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Introduction

The effectiveness of animal models is de-
pendent on their validity. In particular,
animal models should incorporate strong
analogies to the human syndrome (face
validity). It is of further relevance wheth-
er the same biological dysfunction that
causes the human disorder is causing re-
lated symptoms in the model organism
(construct validity) and whether analo-
gous responses can be seen in the mod-
el organism when treated in ways known
to prevent or reverse symptoms in the hu-
man disorder (predictive validity). Partic-
ularly in the case of neuropsychiatric dis-
orders, however, already the incorpora-
tion of face validity is often difficult. In
fact, there are a number of symptoms that
can hardly be modeled in animal models,
ranging from impairments in affect regu-
lation to deficits in social behaviour and
communication. How does one measure
low mood and the inability to experience
pleasure, typical symptoms of a major de-
pression, in mice and rats? Or symptoms
of neurodevelopmental disorders such as
autism, including the deficits in social in-
formation processing and delay in lan-
guage acquisition? One might also think
about the negative symptoms of schizo-
phrenia: flat or inappropriate affect, pov-
erty of speech and lack of desire to form
social relationships.

The incorporation of such symptoms
in animal models appears to be restrict-
ed to visible and hence observable behav-
iours. Thus, impairment in affect regula-
tion is most commonly measured by ap-
proach and avoidance behaviour. Similar-
ly, the only approach used to determine
deficits in social behaviour and commu-
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nication is in most cases the observation
of social interactions. Here, we will show
that the hitherto “one-dimensional” ap-
proach that is restricted to observable be-
haviour can be extended by a second “di-
mension”

Types of ultrasonic
vocalizations—mouse and rat

Mice and rats produce and perceive calls
in the ultrasonic range (so-called ultrason-
ic vocalizations, USV). Various USV types
can be differentiated on the basis of dis-
tinct acoustic features. Their occurrence
is dependent on stage of development, af-
fective state and social context.

Mouse: In 1956 Hanna-Maria Zippe-
lius and Wolfgang M. Schleidt reported in
Naturwissenschaften for the first time that
infant mice emit USV during the first days
of life when isolated from mother and lit-
termates (“isolation-induced USV”; 60-
kHz USV; @ Fig. 1a) [52]. Already in this
very first study, they suggested that such
USV reflect a negative affective state and
named them “Pfeifen des Verlassenseins”
(whistles of loneliness) according to Kon-
rad Lorenz. They further suggested that
pup USV serve communicative purpos-
es, since they observed that mothers leave
the nest to retrieve vocalizing pups which
were scattered outside the nest, while no
search and retrieval behaviour was seen in
response to non-vocalizing pups.

It was recently found that juvenile mice
also produce USV. As reported by Jules B.
Panksepp et al. (2007) in PloS One [23],
juvenile mice emit USV during social in-
vestigation of conspecifics (“interaction-
induced USV”; 70-kHz USV; @ Fig. 1b).
Gilian D. Sewell discovered already in 1967

[32] that adult mice emit USV. She report-
ed in Nature that USV occur during mat-
ing behaviour [32]. USV occurring during
mating behaviour are emitted by the male
and it was shown shortly later that such
USV occur also when a male is exposed
to female urine. It was therefore believed
that such USV induce receptive behaviour
in the female (“female-induced USV”; 70-
kHz USV; @ Fig. 1¢). The important dif-
ference between USV emitted by juvenile
mice during social investigation of con-
specifics and USV emitted by males ex-
posed to females is a lack of the whis-
tle-like character in the latter. Female-in-
duced USV appear rough and noisy.

In view of the recently discovered in-
teraction-induced USV in juvenile mice,
female-induced USV appear to be a sub-
type of interaction-induced USV. Inter-
action-induced USV are emitted by juve-
nile mice of both sexes. In males, however,
their emission declines rapidly with sexu-
al maturity. They begin to emit the rough
and noisy female-induced USV. In fe-
males, however, interaction-induced USV
persist into adulthood and are still detect-
able during social investigation of con-
specifics in adult females. In fact, interac-
tion-induced USV in adult females have
been known about for several years, but
they were not taken into account, since
the production of USV in adult mice was
studied almost exclusively during mating
behaviour. A common feature of both call
types, interaction-induced USV in gener-
al as well as its subtype, female-induced
USYV, is their affiliative, i.e. social contact-
inducing, communicative function.

Rat: Three USV types can also be dis-
tinguished in the rat. As shown by Eliane
Noirot (1968) in Animal Behaviour [19],
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Fig. 1 A Types of ultrasonic vocalizations (USV): mouse. a Isolation-induced USV (60-kHz USV) emitted by an 8-day-old male
C57BL/6J mouse during isolation from mother and littermates. b Interaction-induced USV (70-kHz USV, juvenile) emitted by
a 25-day-old male C57BL/6J mouse during social interaction with a C57BL/6J mouse of the same age. ¢ Female-induced USV
(70-kHz USV, adult) emitted by a 3-month-old male C57BL/6J mouse exposed to female urine. All recordings were made us-
ing an UltraSoundGate Condenser Microphone CM16/CMPA (sampling rate: 250 kHz; 16 bit). Spectrograms were generated
with Avisoft SASLab Pro by conducting a fast Fourier transform (time resolution: 0.427 ms; frequency resolution: 0.586 kHz).

Equipment and software: Avisoft Bioacoustics, Berlin, Germany
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Fig. 2 «Types of ultrason-
ic vocalizations (USV): rat.
alsolation-induced USV
(40-kHz USV) emitted by
an 11-day-old male Wistar
rat during isolation from
mother and littermates.

b Fear-induced USV (22-
kHz USV) emitted by a 3-
month-old male Wistar rat
during fear conditioning.

c Interaction-induced USV
(50-kHz USV) emitted by a
3-month-old male Wistar
rat searching for conspecif-
ics. Please note the change
in time resolution in b as
compared to a and c. For
details on recording and
spectrogram: see legend to
O Fig.1



Abstract

infant rats emit USV when separated from
their mother and littermates like mice, in-
dicating a similar function (“isolation-in-
duced USV”; 40-kHz USV; @ Fig. 2a).
In juvenile and adult rats, two USV
types are known. Their occurrence is de-
pendent on the emotional valence of the
context. While low-frequency USV occur
in potentially dangerous situations, such
as predator exposure, submission during
intermale fighting or in response to pain-
ful stimuli like foot-shocks (“fear-induced
USV”; 22-kHz USV; @ Fig. 2b), high-fre-
quency USV occur in presumably appeti-
tive situations such as rough-and-tumble
play (“interaction-induced USV % 50-kHz
USV; @ Fig. 2¢). The low-frequency 22-
kHZ USV are characterized by high am-
plitudes and long durations. In contrast
to the other USV types known in mice
and rats, which typically last up to 300 ms
at maximum, 22-kHz USV last around
1000 ms on average. Probably because of
these acoustic characteristics, which make
detection relatively easy, 22-kHz USV were
the first USV discovered in rodents: John
W. Anderson reported in Science (1954) [1]
that rats which have been singly housed,
i.e. socially isolated, emit 22-kHz USV. He
assumed that rats use 22-kHz USV for ori-
entation in a manner comparable to the
process of echolocation employed by bats.
Today, however, one would interpret the
occurrence of 22-kHz USV during social
isolation as the result of a negative affec-
tive state induced by isolation and it is be-
lieved that 22-kHz USV serve as alarm
calls. A USV type similar to rat 22-kHz
USV is not known in mice.
High-frequency s0-kHz USV that oc-
cur in presumably appetitive situations re-
semble 70-kHz USV in mice. Indeed, both
were detected for the first time by Gilian
D. Sewell [32] during mating behaviour.
Recent studies, however, have shown that
the production of 50-kHz USV is not re-
stricted to the sexual context. Rather, 50-
kHz USV occur during rough-and-tumble
play and when it is mimicked by a human
experimenter through so-called tickling.
Furthermore, 50-kHz USV can be elicit-
ed by administering drugs of abuse such
as amphetamine and cocaine. Jaak Pank-
sepp postulated in Science (2005) [20] that
50-kHz USV reflect the rat’s positive affec-
tive state and that they resemble human

laughter. As for human laughter, it is be-
lieved that s0-kHz USV serve an affiliative
communicative function.

Functions of isolation-
induced USV

Affective state: The idea that isolation-in-
duced USV reflect the animal’s affective
state was already included in the interpre-
tative term “whistles of loneliness” cho-
sen by Zippelius and Schleidt [52]. To date,
however, there is an at times fierce scien-
tific debate as to whether such USV reflect
a negative affective state or whether they
are simply the byproduct of a thermoregu-
lation process [3]. There is a wealth of evi-
dence, however, that argues against the in-
terpretation that USV are simply physio-
logical artifacts.

As part of a comprehensive selective
breeding study, Brunelli and Hofer [5]
demonstrated that it is possible to breed
rats dependent on their level of isola-
tion-induced USV and that such selective
breeding affects anxiety-related and de-
pression-related behaviour in adulthood.
Adult rats from the breeding line char-
acterized by high levels of pup isolation-
induced USV display enhanced levels of
neophobia and helplessness as compared
to rats bred for low levels of isolation-in-
duced USV. The former also have an ele-
vated stress response. Remarkably, selec-
tive breeding for adult anxiety-related be-
haviour also affects the emission of isola-
tion-induced USV in rat [38] and mouse
pups [16].

The affective hypothesis is further sup-
ported by the fact that the production of
isolation-induced USV can be modulated
by pharmacological agents that are known
for their potency in affecting anxiety in
humans. Gardner [12] and Insel et al. [13]
showed that anxiolytic compounds such
as the benzodiazepines diazepam and
chlordiazepoxide inhibit calling behav-
iour without impairing motor behaviour,
while an increase in calling behaviour was
found when anxiogenic compounds such
as pentylenetetrazole were administered.
Also, selective serotonin reuptake inhibi-
tors (SSRI) such as paroxetine and citalo-
pram inhibit the emission of isolation-in-
duced USV [39].
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Abstract

Mice and rats produce and perceive calls in
the ultrasonic range (so-called ultrasonic vo-
calizations, USV). Various USV types can be
differentiated on the basis of distinct acous-
tic features. Their occurrence is dependent on
stage of development, affective state and so-
cial context. When separated from nest and
littermates, young mice and rats emit iso-
lation-induced USV, which induce mater-

nal search and retrieval behaviour. Isolation-
induced USV are used as an early marker of
anxiety. Adult rats emit fear-induced USV in
aversive situations such as predator exposure.
They fulfil an alarm function and induce anxi-
ety-related behaviour in conspecifics. Fear-in-
duced USV are also used in the field of anxi-
ety research. Finally, juvenile and adult mice
and rats emit interaction-induced USV in pre-
sumably appetitive situations such as rough-
and-tumble play or social investigation. As
they can also be elicited by drugs of abuse,
they are used in the field of addiction and de-
pression research. They have an affiliative
communicative function and induce social
approach behaviour in the recipient. Focus-
ing on the communicative function of inter-
action-induced USV, they serve as a measure
for deficits in social behaviour and communi-
cation and hence are increasingly used in an-
imal models for neurodevelopmental disor-
ders such as autism.
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Fig. 3 A Affective state, 40-kHz ultrasonic vocalizations (USV). a Anogenital licking behaviour. b Emission of 40-kHz USV in 11-
day-old male Wistar rats during isolation from mother and littermates dependent on the level of maternal caregiving behav-

iour (maternal licking behaviour) received on postnatal days 3-6: low levels of maternal care (black circles, n=10), high level of
maternal care (white circles, n=8). Based on data from [48]

Further evidence in support of the
idea that isolation-induced USV reflect a
negative affective state comes from stud-
ies on the effects of early environmental
factors on early development. It is known
that high levels of maternal care received
during the very first days of life reduce
the occurrence of anxiety-related behav-
iour in adulthood [8]. In line herewith,
we showed that rat pups that received
low levels of maternal care emit very
high numbers of USV in isolation, while
the ones that received high levels of ma-
ternal care displayed reduced calling be-
haviour (B Fig. 3a,b, [48]). In mice, we
found similar effects. By conducting an
embryo-transfer study, we showed that
the isolation-induced calling behaviour
in infant mice is highly dependent on ear-
ly environmental factors such as maternal
care [41]. We found that even the close-
ly related mouse strains C57BL/6]JOla and
Cs57BL/6N differ in USV production in
isolation. Infant C57BL/6JOla mice vocal-
ized more than Cs7BL/6N mouse pups, ir-
respective of sex. However, C57BL/6]JOla
pups that were delivered and raised by
Cs57BL/6N mothers displayed markedly
reduced calling behaviour that was even
lower than the one seen in Cs57BL/6N
pups. Certain call parameters such as call
frequency, however, were dependent on
genotype only. One important difference
between the two mouse strains C57BL/
6JOla and Cs7BL/6N is the lack of several
genes on chromosome 6 in C57BL/6]JOla
due to a spontaneous deletion. Among
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them is the Snca gene for a-synuclein.
Mutations in the SNCA gene are implicat-
ed in the pathogenesis of Parkinson’s dis-
ease and dementia with Lewy bodies. In
order to test whether the lack of a-synu-
clein causes changes in USV production
in mouse pups, we compared Snca knock-
out mice with wildtype littermate controls
[17]. In line with the difference between
the two mouse strains C57BL/6JOla and
Cs7BL/6N, we found that the lack of the
Snca gene causes an increase in the num-
ber of isolation-induced USV. In addition
to changes in the production of USV, we
found a change in the expression of the
Foxp gene family in Snca knockout mice.
This is remarkable as the FOXP gene fam-
ily was repeatedly found to be associated
with USV production in rodents, song-
learning in birds and language acquisi-
tion in humans [34].

Communicative function: The obser-
vation by Zippelius and Schleidt [52] that
mothers display search and retrieval be-
haviour only in response to pups scattered
outside the nest when they emit USV,
while ignoring anesthetized and hence
non-vocalizing pups, indicates a commu-
nicative function of USV. However, it ap-
pears possible that other stimuli associat-
ed with the pup such as olfactory signals
also cause maternal search and retrieval
behaviour. The first experimental dem-
onstration that isolation-induced USV in-
deed induce maternal search and retrieval
behaviour was conducted by Sewell [33].
She showed that lactating females leave

the nest and start to explore the environ-
ment when tape-recorded isolation-in-
duced USV are presented. Exploration be-
haviour was typically directed to the loud-
speaker. As control signals such as an arti-
ficial 45-kHz tone were found not to be ef-
ficient, it can be concluded that maternal
exploration behaviour is not simply due to
curiosity, but instead to brood care. Fur-
ther playback studies with artificial stim-
uli were conducted to determine the call
characteristics that are necessary to elicit
maternal search and retrieval behaviour.
Ehret und Haack [11] showed that all sig-
nals higher than 35 kHz in frequency and
20 ms in duration with peak amplitudes
lower than 20 dB in neighboring frequen-
cies induce maternal search and retriev-
al behaviour.

The communicative function of isola-
tion-induced USV is further highlighted
by the fact that their emission is depen-
dent on social stimuli. In general, all social
stimuli associated with maternal contact
such as nest odour reduce calling behav-
iour [18]. Also, the presence of an anes-
thetized pup inhibits the emission of isola-
tion-induced USV. The fact that the tem-
perature of the anesthetized pup can be
as low as room temperature without los-
ing its potency in reducing calling behav-
iour again argues against the idea that iso-
lation-induced USV are simply a byprod-
uct of a thermoregulation process [7].
Pharmacological studies showed that qui-
eting in the presence of an anesthetized
pup is due to the release of endogenous



opioids as it can be blocked by adminis-
tering the opioid antagonist naloxone [7].
In line with this, opioid agonists such as
morphine on the other hand are potent
inhibitors of calling behaviour. Further
evidence for the involvement of p-opioid
receptors in the modulation of isolation-
induced USV by the social context was
provided by studies on p-opioid recep-
tor knockout mice. Mice lacking p-opioid
receptors can produce USV, for instance
when exposed to non-social stressors such
as a considerable decrease in body tem-
perature. However, social stressors such as
isolation from mother and littermates do
not induce the production of USV and no
modulation by social context was detect-
ed, indicating a deficit in social informa-
tion processing [18].

Potential applications: Two fields of ap-
plication exist for isolation-induced USV:
Firstly, the huge and well-established field
of anxiety research, based on the assump-
tion that isolation-induced USV reflect a
negative affective state; secondly, the de-
veloping field of neurodevelopmental dis-
orders, focusing on communicative func-
tions in relevant animal models. One rea-
son why isolation-induced USV are inter-
esting for both fields is that they can be de-
termined very early during development.
Thus, it is possible to measure the anxi-
ety level already at a time point at which
standard measures for anxiety cannot be
applied due to the pups immaturity. This
makes a prediction of anxiety-related be-
haviour in adulthood possible and hence
provides the opportunity to test the effi-
cacy of treatments that are applied early
during development. The same is true for
the field of neurodevelopmental disorders
since it is crucial to determine communi-
cation deficits as early as possible. First
promising studies indeed found deficits in
the production of isolation-induced USV
in mouse models of human neurodevel-
opmental disorders [30]. In this context, it
would also be interesting to use isolation-
induced USV as an independent variable,
namely as an elicitor of maternal behav-
iours. For more details on isolation-in-
duced USV see [45].
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Fig. 4 A Affective state, 22-kHz ultrasonic vocalizations (USV). a Emission of 22-kHz USV in 3-month-
old male Wistar rats during fear conditioning dependent on shock intensity: 0.00 mA (n=7); 0.20 mA
(n=7),0.50 mA (n=8), 0.80 mA (n=8), 1.10 mA (n=6). Based on data from [40], with extensions. b Emis-
sion of 22-kHz USV in 3-month-old male Wistar rats during fear conditioning dependent on the in-
dividual disposition to show anxiety-related behaviour as measured on the elevated plus maze: low

(n=10), high (n=10). Based on data from [4]

Functions of fear-induced USV

Affective state: The idea that 22-kHz USV
reflect a negative affective state akin to
anxiety and fear is based on the fact that
such USV occur in a number of aver-
sive situations such as predator expo-
sure, submission during intermale fight-
ing or in response to painful stimuli like
foot shocks. It is further supported by ob-
servations made during fear conditioning.
When the application of an aversive stim-
ulus such as an electric shock (uncondi-
tioned stimulus, US) is repeatedly paired
with a formerly neutral stimulus such as
a tone (conditioned stimulus, CS), the
CS gains the efficacy to elicit fear-relat-
ed conditional responses (CRs) in the ab-
sence of the US. Part of the CRs, the fear-
related conditional responses, is not on-
ly freezing behaviour that is typically de-
termined, but also the emission of 22-kHz
USV. This means that 22-kHz USV can
occur in the absence of painful stimuli,
namely in response to danger-predicting
signals, the CS. Both CRs, freezing and
the emission of 22-kHz USV, are strongly
dependent on the aversiveness of the sit-
uation. In line with the affective hypoth-
esis, we found that rats exposed to high-
er shock intensities display more freezing
behaviour and vocalize more and louder
than rats exposed to low shock intensities
(B Fig. 4a, [40]). The affective hypothesis
is further supported by two additional ob-
servations. Firstly, not all rats emit 22-kHz

USV. Secondly, we observed that the time
spent freezing and the number of 22-kHz
USV was positively correlated in individ-
ual rats. Rats that displayed high levels of
freezing behaviour vocalized more than
those that displayed low levels of freez-
ing behaviour [48]. Both observations in-
dicate that not only situational factors, for
instance the aversiveness of the context,
affect the emission of 22-kHz USV. Rath-
er, the individual dispositions of the rat it-
self appear to also play a role. Interesting-
ly, it has long been known that rats dif-
fer in their individual disposition to show
anxiety-related behaviour [24]. In fact, we
demonstrated that individual differences
in calling behaviour are associated with
individual differences in anxiety-related
behaviour. Thus, rats that were character-
ized as anxious based on their anxiety-re-
lated behaviour displayed on the elevat-
ed plus maze emitted more 22-kHz USV
during fear conditioning than less anxious
rats—an effect that was not simply due to
differences in pain sensitivity (B Fig. 4b,
[4]). Finally, pharmacological and neu-
roanatomical studies are also in line with
the affective hypothesis. For instance, the
emission of 22-kHz USV in response to
the CS can be inhibited by anxiolytic com-
pounds such as diazepam and buspirone
[14] and no 22-kHz USV can be detected
after amygdala lesion [9].
Communicative function: Several hy-
potheses have been proposed regard-
ing the possible function of 22-kHz USV,
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Fig. 5 A Affective state, 50-kHz ultrasonic vocalizations (USV). a Hippocampal cell proliferation in the
dentate gyrus of 2-month-old male Wistar rats after mimicking rough-and-tumble play by a human
experimenter (“tickling”) dependent on the emission of 50-kHz USV: low (n=4), high (n=4). Hippocam-
pal cell proliferation was determined on the basis of BrdU-labeled cells (BrdU+cells) and is shown as

a percentage of “non-tickled” controls (dashed line). b Representative example of a brain slice show-
ing the dentate gyrus of a rat that emitted 50-kHz USV during tickling. ¢ Representative example of

a brain slice showing the dentate gyrus of a rat that did not emit 50-kHz USV but 22-kHz USV during

tickling. Based on data from [43]

ranging from echolocation to signal sub-
mission during intermale fighting. How-
ever, most of what is currently known is
in line with the hypothesis that 22-kHz
USV serve an alarm function. Blanchard
et al. [2] observed that the production of
22-kHz USV in response to a predator, a
cat, is dependent on the presence of con-
specifics, i.e. on the presence of an au-
dience. No 22-kHz USV were observed
when a rat was exposed to a cat in the ab-
sence of conspecifics. In response to 22-
kHz USV, conspecifics typically retreated
immediately, hiding in a sheltered burrow
system. Despite the fact that we were not
able to replicate the so-called audience ef-
fect under highly standardized laboratory
conditions [49], we also found that con-
specifics display anxiety-related behav-
iour such as freezing in response to 22-
kHz USV. In order to test whether indeed
22-kHz USV caused the change in behav-
iour in the recipient, we conducted play-
back experiments as we did to determine
the communicative function of isolation-
induced USV. In these studies, we found
that 22-kHz USV can induce a strong and
long-lasting behavioural inhibition. Even
after terminating 22-kHz playback, behav-
ioural inhibition was still evident for sev-
eral minutes (B Fig. 4a, [47]). By using
immunohistochemical visualization of
the immediate early gene c-fos, a neuro-
nal activity marker, in subsequent studies,
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we showed that the induction of behav-
ioural inhibition by 22-kHz USV is par-
alleled by an increase in neuronal activi-
ty in brain regions implicated in the regu-
lation of anxiety and fear such as basolat-
eral amygdala (8 Fig. 4b) and periaque-
ductal grey (B Fig. 4¢, [27]). Despite in-
consistent audience effect findings, the re-
sults obtained in playback studies strongly
support the notion that 22-kHz USV serve
as alarm calls. It can be further assumed
that even when the sender is not active-
ly emitting 22-kHz USV to warn conspe-
cifics about danger, they are still recog-
nized as alarm calls by the recipients. It is
unknown, however, whether the recogni-
tion of 22-kHz USV as alarm calls is in-
nate or learned. Recent findings indicate
that rats are predisposed to associate aver-
sive stimuli and 22-kHz USV. Enhanced
encoding of such an association leads to
a stable memory;, resisting extinction bet-
ter [10].

Potential applications: In the field of
anxiety research, 22-kHz USV are typical-
ly used as a dependent variable to mea-
sure the rat’s negative affective state in ad-
dition to freezing behaviour. Occasionally,
they are also used in the field of addiction
research, here again as a dependent vari-
able to measure the rat’s negative affective
state that can be expected to occur dur-
ing drug withdrawal. However, little ac-
count has been taken of the fact that 22-

kHz USV elicit anxiety-related behaviour
in the recipient. The use of 22-kHz USV
as an independent variable would not on-
ly allow the induction of anxiety-related
behaviour by an ethologically valid stim-
ulus, but would also provide an opportu-
nity for studying social learning processes
in the acquisition of fear. For more details
on fear-induced USV see [51].

Functions of interaction-
induced USV

Affective state: It was long believed that al-
so 50-kHz USV reflect a negative affective
state. This was because of the fact that rats
do not only emit 22-kHz USV but also 50-
kHz USV during intermale fighting [28].
This idea was challenged, however, when
Knuston et al. [15] showed that juvenile
rats emit s0-kHz USV during rough-and-
tumble play. On the basis of this observa-
tion Panksepp and Burgdorf [21] started
to mimic rough-and-tumble play in rats
using a human experimenter—a meth-
od they termed “tickling”. As described
in sensational studies that received a great
deal of attention, they were able to induce
50-kHz USV when a rat was “tickled” by a
human experimenter [21]. Panksepp and
Burgdorf [22] also showed that those rats
in particular that emitted high numbers
of 50-kHz USV experienced the “tick-
ling” procedure as appetitive, as indicated
by short latencies to approach the hand of
the human experimenter. Panksepp [20]
therefore came up with the provocative
idea that 50-kHz USV do not only reflect
a positive affective state, but that they also
have similarities to human laughter—evo-
lutionary antecedents of human joy. They
were able to find evidence in a number of
studies that at least partially supports the
idea. For instance, they found that aver-
sive stimuli such as cat odour or bright
light reduce the emission of 50-kHz USV
[22], while the administration of drugs of
abuse such as amphetamine and cocaine
elicit 50-kHz USV—especially when di-
rectly administered to the nucleus accum-
bens, a brain region implicated in reward
processing [36].

What has been neglected is the fact that
the production of 50-kHz USV is charac-
terized by a huge level of inter-individual
differences. In “tickling” experiments, we



found that not all rats emit so0-kHz USV—
some rats do not emit so0-kHz USV at all,
while others even emit 22-kHz USV [31].
We asked whether inter-individual differ-
ences in the production of 50-kHz USV
are correlated with the level of hippocam-
pal cell proliferation as hippocampal cell
proliferation has been repeatedly associat-
ed with affect regulation. Thus, it is known
that aversive stimuli such as submission
during intermale fighting reduce hippo-
campal cell proliferation and Santarelli
et al. [29] demonstrated that hippocam-
pal cell proliferation is necessary for the
antidepressant effects of SSRI. We found
that the emission of s0-kHz USV during
“tickling” are highly positively correlated
with hippocampal cell proliferation, while
a highly negative correlation between the
emission of 22-kHz USV and hippocam-
pal cell proliferation was evident. Remark-
ably, we further found that rats that expe-
rienced “tickling” presumably as appeti-
tive, as indicated by high numbers of 50-
kHz USV, had clearly elevated hippocam-
pal cell proliferation levels as compared to
“non-tickled” controls. The fact that rats
that emitted only very few 50-kHz USV
during “tickling” had hippocampal cell
proliferation levels comparable to “non-
tickled” controls argues in favour of the
induction of hippocampal cell prolifera-
tion by “tickling” in those rats that expe-
rienced “tickling” presumably as appeti-
tive (B Fig. 5a, [43]).

In light of these findings, the fact that
rats emit 50-kHz USV during intermale
fighting was reinterpreted—not as ex-
pression of a negative affective state elicit-
ed by fighting, but instead as expression of
a positive affective state of the dominant
rat [6]. Rat s0-kHz USV and mouse 70-
kHz USV elicited by mating behaviour are
now also viewed as expression of a hereby
elicited positive affective state and hence
incorporated into the affective hypothesis
“reversed” from negative to positive.

Communicative function: However, rats
also emit 50-kHz USV in situations that
are probably not appetitive. As we demon-
strated, 50-kHz USV occur in response to
separation from conspecifics [42]. When
removing one of two rats from a cage, the
removed rat starts to vocalize when iso-
lated in an empty cage. 50-kHz USV oc-
cur predominately during the very first
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back of 50-kHz and 22-kHz ultrasonic vocalizations (USV). a Induction of social approach behaviour by
playback of 50-kHz USV (black circles, n=6) and induction of behavioural inhibition by playback of 22-
kHz USV (white circles, n=6), respectively, shown as distance travelled in centimeters (cm). USV were
played back in minute (min) 6. Playback lasted 1 min (highlighted in grey). Behavioural activity before
playback of USV in min 1-5 (white, left) and after playback of USV in min 7-11 (white, right) is given for
the sake of comparison. Male Wistar rats aged 25 days were used. b Neuronal activation in the basolat-
eral amygdala in response to playback of 22-kHz USV, visualized by immunohistochemical staining of
the immediate early gene c-fos. ¢ Neuronal activation in the periaqueductal grey in response to play-
back of 22-kHz USV, visualized by immunohistochemical staining of the immediate early gene c-fos.

Based on data from [47] (with extensions) and [27]

few minutes—fading out rapidly. Inter-
estingly, s50-kHz USV are also emitted by
the rat remaining alone in the home cage
after removal of its cage mate. This shows
that separation from conspecifics rath-
er than exposure to a novel environment
causes the production of 50-kHz USV. We
hypothesized, therefore, that 50-kHz USV
reflect the need for social contact and that
they serve as social contact calls. We con-
ducted a playback experiment in order to
test our hypothesis. We found that 50-kHz
USV induce social exploratory behaviour
(B Fig. 6a) directed towards the sound
source in recipients (B Fig. 7a,b, [47]).
The induction of social approach behav-
iour by 50-kHz USV is in line with their
affiliative communicative function.

The strength of social approach behav-
iour is dependent on the level of social mo-
tivation in the recipient. This was shown

in a study where we manipulated the lev-
el of social motivation pharmacologically.
It is known that low doses of p-opioid ag-
onists such as morphine increase rough-
and-tumble play and hence the emission
of 50-kHz USV in juvenile rats, while p-
opioid antagonists such as naloxone have
inhibitory effects [37]. By using this ap-
proach, we demonstrated that morphine
enhances social approach behaviour in re-
sponse to playback of s0-kHz USV, while
naloxone reduces it [50], supporting the
notion that the opioid system is implicat-
ed in the regulation of social approach be-
haviour. This raises the question of wheth-
er p-opioid receptor knockout mice with
social information processing deficits and
a lack of isolation-induced USV in infan-
cy [18] display social exploratory and ap-
proach behaviour in response to playback
of USV as adults. In order to test this, we
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transferred our rat social approach para-
digm to mice. It turned out that wildtype
controls show social exploratory behav-
iour in response to playback of 70-kHz
USV, while such a response was not seen
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in p-opioid receptor knockout mice [44].
Again, this finding highlights the role of
the opioid system for social behaviour.
Furthermore, it also shows that the para-
digm of playback-induced social approach

behaviour can be applied to mice and that
it is sensitive enough to detect social def-
icits in transgenic lines of mice. Finally,
these experimental findings indicate that
the hypothesis that rat s0-kHz USV and
mouse 70-kHz USV foster mating behav-
iour by attracting the female [25] needs to
be generalized, since as a rule, i.e. inde-
pendent of the sexual context, this USV
type appears to serve an affiliative com-
municative function.

Potential applications: Rat 50-kHz USV
and mouse 70-kHz USV can be used for
the determination of symptom-related be-
haviour in animal models of neuropsychi-
atric disorders for which reliable readouts
are currently often missing such as regu-
lation of affect and communication. The
finding that 50-kHz USV reflect a posi-
tive affective state makes them a valuable
tool to study euphoria and dysphoria in
the field of depression research. The find-
ing that drugs of abuse elicit s50-kHz USV
opens further applications in the field of
addiction research. Thus, s0-kHz could
be used to determine changes in the af-
fective state across the distinct phases in a
drug self-administration paradigm, antic-
ipation (“joyful expectancy”), acquisition
(“consumption”), and extinction (“with-
drawal”).

Rat 50-kHz USV and mouse 70-kHz
USYV are currently used predominantly
as measures for deficits in social behav-
iour and communication. It was repeated-
ly demonstrated that several mouse mod-
els of autism display severe deficits in USV
production, which is in line with their af-
filiative communicative function. The in-
bred mouse strain BTBR T+tf/] (BTBR) is
characterized by a clearly reduced level of
social interactions and an enhancement of
repetitive and stereotyped patterns of be-
haviour throughout development, and is
therefore currently viewed as one of the
most promising model systems for autism
[35]. In light of these autism-like behav-
ioural traits, we expected the autism mod-
el BTBR to also display communication
deficits. In order to elicit 70-kHz USV, we
exposed male BTBR and Cs57BL/6] mice
to female urine of both strains. While so-
cial C57BL/6] mice emitted between 400
and 500 70-kHz USV during the 5-min
female exposure, BTBR emitted less than
100 70-kHz USV [46]. BTBR mice not on-



ly showed deficits in acoustic communi-
cation, but also their olfactory communi-
cation was markedly reduced. Specifical-
ly, BTBR mice deposited less scent marks
in proximity to the female urine [46]. De-
pending on the biological significance of
the social context, acoustic and olfactory
communication are typically highly cor-
related [26].

Currently, the measurement of USV
production is almost exclusively used as
a measure for communication deficits in
animal models of autism, while the be-
havioural responses seen in recipients ex-
posed to USV are not studied. However, it
appears very likely that, in the future, USV
will not only be used as a dependent mea-
sure, but also as an independent variable
to elicit social behaviour. Indeed, the fact
that 50-kHz USV induce social approach
behaviour in the recipient provides a
number of potential applications to study
social motivation and communication in
animal models. Almost all behavioural test
paradigms that are currently used require
the presence of a conspecific as the social
stimulus. This is associated with a num-
ber of methodological problems. When a
new conspecific is used in each individu-
al trial, variability seen in the behaviour of
the recipients could be due to differences
between conspecifics used as social stim-
uli. However, when the same conspecific
is repeatedly used as the social stimulus, it
appears likely that its behaviour displayed
during the first social interaction differs
from that displayed in the tenth social in-
teraction session, which again induces a
huge level of variability in the recipients
under study. In the case of the induction
of social approach behaviour elicited by
50-kHz USV, however, an infinite number
of repetitions of an identical social stimu-
lus can be used. This means that all ani-
mals can be exposed to exactly the same
stimulus. A further advantage is the fact
that the appetitive value of the social stim-
ulus, i.e. the strength with which it induc-
es social approach behaviour, can be var-
ied according to experimental needs [47].
For more details on interaction-induced
USV see [51].

Conclusion

As communicative signals reflecting the
animal’s affective state, the distinct USV
types provide various potential appli-
cations in the field of animal models of
neuropsychiatric disorders.

Further reading

Wahr M, Oddi D, D’Amato FR (2010) Effects of altricial
pup ultrasonic vocalization on maternal behavior. In:
Brudzynski SM (ed) Handbook of mammalian vocaliza-
tion. An integrative neuroscience approach. Elsevier
Wohr M, Schwarting RKW (2010) Activation of lim-

bic system structures by replay of ultrasonic vocaliza-
tion in rats. In: Brudzynski SM (ed) Handbook of mam-
malian vocalization. An integrative neuroscience ap-
proach. Elsevier
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