004- 0.000-    + 0.000- 0.038- 0.000-  + + + 

0 x x x 0.005+ 0.003+ 0.000+ + x x x 0.000+ 0.007+ 0.000+  
10 0.005- 0.003- 0.000- x x x + 0.000- 0.007- 0.000- x x x + 
20 0.014- 0.000- 0.000- +   + 0.001- 0.001- 0.000- +  +  
30 - 0.019- 0.017- 0.031+ + +  0.000- 0.009- 0.000- + + + + 
40 - 0.014- 0.002- + + + + 0.000- 0.010- 0.000- + + +  
50 - 0.007- 0.005- 0.017+ + +  0.000- 0.017- 0.000- + + +  
60 - 0.024- 0.004- + + 0.040+ + 0.004- 0.003- 0.000- + + +  
70 0.007- 0.010- 0.000- + + + + 0.003- 0.028- 0.000- + + + + 
80 - 0.002- 0.001- +  + + 0.000- 0.005- 0.000- +  +  
90 0.011- 0.005- 0.000- +   + 0.001- 0.011- 0.000- + + +  

100 0.005- 0.000- 0.000-    + 0.001- 0.001- 0.000- +  +  
110 0.018- 0.002- 0.000- +  +  0.000- 0.004- 0.000-    + 
120 0.024- 0.002- 0.000- +  + + 0.000- 0.000- 0.000-    + 
130 0.043- 0.034- 0.003- + + + + 0.000- 0.004- 0.000-    + 
140 0.035- 0.002- 0.000- +  + + 0.000- 0.002- 0.000-    + 
150 0.010- 0.000- 0.000- +    0.000- 0.014- 0.000-  +  0.030+ 
160 0.028- 0.004- 0.000- +   + 0.000- 0.001- 0.000-    + 
170 0.020- 0.006- 0.000- + + + + 0.000- 0.002- 0.000-    + 
180 0.041- 0.003- 0.000- +  + + 0.000- 0.000- 0.000-     

 22-kHz USV 22-kHz tone 

-120    0.000+ 0.001+ 0.000+   - - + + +  
-110    0.003+ 0.000+ 0.000+   - - + + + + 
-100    0.001+ 0.001+ 0.000+    0.033 + 0.011+ 0.007+ + 

-90  -  0.000+ 0.001+ 0.000+ 0.039  -  + + + + 
-80    0.003+ 0.002+ 0.000+   -  + + +  
-70  - - 0.005+ 0.008+ 0.000+     + + 0.016+ + 
-60    0.004+ 0.000+ 0.000+  -    + + + 
-50 -   0.023+ 0.000+ 0.000+ + -    + + + 
-40 -   0.025+ 0.000+ 0.000+ +    + + + + 
-30 -   0.016+ 0.000+ 0.000+ + -  -  + + + 
-20 - - - 0.004+ 0.002+ 0.000+     + 0.044+ 0.041+ + 
-10    0.001+ 0.000+ 0.000+  -    0.010+ + 0.006+ 

0 x x x 0.007+ 0.000+ 0.000+  x x x  0.025+ + + 
10 0.007- 0.000- 0.000- x x x   0.025- - x x x  
20 - - 0.006- + 0.019+ 0.016+  - - -  0.034+ + + 
30 - 0.015- 0.033- 0.037+ 0.010+ 0.001+   -  + + 0.036+ + 
40 -  - + 0.000+ 0.000+ +  -  + 0.023+ 0.026+ + 
50  -  0.000+ 0.000+ 0.000+   -  + + 0.023+  
60  -  0.037+ 0.001+ 0.000+   - -  + + + 
70 -   + 0.000+ 0.000+ +    + 0.028+ 0.021+ + 
80 -  - 0.002+ 0.000+ 0.000+ +  - - + + +  
90    0.037+ 0.000+ 0.000+   -  + + 0.020+  

100  - - + 0.000+ 0.000+     + + + + 
110 - - - 0.030+ 0.000+ 0.000+   -  + + +  
120 - - - + 0.000+ 0.000+ +  -  + + + + 
130    + 0.000+ 0.000+   -  + + + + 
140 -   + 0.000+ 0.000+ +  -  + + + + 
150 -  - + 0.000+ 0.000+ +  -  + + +  
160 - - - + 0.001+ 0.003+ +  -  + + 0.049+ + 
170 -  - 0.045+ 0.000+ 0.000+ + 0.007 -  0.037+  +  
180 -  - + 0.000+ 0.000+ + 0.041 -  + + 0.044+  
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Table S10. Analysis of time spent in the speaker’s half of the cage during playback session. Related to Figures 3, 4, S2-4; for paired (n = 29), 
single (n = 31), and all rats (n = 60), before (from -120 s to -10 s), during (at 0 s), and after (10 s to 180 s) presentation of 50-kHz USV, 50-kHz 
tones, 22-kHz USV and 22-kHz tones; significant p values are given after comparing the results with 50% value of chance level and values at 10 s 
time-intervals with Wilcoxon tests; for “50%”, (+) denotes residing longer in the speaker’s half; for “+10 s”, (-) denotes a value lower than at 10 
s. Also, under “paired/single”, the differences in time spent in the speaker’s half between these groups are evaluated with Mann-Whitney 
comparisons; significant p values are given; (+) shows a higher value in single rats.  

 vs. 50% value vs. +10 s time-interval paired/ 
single 

vs. 50% value vs. +10 s time-interval paired/ 
single time paired single all rats paired single all rats paired single all rats paired single all rats 

[s] 50-kHz USV 50-kHz tone 

-120    0.001- 0.020- 0.000- +  +  0.001- 0.047- 0.000- 0.045+ 
-110    0.001- 0.008- 0.000- +  + + 0.005- - 0.001- + 
-100    0.002- 0.017- 0.000-  + + + 0.022- 0.015- 0.001- + 

-90    0.005- - 0.002-  +  + 0.011- 0.002- 0.000-  
-80  +  0.004- - 0.002- + + + + - 0.007- 0.002-  
-70  + + 0.006- - 0.008- + + + + 0.048- 0.012- 0.001-  
-60  + + 0.028- - 0.013- + +   0.028- 0.002- 0.000-  
-50  + + 0.022- - 0.007- +    0.016- 0.005- 0.000- + 
-40  +  0.006- - 0.010- +  +  0.006- 0.012- 0.000- + 
-30  +  0.006- - 0.013- +  + + 0.004- 0.019- 0.000- + 
-20  + + 0.012- - 0.016- +  + + 0.017- 0.025- 0.001- + 
-10 + + + 0.030- - 0.011- + + + + 0.027- 0.033- 0.002- + 

0 + + + 0.047- - 0.008-  + 0.000+ 0.001+ 0.007- - 0.002- + 
10 0.004+ + 0.001+ x x x  0.001+ 0.000+ 0.000+ x x x + 
20 0.003+ 0.040+ 0.000+  -   0.001+ 0.000+ 0.000+     
30 0.006+ 0.037+ 0.001+ - - -  0.035+ 0.000+ 0.000+ - - - + 
40 0.024+ 0.022+ 0.001+ - - -  + 0.016+ 0.010+ - - 0.016- + 
50 0.030+ 0.024+ 0.002+ - - - + + + + - 0.041- 0.005- + 
60 + 0.008+ 0.049+ 0.008-  0.049- + + + + - 0.007- 0.003-  
70 + 0.032+ + 0.003-  0.031- + + + + - 0.007- 0.003-  
80 + + + 0.019- - 0.044- + +  + - 0.002- 0.001-  
90 + + + - - - + +   0.042- 0.001- 0.000-  

100  + + 0.019- - - +    0.016- 0.002- 0.000- + 
110  +  0.012- - 0.022- +    0.005- 0.004- 0.000- + 
120 + + + 0.028- - 0.030- +    0.003- 0.005- 0.000- + 
130  + + 0.028- - 0.026- +    0.001- 0.002- 0.000- + 
140 + + + 0.035- - 0.009- +  +  0.000- 0.023- 0.000- + 
150 + + + - - 0.013-   +  0.003- 0.016- 0.000- + 
160 + + + - - 0.037-   +  0.003- 0.016- 0.000- + 
170 + + + 0.038- - 0.012-     0.005- 0.006- 0.000- + 
180 + + + 0.011- - 0.006-     0.002- 0.004- 0.000- + 

 22-kHz USV 22-kHz tone 

-120  +  - - 0.009- +  +  - 0.008- 0.007- + 
-110  +  - - 0.014- +  +  - 0.023- 0.028- + 
-100  +  - - 0.034- 0.039+  +  - 0.018- 0.028- + 

-90  +  - - 0.021- +  +  - - - + 
-80  +  - - 0.020- +  +  - - 0.046- + 
-70  +  - - - +    - 0.015- 0.016- + 
-60  + + - - - +    - 0.004- 0.024-  
-50  + + - - - +    - 0.001- 0.008-  
-40 + + + - - - + +    0.001- 0.014-  
-30 + + + - - - + +   - 0.002- 0.015-  
-20 + + + - - - +  + + - 0.033- - + 
-10 + + + - - - + + 0.041+ + - - - + 

0 + + + - - - +  0.002+ 0.029+ - - - 0.022+ 
10 + 0.019+ 0.036+ x x x + + 0.005+ 0.028+ x x x 0.040+ 
20 + 0.030+ 0.045+ - - - + + + 0.048+ 0.028 0.028- - + 
30 + + + - - - + 0.031+ + 0.011+ 0.008 0.022- -  
40 + 0.016+ + - - - + 0.018+ + 0.008+ 0.023 -   
50 + 0.048+ + - - - + + + 0.038+  0.017- -  
60 + + + - - - + + + +  - - + 
70 + + + - - - + + + +  0.034- - + 
80 + + + - - - + + + + - 0.007- - + 
90  + + - - - +    - 0.016- - + 

100  + + - - - +    - 0.005- - + 
110 +  + - 0.021- 0.023-   + + - 0.044- - + 
120  + + - - - +  + + - - - + 
130 + + + - - - +  + + - - - + 
140    - 0.014- -   + + - - - + 
150    - 0.010- 0.019-   + + - - - + 
160 +   - 0.013- -   + + - - - + 
170 + + + - 0.026- -   + + - - - + 
180  + + - - - +  +  - 0.019- 0.011- + 



16 
 

Table S11. Analysis of heart rate (HR) values during playback session. Related to Figures 3, 4, S2-4; for paired (n = 30), single (n = 31), and all 
rats (n = 61), analyzed before (from -120 s to -10 s), during (at 0 s), and after (10 s to 180 s) presentation of 50-kHz USV, 50-kHz tones, 22-kHz 
USV and 22-kHz tones; significant p values are given after comparing the results with those at -10-s- and 0 s time-intervals with Wilcoxon tests; 
(+) denotes a higher HR value then at -10 s and 0 s in respective columns. Also, under “paired/single”, the differences in HR values between these 
groups are evaluated with Mann-Whitney comparisons; significant p values are given; (+) shows a higher value for single rats. 

  

 vs. -10 s time-interval vs. 0 s time-interval paired/ 
single 

vs. -10 s time-interval vs. 0 s time-interval paired/ 
single time paired single all rats paired single all rats paired single all rats paired single all rats 

[s] 50-kHz USV 50-kHz tone 

-120  + + + 0.033+ 0.020+ + + + 0.024+ 0.041+ 0.008+ 0.001+ + 
-110  + + + 0.009+ 0.002+ + + + + 0.024+ + 0.005+ + 
-100  + + + 0.017+ 0.003+ + + + 0.013+ 0.032+ 0.006+ 0.000+ + 

-90  + + + 0.003+ 0.001+ + + + + + 0.024+ 0.003+ + 
-80  +  + 0.045+ 0.026+ + + + + + + + 0.041+ 
-70  +  + + + + +  + + + + + 
-60  + + + + + + + + + + + 0.007+ + 
-50  +  + + + + 0.043+ + + 0.001+ + 0.001+ + 
-40    + + + + + + + + + 0.023+ + 
-30    + + +  +  + + + + + 
-20 +  + + + +  + + + + + + + 
-10 x x x 0.033+ + 0.015+  x x x + + + + 

0 0.033  0.015 x x x +    x x x + 
10  0.006+ + + 0.000+ 0.000+ 0.045+ + + 0.045+ 0.011+ 0.001+ 0.000+ + 
20 + 0.011+ 0.007+ 0.000+ 0.000+ 0.000+ + 0.024+ + 0.013+ 0.002+ 0.004+ 0.000+ + 
30 0.033+ 0.004+ 0.000+ 0.000+ 0.000+ 0.000+ + 0.011+ + 0.002+ 0.000+ 0.000+ 0.000+ + 
40 + 0.003+ 0.002+ 0.001+ 0.000+ 0.000+ + 0.033+ + 0.012+ 0.001+ 0.006+ 0.000+ + 
50 0.045+ 0.004+ 0.001+ 0.000+ 0.000+ 0.000+ + + + 0.037+ 0.003+ 0.008+ 0.000+ + 
60 0.039+ 0.027+ 0.002+ 0.000+ 0.009+ 0.000+  + 0.034+ 0.024+ + 0.002+ 0.000+ 0.029+ 
70 + 0.015+ 0.003+ 0.000+ 0.004+ 0.000+  + 0.033+ + + 0.001+ 0.001+ 0.014+ 
80 + 0.005+ 0.003+ 0.000+ 0.002+ 0.000+ + + + 0.028+ + 0.004+ 0.001+ + 
90 + + 0.030+ 0.001+ 0.044+ 0.000+  + + + 0.003+ 0.016+ 0.000+ + 

100 + + + 0.007+ + 0.014+  + + + + + + + 
110 + + + 0.016+ 0.031+ 0.002+ + +   +  + + 
120 + + + 0.010+ + 0.002+     + + + + 
130 + + + 0.024+ + 0.004+ +    +   + 
140  +  + + +  +   +   + 
150 +  + + + +  +   +  + + 
160  +  + + + +       + 
170  +  + + + +    +   + 
180  +   + + +       + 

 22-kHz USV 22-kHz tone 

-120 + 0.004+ 0.006+ 0.000+ 0.000+ 0.000+ + + + + 0.006+ 0.002+ 0.000+ + 
-110 + 0.025+ + 0.000+ 0.000+ 0.000+ +  + + 0.006+ 0.001+ 0.000+ + 
-100 + 0.003+ 0.013+ 0.000+ 0.000+ 0.000+ + + + + 0.006+ 0.007+ 0.000+ + 

-90 + 0.046+ 0.013+ 0.000+ 0.000+ 0.000+ + + + + 0.001+ 0.007+ 0.000+ + 
-80 + 0.016+ 0.015+ 0.000+ 0.000+ 0.000+ + + + + 0.001+ 0.002+ 0.000+ + 
-70 + + + 0.000+ 0.000+ 0.000+ + + + + 0.002+ 0.000+ 0.000+ + 
-60 + + + 0.001+ 0.000+ 0.000+ + +   0.005+ 0.020+ 0.000+ + 
-50 + + + 0.000+ 0.000+ 0.000+ + +   0.003+ 0.027+ 0.000+ + 
-40 + + + 0.000+ 0.000+ 0.000+ + +   0.005+ 0.014+ 0.000+ + 
-30 + + + 0.000+ 0.000+ 0.000+ + +   0.001+ 0.009+ 0.000+ + 
-20 + + + 0.001+ 0.000+ 0.000+ + + + + 0.002+ 0.003+ 0.000+ + 
-10 x x x 0.001+ 0.000+ 0.000+ + x x x 0.000+ 0.003+ 0.000+ + 

0 0.001 0.000 0.000 x x x + 0.000 0.000 0.000 x x x + 
10 0.004 0.003 0.000 + 0.046+ + + 0.001 0.003 0.000    + 
20 0.043  0.023 + 0.016+ 0.010+ +  0.015 0.007 + + + + 
30    + 0.001+ 0.000+ +    0.030+ + 0.006+ + 
40  +  0.009+ 0.000+ 0.000+ +    0.021+ + 0.005+ + 
50 + + + 0.002+ 0.000+ 0.000+ +    + + 0.025+ + 
60 + + + 0.001+ 0.000+ 0.000+ +   0.045 + + 0.017+ + 
70 + + + 0.000+ 0.001+ 0.000+     + + 0.024+ + 
80 + + + 0.000+ 0.002+ 0.000+     + + + + 
90  +  0.006+ 0.000+ 0.000+ + +   0.032+ + 0.023+  

100    0.004+ 0.001+ 0.000+ +    + + 0.043+ + 
110  +  0.008+ 0.001+ 0.000+ +  0.011 0.016 + + +  
120 0.039   0.033+ 0.001+ 0.000+ +   0.033 0.043+ + + + 
130  +  + 0.002+ 0.000+ +    0.041+ + +  
140  + + 0.045+ 0.001+ 0.000+ +   0.030 + + + + 
150  +  + 0.001+ 0.000+ + 0.045  0.009 + + + + 
160  +  + 0.002+ 0.001+ +   0.009 + + + + 
170  +  + 0.000+ 0.000+ +  0.044  0.014+ + 0.036+ + 
180  +  + 0.001+ 0.001+ +    + + + + 
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Table S12. Analysis of the number of USV during playback session. Related to Figures 3, 4, S2-4; for paired (n = 30), single (n = 31), and all rats 
(n = 61), before (from -120 s to -10 s), during (at 0 s), and after (10 s to 180 s) presentation of 50-kHz USV, 50-kHz tones, 22-kHz USV and 22-kHz 
tones; significant p values are given after comparing the results with those at -10-s- and 0 s time-intervals, Wilcoxon tests; for “-10 s”, (+) denotes 
a value higher than at -10 s; for “0 s”, (-) denotes a value lower than at 0 s. Under “paired/single”, the differences between these groups are 
evaluated, Mann-Whitney; significant p values are given; (+) denotes higher value for single rats.  

 vs. -10 s time-interval vs. 0 s time-interval paired/ 
single 

vs. -10 s time-interval vs. 0 s time-interval paired/ 
single rats: paired single all rats paired single all rats paired single all rats paired single all rats 

time 50-kHz USV 50-kHz tone 

-120 + + + 0.000- 0.000- 0.000- +  + + 0.000- 0.000- 0.000- + 
-110 +  + 0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000- + 
-100    0.000- 0.000- 0.000- + +  + 0.000- 0.000- 0.000- + 

-90 +   0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000- + 
-80 + + + 0.000- 0.000- 0.000- + +   0.000- 0.000- 0.000- + 
-70 + + + 0.000- 0.000- 0.000- + +   0.000- 0.000- 0.000- + 
-60 + + + 0.000- 0.000- 0.000- +    0.000- 0.000- 0.000- + 
-50 +  + 0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000- + 
-40 +   0.000- 0.000- 0.000- + +   0.000- 0.000- 0.000- + 
-30 +  + 0.000- 0.000- 0.000- +    0.000- 0.000- 0.000- + 
-20 + + + 0.000- 0.000- 0.000- +    0.000- 0.000- 0.000- + 
-10 x x x 0.000- 0.000- 0.000- + x x x 0.000- 0.000- 0.000- + 

0 0.000+ 0.000+ 0.000+ x x x  0.000+ 0.000+ 0.000+ x x x  
10 0.000+ 0.000+ 0.000+   0.023 + 0.000+ 0.000+ 0.000+ -  - + 
20 0.000+ 0.000+ 0.000+ -   + 0.000+ 0.000+ 0.000+ 0.050- - 0.020- + 
30 0.000+ 0.000+ 0.000+ -  - + 0.000+ 0.000+ 0.000+ 0.022- 0.011- 0.001- + 
40 0.000+ 0.000+ 0.000+ 0.034- - - + 0.000+ 0.002+ 0.000+ 0.001- 0.003- 0.000- + 
50 0.000+ 0.000+ 0.000+ 0.013- - 0.004- + 0.001+ 0.004+ 0.000+ 0.003- 0.000- 0.000- + 
60 0.001+ 0.000+ 0.000+ 0.000- - 0.000- + 0.000+ 0.002+ 0.000+ 0.001- 0.001- 0.000-  
70 0.000+ 0.000+ 0.000+ 0.000- 0.026- 0.000- + 0.011+ 0.005+ 0.000+ 0.000- 0.000- 0.000- + 
80 0.002+ 0.001+ 0.000+ 0.000- 0.002- 0.000- + 0.002+ + 0.003+ 0.000- 0.000- 0.000- + 
90 0.006+ 0.001+ 0.000+ 0.000- 0.001- 0.000- + 0.001+ 0.048+ 0.000+ 0.000- 0.000- 0.000- + 

100 0.014+ 0.012+ 0.000+ 0.000- 0.001- 0.000- + + + 0.009+ 0.000- 0.000- 0.000- + 
110 0.034+ 0.007+ 0.001+ 0.000- 0.000- 0.000- + + + 0.037+ 0.000- 0.000- 0.000- + 
120 0.026+ 0.016+ 0.001+ 0.000- 0.001- 0.000- + + + + 0.000- 0.001- 0.000- + 
130 0.019+ 0.011+ 0.001+ 0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000- + 
140 + + 0.048+ 0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000-  
150 + + 0.020+ 0.000- 0.000- 0.000- +  + + 0.000- 0.000- 0.000- + 
160 + + + 0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000- + 
170 0.046+ + 0.008+ 0.000- 0.000- 0.000- + + + + 0.000- 0.000- 0.000- + 
180 + + 0.037+ 0.000- 0.000- 0.000- + +  + 0.000- 0.000- 0.000-  

 22-kHz USV 22-kHz tone 

-120 +   - 0.038- 0.030-  + + + - - - + 
-110 + + + -  - + + + + - - - + 
-100 +  + - - - + + + + -  - + 

-90 +  + - - -     - 0.003- 0.001- + 
-80 +   - 0.028- 0.005-  +   - 0.005- 0.002- + 
-70 +   - - 0.023- + +  + - - - + 
-60 +   0.044- - 0.016- +    0.008- - 0.003- + 
-50 +  + - - -  +   - 0.013- 0.002- + 
-40 +   - - 0.040-  +   - 0.039- 0.008- + 
-30 +   - - 0.035- + +   - - 0.021- + 
-20    0.050- - 0.008- +    0.016- - 0.009- + 
-10 x x x - - 0.018- + x x x 0.050- - 0.021- 0.046+ 

0 + + 0.018+ x x x  0.050+ + 0.021+ x x x + 
10 +  + - 0.011- 0.029-  + + + -  - + 
20 + + 0.033+ -    + + +  - -  
30 + 0.018+ 0.005+ -   + 0.013+ + 0.002+     
40 + 0.017+ 0.004+ -   + + + + - - - + 
50 0.011+ 0.004+ 0.000+  0.030  + +  + - - - + 
60 + + 0.027+ -    +  + - - - + 
70 0.004+ 0.026+ 0.000+     + + + - - - + 
80 0.015+ + 0.013+     +   - 0.024- 0.021-  
90 0.028+ + 0.025+ - - -  +  + - - - + 

100 0.015+  + - - -  + + + - - - + 
110 0.011+  + - 0.018- -  + + + - - - + 
120 + + + - - - + +   - 0.019- 0.003-  
130 0.008+ + 0.024+ -   + +   - 0.035- 0.015-  
140 + + + - - - +    - 0.033- 0.002- + 
150 + + + - - - + +   - 0.021- 0.007- + 
160 + + + -  - +    - 0.024- 0.001- + 
170 + + + -  - + +   - 0.005- 0.002-  
180 0.039+  + - - - +    - 0.010- 0.001- + 
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Table S13. Analysis of distance traveled (A) and time spent (B). Related to Figures 4 and Table S8; for paired, single, and all rats [numbers of 
data-points in brackets], before (-120 s to -10 s), during (0 s), and after (10 s to 180 s) presentation of 50-kHz USV and tones as well as 22-kHz 
USV and tones combined respectively. For distance, comparisons with 0 s and 10 s time-intervals; (-) denotes a value lover than at 0 s; (+) denotes 
a value higher than at 10 s. For time, (+) denotes residing longer in the speaker’s half; (-) denotes a value lower than at 10 s, Wilcoxon; 
“paired/single” shows differences between these groups, Mann-Whitney; (+) a higher value for single rats. Significant p values are given. 

rats: 
n =  

paired 
[58] 

single 
[62] 

all rats 
[120] 

paired 
[58] 

single 
[62] 

all rats 
[120] 

paired
/ single 

paired 
[58] 

single 
[62] 

all rats 
[120] 

paired 
[58] 

single 
[62] 

all rats 
[120] 

paired
/ single 

A. distance traveled 

50-kHz, USV and tones 22-kHz, USV and tones 

time vs. 0 s time-interval vs. +10 s time-interval  vs. 0 s time-interval vs. +10 s time-interval  

-120 0.000- 0.002- 0.000- + + + + 0.044 -  0.001+ 0.007+ 0.000+  
-110 0.001- 0.000- 0.000- 0.050+  +     0.005+ 0.001+ 0.000+ + 
-100 0.000- 0.003- 0.000- + + + +   0.022 0.000+ 0.000+ 0.000+ + 

-90 0.000- 0.001- 0.000- + + + +  -  0.001+ 0.003+ 0.000+  
-80 0.000- 0.000- 0.000- + + +     0.006+ 0.002+ 0.000+  
-70 0.000- 0.000- 0.000- +  +     0.003+ 0.002+ 0.000+ + 
-60 0.000- 0.002- 0.000- + + + +    + 0.000+ 0.000+ + 
-50 0.000- 0.000- 0.000- +  +  -   + 0.000+ 0.000+ + 
-40 0.000- 0.000- 0.000- + + + +    0.020+ 0.000+ 0.000+ + 
-30 0.000- 0.001- 0.000-  + + 0.020+ -   0.038+ 0.000+ 0.000+ + 
-20 0.000- 0.000- 0.000-    +    0.017+ 0.000+ 0.000+ + 
-10 0.000- 0.001- 0.000-  +  +    + 0.000+ 0.000+ + 

0 x x x 0.000+ 0.000+ 0.000+  x x x + 0.000+ 0.000+ + 
10 0.000- 0.000- 0.000- x x x + - 0.000- 0.000- x x x  
20 0.000- 0.000- 0.000- +  + + - - 0.030- + 0.002+ 0.006+ + 
30 0.001- 0.000- 0.000- 0.025+ + 0.015+ +  0.034- - 0.024+ 0.003+ 0.000+  
40 0.000- 0.000- 0.000- 0.024+ + 0.023+ +  -  + 0.000+ 0.000+ + 
50 0.001- 0.000- 0.000- 0.008+ + 0.019+   -  0.000+ 0.000+ 0.000+  
60 0.001- 0.000- 0.000- 0.010+ + 0.006+ +  - - + 0.000+ 0.000+  
70 0.000- 0.001- 0.000- + + + +    0.037+ 0.000+ 0.000+ + 
80 0.000- 0.000- 0.000- +  +   - - 0.008+ 0.000+ 0.000+ + 
90 0.000- 0.000- 0.000- +  + +  -  0.008+ 0.000+ 0.000+  

100 0.000- 0.000- 0.000- +   +    + 0.000+ 0.000+ + 
110 0.000- 0.000- 0.000- +   +  - - 0.037+ 0.000+ 0.000+  
120 0.000- 0.000- 0.000- +   + - - - + 0.000+ 0.000+ + 
130 0.000- 0.000- 0.000- + + + +    + 0.000+ 0.000+ + 
140 0.000- 0.000- 0.000- +   +    + 0.000+ 0.000+ + 
150 0.000- 0.000- 0.000-    + -   + 0.001+ 0.002+ + 
160 0.000- 0.000- 0.000-    + - - - + 0.001+ 0.000+ + 
170 0.000- 0.000- 0.000- +   +  -  0.005+ 0.002+ 0.000+  
180 0.000- 0.000- 0.000- +   +  -  0.028+ 0.000+ 0.000+  

B. time in the speaker’s half 

 vs. 50% value vs. +10 s time-interval  vs. 50% value vs. +10 s time-interval  

-120 0.046 +  0.000- 0.002- 0.000- + 0.032 +  0.033- 0.001- 0.000- + 
-110    0.000- 0.001- 0.000- + 0.041 +  - 0.007- 0.001- 0.038+ 
-100    0.000- 0.000- 0.000-   +  - 0.011- 0.002- 0.035+ 

-90 +   0.000- 0.001- 0.000-   +  - 0.014- 0.005- + 
-80 + + + 0.001- 0.004- 0.000-   +  - 0.009- 0.002- + 
-70 + + + 0.001- 0.010- 0.000- +  +  - 0.006- 0.005- + 
-60 +  + 0.002- 0.001- 0.000-   + + - 0.004- 0.005- + 
-50  +  0.001- 0.002- 0.000- +  +  - 0.002- 0.002- + 
-40  +  0.000- 0.020- 0.000- + + + + - 0.001- 0.013-  
-30  + + 0.000- 0.047- 0.000- 0.013+ + + + - 0.001- 0.011- + 
-20  + + 0.001- 0.037- 0.000- + + + + - 0.011- 0.047- + 
-10 + + + 0.002- 0.013- 0.000- + + 0.030+ + - - - + 

0 0.029+ 0.002+ 0.000+ 0.002- 0.013- 0.000- + + 0.000+ 0.008+ - - - 0.023+ 
10 0.000+ 0.000+ 0.000+ x x x  + 0.000+ 0.003+ x x x 0.009+ 
20 0.000+ 0.000+ 0.000+     + 0.006+ 0.005+  - - + 
30 0.001+ 0.000+ 0.000+ - - - + + 0.015+ 0.003+  0.008- - + 
40 0.007+ 0.002+ 0.000+ 0.042- - 0.022- + + 0.007+ 0.003+  - - + 
50 + 0.004+ 0.001+ 0.019- - 0.007- + + 0.022+ 0.012+  0.039- - + 
60 + 0.010+ 0.013+ 0.003- - 0.000- + + 0.021+ 0.020+  - - + 
70 + 0.020+ 0.040+ 0.002- - 0.000- + + + + - 0.016- - + 
80 + + + 0.005- 0.004- 0.000-  + + + - 0.003- 0.026- + 
90 + + + 0.005- 0.008- 0.000-   +  - 0.006- 0.012- + 

100  + + 0.001- 0.011- 0.000- +  +  - 0.001- 0.012- + 
110  +  0.000- 0.008- 0.000- +  + + - 0.003- 0.019- + 
120  +  0.000- 0.008- 0.000- +  + + - 0.016- 0.019- + 
130  +  0.000- 0.004- 0.000- +  + + - 0.028- 0.027- + 
140  +  0.000- 0.006- 0.000- +  +  - 0.014- 0.012- + 
150 + + + 0.000- 0.004- 0.000- +  +  - 0.002- 0.003- + 
160 + + + 0.001- 0.008- 0.000- +  + + - 0.003- 0.027- + 
170 + + + 0.001- 0.002- 0.000- +  + + - 0.004- 0.024- + 
180    0.000- 0.002- 0.000- +  + + - 0.004- 0.004- + 
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Table S14. Analysis of HR levels (C) and numbers of USV emitted (D). Related to Figures 4 and Table S8; for paired, single, and all rats [numbers 
of data-points in brackets], before (-120 s to -10 s), during (0 s), and after (10 s to 180 s) presentation of 50-kHz USV and tones as well as 22-kHz 
USV and tones combined. Significant p values are given for comparisons with -10 s and 0 s time-intervals. For HR, (+) denotes a value lover than 
at -10 s or 0 s. For USV, (+) denotes a value higher than at -10 s, (-) a value lower than at 0 s, Wilcoxon; “paired/single” shows differences between 
these groups, Mann-Whitney; significant p values are given; (+) denotes a higher value for single rats.  

rats: 
n = 

paired 
[60] 

single 
[62] 

all rats 
[122] 

paired 
[60] 

single 
[62] 

all rats 
[122] 

paired
/ single 

paired 
[60] 

single 
[62] 

all rats 
[122] 

paired 
[60] 

single 
[62] 

all rats 
[122] 

paired
/ single 

C. HR changes 

50-kHz, USV and tones 22-kHz, USV and tones 

time vs. -10 s time-interval vs. 0 s time-interval  vs. -10 s time-interval vs. 0 s time-interval  

-120 + 0.035+ 0.037+ 0.028+ 0.001+ 0.000+ 0.038+ + 0.003+ 0.003+ 0.000+ 0.000+ 0.000+ + 
-110 + 0.039+ 0.017+ 0.005+ 0.001+ 0.000+ +  0.012+ + 0.000+ 0.000+ 0.000+ 0.026+ 
-100 + 0.023+ 0.007+ 0.004+ 0.000+ 0.000+ + + 0.005+ 0.028+ 0.000+ 0.000+ 0.000+ + 

-90 + 0.008+ 0.009+ 0.026+ 0.000+ 0.000+ 0.048+ + + 0.046+ 0.000+ 0.000+ 0.000+ + 
-80  + + + 0.004+ 0.004+ 0.031+ + 0.022+ 0.017+ 0.000+ 0.000+ 0.000+ + 
-70  +  0.021+ + 0.009+ + + 0.034+ 0.020+ 0.000+ 0.000+ 0.000+ + 
-60  + + 0.015+ 0.021+ 0.001+ + + + + 0.000+ 0.000+ 0.000+ + 
-50 + + + 0.003+ + 0.002+ + + + + 0.000+ 0.000+ 0.000+ + 
-40    + + 0.042+ + + + + 0.000+ 0.000+ 0.000+ + 
-30 +  + + + 0.041+ + + + + 0.000+ 0.000+ 0.000+ + 
-20 +  + 0.018+ + 0.011+ + + + + 0.000+ 0.000+ 0.000+ + 
-10 x x x + + 0.006+ + x x x 0.000+ 0.000+ 0.000+ + 

0   0.006 x x x + 0.000 0.000 0.000 x x x + 
10 + 0.005+ 0.010+ 0.001+ 0.000+ 0.000+ 0.010+ 0.000 0.000 0.000  + + + 
20 0.013+ 0.006+ 0.000+ 0.000+ 0.000+ 0.000+ + 0.014 0.008 0.000 0.046+ + 0.006+ + 
30 0.001+ 0.001+ 0.000+ 0.000+ 0.000+ 0.000+ + 0.036   0.004+ 0.001+ 0.000+ + 
40 0.012+ 0.002+ 0.000+ 0.000+ 0.000+ 0.000+ +    0.000+ 0.000+ 0.000+ + 
50 0.015+ 0.003+ 0.000+ 0.000+ 0.000+ 0.000+ +  +  0.000+ 0.000+ 0.000+ + 
60 0.025+ 0.002+ 0.000+ 0.000+ 0.000+ 0.000+ +    0.000+ 0.000+ 0.000+ + 
70 + 0.001+ 0.001+ 0.000+ 0.000+ 0.000+ +    0.000+ 0.001+ 0.000+ + 
80 + 0.001+ 0.000+ 0.000+ 0.000+ 0.000+ +    0.000+ 0.001+ 0.000+ + 
90 0.039+ + 0.010+ 0.000+ 0.001+ 0.000+ +    0.001+ 0.002+ 0.000+ + 

100 + + + 0.008+ + 0.002+ +    0.001+ 0.002+ 0.000+ + 
110 + + + 0.019+ + 0.012+ +   0.013 0.002+ 0.024+ 0.000+ + 
120 + + + 0.026+ + 0.012+ + 0.031  0.006 0.002+ 0.004+ 0.000+ + 
130 +   + + + +    0.005+ 0.011+ 0.000+ + 
140    +  + +    0.008+ 0.005+ 0.000+ + 
150 +   +  + + 0.009  0.009 0.017+ 0.015+ 0.001+ + 
160    + + + + 0.020  0.012 0.029+ 0.026+ 0.002+ + 
170    + + + + 0.038   0.002+ 0.002+ 0.000+ + 
180  0.034   +  + 0.022  0.025 0.023+ 0.006+ 0.000+ + 

D. number of USV 

 vs. -10 s time-interval vs. 0 s time-interval  vs. -10 s time-interval vs. 0 s time-interval  

-120 + + + 0.000- 0.000- 0.000- + +  + - 0.020- 0.006- + 
-110 + + + 0.000- 0.000- 0.000- + + + + - - - + 
-100 +  + 0.000- 0.000- 0.000- + 0.023+ + + - - 0.039- + 

-90 + + + 0.000- 0.000- 0.000- + +   0.039- 0.004- 0.000- + 
-80 +  + 0.000- 0.000- 0.000- + +   0.019- 0.000- 0.000- + 
-70 +    0.000- 0.000- 0.000- + +  + 0.035- - 0.005- + 
-60  + + 0.000- 0.000- 0.000- +    0.001- 0.032- 0.000- + 
-50 + + + 0.000- 0.000- 0.000- + +   0.016- 0.014- 0.000- 0.044+ 
-40 +   0.000- 0.000- 0.000- + +   0.021- 0.026- 0.001- + 
-30    0.000- 0.000- 0.000- + +   0.025- 0.022- 0.001- + 
-20  +  0.000- 0.000- 0.000- 0.039+    0.002- 0.041- 0.000- 0.024+ 
-10 x x x 0.000- 0.000- 0.000- + x x x 0.006- - 0.000- 0.016+ 

0 0.000+ 0.000+ 0.000+ x x x + 0.006+ + 0.000+ x x x  
10 0.000+ 0.000+ 0.000+ -   + 0.032+ + + - 0.043- 0.015- + 
20 0.000+ 0.000+ 0.000+ 0.037- - 0.040- + 0.006+ + 0.012+ -   + 
30 0.000+ 0.000+ 0.000+ 0.024- - 0.004- + 0.004+ 0.004+ 0.000+ -   + 
40 0.000+ 0.000+ 0.000+ 0.000- 0.019- 0.000- + 0.022+ 0.024+ 0.001+ -   + 
50 0.000+ 0.000+ 0.000+ 0.000- 0.000- 0.000- + 0.005+ 0.010+ 0.000+ -   0.041+ 
60 0.000+ 0.000+ 0.000+ 0.000- 0.000- 0.000- + 0.035+ + 0.028+ - - -  
70 0.000+ 0.000+ 0.000+ 0.000- 0.000- 0.000- + 0.008+ + 0.001+     + 
80 0.000+ 0.000+ 0.000+ 0.000- 0.000- 0.000- + 0.007+ + 0.043+ - - -  
90 0.000+ 0.000+ 0.000+ 0.000- 0.000- 0.000- + 0.010+ + + - - - + 

100 0.003+ 0.002+ 0.000+ 0.000- 0.000- 0.000- + +  + - - 0.016- + 
110 0.009+ 0.005+ 0.000+ 0.000- 0.000- 0.000- + 0.013+  + - 0.039- -  
120 0.041+ 0.021+ 0.002+ 0.000- 0.000- 0.000- + +   0.019- 0.046- 0.002- + 
130 0.006+ 0.011+ 0.000+ 0.000- 0.000- 0.000- + 0.014+ + + - - 0.026- + 
140 0.042+ + 0.027+ 0.000- 0.000- 0.000- + +   0.008- 0.014- 0.000- + 
150 + + 0.047+ 0.000- 0.000- 0.000- + +  + - 0.013- 0.002- + 
160 + + + 0.000- 0.000- 0.000- +    0.008- 0.016- 0.000- + 
170 + + 0.034+ 0.000- 0.000- 0.000- + +  + 0.040- - 0.005- + 
180 0.016+ + 0.045+ 0.000- 0.000- 0.000- + +   0.027- 0.008- 0.000- + 
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Table S15. Analysis of comparisons between the effects on distance traveled (A) and the time spent in the speaker’s half (B) of 50-kHz vs. 22-
kHz playback of USV, tones, as well as USV and tones combined. Related to Figures 3, 4, and S2. Playbacks were presented during 0 s time-
intervals to paired (n = 29), single (n = 31) and all rats (n = 60); significant p values are given, all Wilcoxon tests; (+) denotes a higher value for rats 
presented with 50-kHz playback.  

time 50-kHz USV vs.  
22-kHz USV 

50-kHz tones vs.  
22-kHz tones 

50-kHz USV and tones vs.  
22-kHz USV and tones 

50-kHz USV vs.  
22-kHz USV 

50-kHz tones vs.  
22-kHz tones 

50-kHz USV and 
tones vs. 22-kHz 
USV and tones 

groups paired single paired single paired single all rats all rats 

A. distance traveled 

-120    0.044+  +  0.017+ + 
-110 +  0.017+ + + +  0.005+ + 
-100  +  +  + + + + 

-90  +  0.018+  0.026+  0.024+ + 
-80   + + + +  + + 
-70 + + + + + + + + + 
-60  + 0.019+ + + +  0.041+ + 
-50 +  + + +  + + + 
-40 +  + + + + + + + 
-30 +   + + +  + + 
-20  +     +   
-10  +  +  +  + + 

0 0.011+ 0.000+ 0.000+ 0.002+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
10 0.005+ 0.000+ + + 0.005+ 0.000+ 0.000+ 0.032+ 0.000+ 
20 0.011+ 0.007+ 0.005+ + 0.000+ 0.016+ 0.000+ 0.013+ 0.000+ 
30 0.020+ 0.004+ 0.015+ + 0.001+ 0.005+ 0.000+ 0.029+ 0.000+ 
40 + + + + + + 0.017+ + 0.014+ 
50 + +  + + + + + 0.017+ 
60 + 0.004+ 0.003+ + 0.006+ 0.004+ 0.007+ 0.003+ 0.000+ 
70 + + + + + + + + + 
80 + + + + + + + + + 
90  + + + + + + + + 

100  + +  +   + + 
110 + +  + + + 0.047+  + 
120 + + +  + + 0.041+  + 
130 + +  + + + + + + 
140 + + + + + + + + + 
150 +  + + + + +  + 
160 + + +  + + +  + 
170 + + + +  + +  + 
180 + + + +  + +  + 

B. time in the speaker’s half 

-120 +   +  +  + + 
-110 +  + + +   +  
-100 + 0.031 + + +   + + 

-90 +  +  +  + + + 
-80 +  + + + + + + + 
-70 + + + + + + + + + 
-60 +  +  +  + + + 
-50 +  + + +   + + 
-40    +  +    
-30    +  +  +  
-20    +  +    
-10 +         

0 +  +  +  + + + 
10 +  0.017+ + 0.006+ + + 0.025+ 0.040+ 
20 +  + + 0.010+ + + 0.022+ 0.011+ 
30 + + + 0.034+ + + + + 0.046+ 
40 +   + + + +  + 
50 +   + + + +  + 
60  + +    +   
70  + +  + + +  + 
80 + + +  +  +  + 
90 + + +  + + + + + 

100  + +  + + +  + 
110  +        
120 + +     +   
130  +     +   
140 + +   +  +   
150 + +   + + +  + 
160 + +   + + +  + 
170 + +   +  +   
180 +    +     
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Table S16. Analysis of comparisons between the effects on heart rate, HR (C) and the number of emitted USV (D) of 50-kHz vs. 22-kHz 
playback of USV, tones, as well as USV and tones combined. Related to Figures 3, 4, and S2. Playbacks were presented during 0 s time-
intervals to paired (n = 30), single (n = 31) and all rats (n = 61); significant p values are given, all Wilcoxon tests; (+) denotes a higher value for 
rats presented with 50-kHz playback.  

time 50-kHz USV vs.  
22-kHz USV 

50-kHz tones vs.  
22-kHz tones 

50-kHz USV and tones vs.  
22-kHz USV and tones 

50-kHz USV vs.  
22-kHz USV 

50-kHz tones vs.  
22-kHz tones 

50-kHz USV and 
tones vs. 22-kHz 
USV and tones 

groups paired single paired single paired single all rats all rats 

C. HR levels 

-120   + + + +  + + 
-110 + + + + + + + + + 
-100 +  + + + + + + + 

-90 + + + + + + + + + 
-80    +  +    
-70 +         
-60  + + +  + + + + 
-50   + + + +  + + 
-40 +  + + + +  + + 
-30 + +  + + + + + + 
-20 + +  + + + + + + 
-10 + +  + + + + + + 

0 0.008+ 0.005+ + 0.033+ 0.003+ 0.001+ 0.000+ 0.008+ 0.000+ 
10 0.000+ 0.000+ 0.006+ 0.001+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
20 0.001+ 0.001+ + 0.003+ 0.000+ 0.000+ 0.000+ 0.001+ 0.000+ 
30 0.001+ 0.002+ + 0.016+ 0.000+ 0.000+ 0.000+ 0.002+ 0.000+ 
40 0.009+ 0.024+ + 0.040+ 0.004+ 0.002+ 0.001+ 0.017+ 0.000+ 
50 0.015+ 0.042+ + + 0.005+ 0.005+ 0.002+ 0.014+ 0.000+ 
60 0.016+ + + 0.042+ 0.008+ 0.010+ 0.008+ 0.023+ 0.000+ 
70 0.021+ 0.034+ + 0.023+ 0.009+ 0.002+ 0.002+ 0.010+ 0.000+ 
80 0.030+ 0.020+ + 0.046+ 0.008+ 0.002+ 0.001+ 0.009+ 0.000+ 
90 0.028+ + + + 0.028+ 0.008+ 0.004+ + 0.001+ 

100 + + + 0.019+ + 0.011+ 0.033+ 0.044+ 0.003+ 
110 0.018+ + + + + 0.028+ 0.005+ + 0.006+ 
120 0.004+ + + + 0.033+ 0.027+ 0.002+ + 0.002+ 
130 0.032+ +  + + + 0.031+ + 0.031+ 
140 +  + + + + + + + 
150 0.010+ + + + 0.013+ + 0.012+ + 0.006+ 
160 0.035+ +  + + + 0.046+ + 0.034+ 
170 + +  + + + + + + 
180 + +  + + + +  + 

D. number of USV 

-120  +  +  +    
-110   +  +   +  
-100         0.044 

-90   + +  +  +  
-80  0.013+  +  0.048+ + + + 
-70  +     +   
-60  + +  +  +  + 
-50   + + + +  + + 
-40   +       
-30    +      
-20 + +  0.044 +  + 0.035  
-10   +       

0 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
10 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
20 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
30 0.000+ 0.001+ 0.002+ 0.001+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
40 0.001+ 0.005+ 0.004+ 0.004+ 0.000+ 0.000+ 0.000+ 0.000+ 0.000+ 
50 0.014+ 0.022+ 0.005+ 0.007+ 0.000+ 0.001+ 0.001+ 0.000+ 0.000+ 
60 0.050+ 0.005+ 0.001+ 0.020+ 0.000+ 0.000+ 0.001+ 0.000+ 0.000+ 
70 + + 0.043+ 0.013+ 0.030+ 0.002+ 0.025+ 0.001+ 0.000+ 
80 + + + + 0.017+ 0.035+ 0.041+ 0.009+ 0.001+ 
90 + 0.042+ + + + 0.027+ 0.012+ + 0.003+ 

100 + 0.020+ 0.038+ + 0.029+ 0.024+ 0.012+ + 0.002+ 
110  0.016+ + + + 0.040+ + + 0.038+ 
120 + 0.033+ + + 0.048+ 0.017+ 0.013+ + 0.003+ 
130  + + + + + + + + 
140 + + 0.018+ + + + + + 0.024+ 
150 + +  +  + + + + 
160   + + + +  + + 
170 +  + + + + + + + 
180 +  0.018+ + 0.018+ + + + 0.011+ 
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Table S17. Statistical evaluation of comparisons between the effects of natural ultrasonic vocalizations (USV) vs. artificially-generated 
tones. Related to Figures 3, 4, S3, and S4; for both 50- and 22-kHz types, on the distance traveled (A), time spent in the speaker’s half of the 
cage (B), heart rate (HR, C), and number of USV emitted in response (D). Both USV- and tones-playback recordings were presented during 0 
s time-intervals to paired, single, and all rats (the numbers of animals per group are given); significant p values are shown, all Wilcoxon tests; 
(+) denotes a higher value for rats presented with natural USV-playback. 

signals USV vs. tone USV vs. tone USV vs. tone  USV vs. tone USV vs. tone USV vs. tone 

50-kHz 50-kHz 22-kHz 22-kHz 50-kHz 22-kHz 50-kHz 50-kHz 22-kHz 22-kHz 50-kHz 22-kHz 

groups paired single paired single all rats paired single paired single all rats 

A. distance traveled B. time in the speaker’s half 

time n = 29 n = 31 n = 29 n = 31 n = 60 n = 60  n = 29 n = 31 n = 29 n = 31 n = 60 n = 60 

-120   + +  +  +   +   
-110   + +  0.041+        
-100 +  + 0.033     0.041  +   

-90 + 0.000 +  0.010 +     +   
-80   + + 0.023 +     +   
-70   +  0.032    +  +  + 
-60 0.048  0.027+   +   +  + + + 
-50   + +  +   + + 0.015+ + + 
-40    +     +  0.041+ + + 
-30 + 0.007 + +  +    + +  + 
-20 + + +  +    + + +  + 
-10   0.010+   +        

0  + +   +  +  +    
10  +  0.013  0.004    +    
20           +  + 
30 + +   +   +   +   
40  +   +   + + 0.036 + +  
50 +  +  + +  + +  + +  
60  + +  + +   +  + + + 
70  + + +  +   + +  + + 
80  +  + + +  + +  + + + 
90    + 0.041   + +  + + + 

100   +     + + + + + + 
110 +    +   + + +  +  
120 + +   +   + + +  +  
130 + + + + + +  + + +  + + 
140 + +  + + +  +  +  +  
150 0.041+  0.033  +   + + +  +  
160 + +   +   + + + 0.019 +  
170 + +  + +   + + +  +  
180 + +  + +   + + + + + + 

C. HR levels  D. number of USV 

 n = 30 n = 31 n = 30 n = 31 n = 61 n = 61  n = 30 n = 31 n = 30 n = 31 n = 61 n = 61 

-120        +  +    
-110   +       +   + 
-100   + +  +        

-90   +   +    + +  + 
-80 +        +     
-70 +             
-60   + +  +   + +  +  
-50   + +  +    + +  + 
-40 +         +    
-30 +       +      
-20 +       + +   +  
-10 +    +         

0 +   0.010  0.009    +    
10 + +   +   + + + 0.025 0.037+  
20 + +   +   + + + + + + 
30 +    +   + 0.025+  + 0.012+  
40 + +  + +   + 0.050+ + + 0.016+ + 
50 0.045+  + + + +  + 0.006+ + 0.037+ 0.010+ 0.006+ 
60 0.020+  + + + +  + + + + + + 
70 0.015+  +  + +  0.013+ 0.037+ + + 0.001+ 0.021+ 
80 +  +  + +  + 0.002+ + + 0.001+ + 
90 +    +   + + + + + + 

100 +    +   + + +  +  
110 0.032+ +  + +   + + +  + + 
120 + +  + +   + +  + + + 
130 0.035+ +  + +   + + + + + + 
140 + +  + + +  + + + + + + 
150 +   + + +  + + + + + + 
160 +   + + +   + + + + + 
170 + +  + +   + + + 0.042+ + 0.035+ 
180 + +   +    + + + + + 
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