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Abstract: Rats emit high-frequency 50-kHz ultrasonic vocalizations (USV) in appetitive situations like social
interactions. Drugs of abuse are probably the most potent non-social elicitors of 50-kHz USV, possibly reflecting their
euphorigenic properties. Psychostimulants induce the strongest elevation in 50-kHz USV emission, particularly
amphetamine (AMPH), either when applied systemically or locally into the nucleus accumbens (Nacc). Emission of
AMPH-induced 50-kHz USV depends on test context, such as the presence of conspecifics, and can be manipulated
pharmacologically by targeting major neurotransmitter systems, including dopamine (DA), noradrenaline (NA), and
serotonin (5-HT), but also protein kinase C (PKC) signaling. Several D, and D, receptor antagonists, as well as typical and
atypical antipsychotics block the AMPH-induced elevation in 50-kHz USV. Inhibiting D, and D, receptors in the Nacc
abolishes AMPH-induced 50-kHz USV, indicating a key role for this brain area. NA neurotransmission also regulates
AMPH-induced 50-kHz USV emission given that a; receptor antagonists and o, receptor agonists exert attenuating
effects. Supporting the involvement of the 5-HT system, AMPH-induced 50-kHz USV are attenuated by 5-HT,c receptor
activation, whereas 5-HT,¢ receptor antagonism leads to the opposite effect. Finally, treatment with lithium, tamoxifen,
and myricitrin was all found to result in a complete abolishment of the AMPH-induced increase in 50-kHz USV,
suggesting the involvement of PKC signaling. Neurotransmitter systems involved in AMPH-induced 50-kHz USV
emission only partially overlap with other AMPH-induced behaviors like hyperlocomotion. The validity of AMPH-
induced 50-kHz USV as a preclinical model for neuropsychiatric disorders is discussed, particularly with relevance to
altered drive and mood seen in bipolar disorder.
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INTRODUCTION situations that are positively reinforcing, it was repeatedly
suggested that 50-kHz USV might reflect a positive
emotional state (e.g. [7]). However, it has to be noted that
50-kHz USV are highly complex and characterized by a
huge level of variability. In fact, depending on their shape
various subtypes can be discriminated. Typically, the different
50-kHz USV subtypes are clustered into flat (FLAT) and
frequency-modulated (FM) calls, with the latter consisting of
50-kHz USV characterized by one or more steps/jumps in
frequency, so called frequency step calls, trills, i.e. zigzag-
shaped calls, and mixed calls (Fig. 1; e.g. [8-16]), yet more
complex classification systems with up to 14 subtypes have
also been applied (e.g. [17-21]). While FLAT 50-kHz USV
may primarily serve a social coordinating function (e.g.
[22,23]), it was suggested that FM 50-kHz USV may in
particular or even exclusively reflect a positive affective
state (e.g. [24,25]). It is in line with this view that drugs with
abuse potential are likely the most potent non-social elicitors
of 50-kHz USV, particularly of the FM subtype, possibly
reflecting the euphorigenic properties of drugs of abuse.

PHARMACOLOGICAL AGENTS ELICITING 50-kHz

Rats emit different types of vocalizations in the ultrasonic
range, commonly referred to as ultrasonic vocalizations
(USV; for review see: [1,2]). In juvenile and adult rats,
typically two main USV types are differentiated depending
on emission context and acoustic features, such as call
duration and frequency. Low-frequency USV characterized
by long call durations, so called 22-kHz USV, occur in
aversive situations and probably reflect a negative emotional
state akin anxiety and fear (for review see: [3]). In contrast,
high-frequency USV with short call durations, taken together
as 50-kHz USV, are emitted in appetitive situations. Under
natural conditions, particularly high rates of 50-kHz USV
occur during positively reinforcing social interactions, like
juveniles rough-and-tumble play (e.g. [4]) and mating in
adults (e.g. [5]). Playback studies indicate that 50-kHz USV
serve an important communicative function as social contact
calls which can maintain or reestablish social proximity by
eliciting approach behavior in the recipient (for review see:
[6]). Because 50-kHz USV occur almost exclusively in
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Fig. (1). Exemplary spectrograms of flat (FLAT; A) and frequency-modulated (FM; B-D) 50-kHz ultrasonic vocalizations (USV), with the
latter consisting of 50-kHz USV characterized by one or more steps/jumps in frequency, so called frequency step calls (B), trills, i.e. zigzag-

shaped calls (C), and mixed calls (D).

Psychostimulants, like AMPH, affect the catecholaminergic
system through direct interaction with monoamine transporters,
including the dopamine (DA) and the noradrenaline (NA)
transporter, which results in increased extracellular DA and
NA concentrations (for review see: [26]). High rates of 50-
kHz USV can be seen following systemic administration of
AMPH [8-31,27-29] or local injection into the nucleus
accumbens (Nacc), especially in the shell [30-32]. Relatively
low 50-kHz USV emission rates were detected following
AMPH injections into the Nacc core [31,32], while AMPH
injections into the caudate putamen or the ventral pallidum
did not result in 50-kHz USV [30,31]. The level of AMPH-
induced 50-kHz USV is clearly dose-dependent, both after
systemic [16,21] and local administration in the Nacc [32].
The emission of AMPH-induced 50-kHz USV is typically
paralleled by hyperlocomotion [9,11,15], yet rats emitting
low versus high rates of AMPH-induced 50-kHz USV do not
differ in their locomotor response to AMPH [9,15]. Also, the
time course of the 50-kHz USV response differs from the
locomotor response profile, with the maximum effect of
AMPH on 50-kHz USV occurring earlier than the maximum

locomotor response but being less sustained [27]. In contrast,
however, rats selectively bred for low versus high 50-kHz
USV emission rates display differences in their locomotor
response to AMPH. Rats bred for low 50-kHz USV emission
rates show less hyperlocomotion after an AMPH challenge,
whereas such challenge induces a stronger locomotor
response in rats bred for high levels of 50-kHz USV [33].
Also, rapid and persistent sensitization of locomotor activity
and 50-kHz USV emission in response to repeated AMPH
treatment was reported in some studies [8,9], but not others
[12,16,21]. These inconsistencies could be due to inter-
individual differences in response profiles [10,14], changes
in the temporal organization of the response [10], or drug
treatment protocols [15].

Interestingly, 50-kHz USV emission is not only seen in
response to AMPH, but also in anticipation of AMPH
administration [9,12,14,15]. Furthermore, in a conditioned
place preference paradigm it was shown that highest 50-kHz
USV emission rates occur in the drug-paired side during
testing [34] or that conditioned place preference is primarily



222 Current Neuropharmacology, 2015, Vol. 13, No. 2

seen in rats emitting high rates of 50-kHz USV in response
to AMPH but not in rats displaying low AMPH-induced call
emission levels [9,15]. Together, this suggests that 50-kHz
USV may reflect positive affective states associated with
drug wanting and/or liking. However, it has to be emphasized
that AMPH treatment does not only result in an overall
increase in quantity, but also affects the quality of 50-kHz
USV. Thus, AMPH particularly increases the proportion of
FM 50-kHz USV, most notably trills, whereas the proportion
of FLAT 50-kHz USV is typically reduced [12-15,19-21].
Importantly, such AMPH-induced changes in the proportion
of 50-kHz USV subtypes are mostly dose-dependent [21]
and AMPH-induced sensitization was only seen in FM but
not FLAT 50-kHz USV [8,9]. In contrast, acoustic call features
were not or only very mildly affected by systemic AMPH
treatment, including mean call duration, peak frequency, and
frequency modulation [11,13,17,21,29]. AMPH also failed to
affect acoustic call features when administered locally into
the Nacc [30,32].

Other  psychostimulants, which strongly affect
catecholamine release, most notably cocaine, also increase
50-kHz USV emission rates, with 50-kHz USV occurring
acutely in response to the drug but also in anticipation of it
[19,35-45]. Consistently, methamphetamine and cues
associated with it also evoke 50-kHz USV [46]. Likewise,
methylphenidate, another catecholamine reuptake inhibitor,
acutely results in elevated 50-kHz calling [17]. While the
above described drugs of abuse that primarily target the
catecholamines DA, NA, and less so the indolamine
serotonin (5-HT), all elicit 50-kHz USV, other drugs of
abuse that are more specifically targeting the 5-HT system,
like MDMA, do not affect 50-kHz USV emission, neither in
response to the first application [12,17,47] nor during repeated
drug exposures [12]. Interestingly, nicotine and caffeine, both
having comparably moderate psychostimulatory effects, also
do not affect 50-kHz USV emission [12,13,17]. Specifically,
neither acute nor repeated nicotine administration induces
50-kHz USV emission [12,17], while for caffeine only acute
effects have been tested [13].

Besides amphetamine, another drug of abuse that has
been often used in 50-kHz USV experiments is morphine
[12,17,18,34,48-50]. Effects of morphine, however, are more
complex and less consistent. Thus, it was repeatedly shown
that acute treatment with morphine does not lead to enhanced
50-kHz USV emission [12,17,49,50]. In fact, Wright et al.
[18] demonstrated that acute treatment may even attenuate
50-kHz USV. However, after repeated treatment, 50-kHz
USV emission rates increased, either reaching levels of
vehicle controls [18] or above [12,49]. Consistently, elevated
50-kHz USV emission rates were also seen during
reexposure to the context in which the drug was applied
before [48] and in a conditioned place preference paradigm it
was shown that highest 50-kHz USV emission rates occur in
the drug-paired side during testing [34], yet no such side-
dependent differences in 50-kHz USV emission were
reported by Wright et al. [18].

Together, the present studies show that 50-kHz USV
most prominently occur in response to drugs of abuse
targeting catecholaminergic systems, with AMPH being the
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most potent elicitor. Detailed comparison between AMPH
and cocaine indicated that AMPH already at 0.5 mg/kg
induced more 50-kHz USV than cocaine at any dose tested
[19]. This may explain why the majority of studies on the
modulating effects of environmental factors and phar-
macological agents on drug-induced 50-kHz USV were
performed with AMPH.

ENVIRONMENTAL MODULATION OF AMPH-
INDUCED 50-kHz USV

Emission of AMPH-induced 50-kHz USV is context-
dependent, with higher rates occurring in presence than in
absence of bedding material [27]. When given the choice,
rats were found to spend more time and vocalize more in a
compartment with bedding material than one without,
indicating that 50-kHz USV can be more easily elicited by
AMPH in an appetitive environment [27]. Further highlighting
the relevance of the test context, rats characterized by low
AMPH-induced 50-kHz USV rates in relatively unfamiliar
test chambers emit high rates when AMPH is administered
in the home cage [9]. In contrast, rats emitting high rates of
AMPH-induced 50-kHz USV in the relatively unfamiliar test
chambers do so in the home cage as well [9].

Furthermore, the social context plays also an important
role, at least in juvenile rats. During rough-and-tumble play
behavior in juvenile rats, high rates of 50-kHz USV are
typically observed (e.g. [4]). Manduca ef al. [51] showed
that Sprague-Dawley rats emit fewer 50-kHz USV during
rough-and-tumble play when pretreated with AMPH, but
enhanced levels during non-social activities such as cage
exploration or self-grooming. This AMPH-induced inhibition
of 50-kHz USV that otherwise parallel rough-and-tumble
play is probably due to a strong reduction in play behavior
after AMPH treatment. However, it has to be noted that the
reduction in 50-kHz USV during rough-and-tumble play was
observed in Sprague-Dawley but not Wistar rats. In adult
rats, the presence of a conspecific also affected 50-kHz USV
emission following AMPH treatment, with rats tested
together with a conspecific emitting more 50-kHz USV than
when tested individually [19], although this phenomenon
was not consistently observed [21]. In the latter study, rats
tested under social conditions did not emit more AMPH-
induced 50-kHz USV, but displayed a shift in the call
emission profile and emitted relatively more FM 50-kHz
USV, in particular trills, in response to AMPH than rats
tested individually. However, it has to be emphasized that a
similar difference was also detected under drug-free conditions,
indicating that it is the presence of the conspecific that leads
to an increase in FM 50-kHz USV irrespective of drug
treatment. Thus, these examples indicate the importance of
controlling for environmental and social factors in studies on
AMPH-induced USV, and care for these details should be
taken when studies are compared.

PHARMACOLOGICAL MODULATION OF AMPH-
INDUCED 50-kHz USV

The number of studies investigating the pharmacological
modulation of AMPH-induced 50-kHz calling is limited.
Most of them use systemic application of test substances
[11,16,19,20], and so far only two microinjection studies are
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available, in which the substances were injected locally into
specific brain areas [29,30,32]. Targeted neurotransmitter
systems include DA, NA, and 5-HT, but also glutamate and
others (Figs. 2 & 3). Typically, numbers of 50-kHz USV
were assessed, with most studies determining changes in the
proportions of 50-kHz USV subtypes as well.

Systemic Studies
Dopamine

Wright et al. [20] performed an extensive series of
experiments investigating the role of DA neurotransmission
for AMPH-induced 50-kHz USV emission. Specifically,
they studied the effects of blocking DA neurotransmission
by various DA receptor antagonists. To this aim, adult male
Long-Evans rats were tested in seven different experiments.

SYSTEMIC STUDIES
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For these drug interaction studies, N=10-16 rats were used
(within-subject design). AMPH was administered at a dose
of 1 mg/kg (IP). AMPH-induced 50-kHz USV were recorded
for 20 min immediately following AMPH treatment. Total
AMPH-induced 50-kHz USV and the occurrence of the 14
different call subtypes that were described by [21] were
determined. Testing took place in the dark phase of the
circadian cycle. Importantly, in most of the experiments
animals were screened for AMPH-induced 50-kHz calling
and low 50-kHz USV emitting animals (approximately 40%)
were excluded from the studies. In the other experiments,
rats were used that had been exposed to AMPH or morphine
before.

The D, receptor antagonists SCH 23390 (0, 0.005, 0.01,
0.02 mg/kg; SC) and SCH 39166 (0, 0.03, 0.1, 0.3 mg/kg;

Substance | Target Substance Il Modulation of AMPH-induced 50-kHz USV - Call rate and call profile REFERENCE

Dopamine (DA) Call rate (dose in mg/kg) Call profile (dose in mg/kg)

SCH 23390 (SC) D1 antagonist AMPH (1 mg/kg; IP) 0 0.005 0.01 0.02 0 0.005 0.01 0.02 Wright et al., 2013 [20]
SCH 39166 (SC) D1 antagonist AMPH (1 mg/kg; IP) 0 0.03 o1 [HIGEHN 0 0.03 0.1 Wright et al., 2013 [20]
Haloperidol (IP) D2 antagonist AMPH (1 mg/kg; IP) 0 0.1 0.2 0 0.1 0.2 Wright et al., 2013 [20]
Raclopride (SC) D2 antagonist AMPH (1 mg/ke; IP) 0 o1 [HEENGEN 0 01 02 05 Wright et al., 2013 [20]
Eticlopride (IP) D2 antagonist AMPH (2 mg/kg; IP) 0 0.01 0.03 0.06 0.09 Wéhr et al., in press [16]
Pimozide (IP) D2 antagonist AMPH (1 mg/kg; IP) 0 o [N Wright et al., 2013 [20]
Clozapine (SC) D2 antagonist AMPH (1 mg/kg; IP) 0 0 Wright et al., 2013 [20]
Risperidone (SC) D2 antagonist AMPH (1 mg/kg; IP) 0 0 0.5 Wright et al., 2013 [20]
Sulpiride (SC) D2 antagonist AMPH (1 mg/kg; IP) 0 20 40 80 0 20 40 80 Wright et al., 2013 [20]
GBR 12909 (IP) DA transporter inhibitor NO AMPH 0 El 10 20 0 B 10 20 Wright et al., 2013 [20]
Noradrenalin (NA)

Prazosin (IP) al antagonist AMPH (1 mg/kg; IP) 0 0 0.3 Wright et al., 2012b [19]
Clonidine (IP) a2 agonist AMPH (1 mg/kg; IP) 0 0.01 0 0.01 Wright et al., 2012b [19]
Atipamezole (IP) a2 antagonist AMPH (1 mg/kg; IP) 0 1 0 1 Wright et al., 2012b [19]
Betaxolol (IP) B1 antagonist AMPH (1 mg/kg; IP) 0 1 0 1 Wright et al., 2012b [19]
1C1 118,551 (IP) B2 antagonist AMPH (1 mg/kg; IP) 0 0.2 0 0.2 Wright et al., 2012b [19]
Propranolol (IP) B1/B2 antagonist AMPH (1 mg/kg; IP) 0 1 3 10 0 1 Wright et al., 2012b [19]
Betaxolol +1CI 118,551 (IP) B1+B2 antagonist AMPH (1 mg/kg; IP) 0 2.5 1 25&1 0 2.5 1 Wright et al., 2012b [19]
Nadolol (IP) B1/B2 antagonist AMPH (1 mg/kg; IP) 0 5 0 5 Wright et al., 2012b [19]
Nisoxetine (IP) NA transporter inhibitor NO AMPH 0 4 8 16 0 4 8 16 Wright et al., 2013
Serotonin (5-HT)

NAD-299 (SC) 5-HT1a antagonist AMPH (1 mg/kg; IP) 0 0.2 0 0.2 Wright et al., 2012b [19]
CP 809,101 (IP) 5-HT2c agonist AMPH (2 mg/kg; IP) 0 0.3 1 I Wohr et al., in press [16]
CP 809,101 + SB 242084 (IP)  5-HT2c agonist + antagonist  AMPH (2 mg/ke; IP) o TN o IEEN s Wehr et al., in press [16]
B 242084 (IP) 5-HT2c antagonist NO AMPH o | 01 03 10 Wahr et al., in press [16]
Antimanic drugs

Lithium (SC) Multiple targets AMPH (2.5 mg/kg; IP) 0 0 Pereira et al., 2014 [11]
Tamoxifen (SC) PKC inhibitor AMPH (2.5 mg/kg; IP) 0 0 Pereira et al., 2014 [11]
Myricitrin (SC) PKC inhibitor AMPH (2.5 mg/kg; IP) 0 10 0 10 Pereira et al., 2014 [11]

Fig. (2). Mosaic overview on the pharmacological modulation of 50-kHz ultrasonic vocalizations (USV) induced by amphetamine (AMPH):
call rate and call profile (systemic studies). Color coding reflects direction and strength of observed effects: yellow = no change; orange =
attenuation of AMPH-induced changes; red = complete abolishment of AMPH-induced changes; green = enhancement of AMPH-induced
changes (or in absence of AMPH: induction of changes similar to AMPH).

MICROINJECTION STUDIES

Substance | Target Substance Il Modulation of AMPH-induced 50-kHz USV - Call rate and call profile REFERENCE

Dopamine (DA) Call rate (dose in pg/kg) Call profile (dose in pg/kg)

SKF-83566 (Nacc) D1 antagonist AMPH (7 pg/kg; Nacc) 0 0 7 Thompson et al., 2006 [32]
Haloperidol (Nacc) D2 antagonist AMPH (7 pg/kg; Nacc) 0 7 0 7 Thompson et al., 2006 [32]
Raclopride (Nacc) D2 antagonist AMPH (7 pg/kg; Nacc) 0 0 7 Thompson et al., 2006 [32]
Raclopride (Nacc) D2 antagonist AMPH (7 pg/kg; Nacc) 0 Brudzynski et al., 2011b [30]
Glutamate (AHPOA) AMPH (1.5, 2, 2.5 mg/kg; IP) 0 17 0 17 Wintink & Brudzynski, 2001 [29]

Fig. (3). Mosaic overview on the pharmacological modulation of 50-kHz ultrasonic vocalizations (USV) induced by amphetamine (AMPH):
call rate and call profile (microinjection studies). Color coding reflects direction and strength of observed effects: yellow = no change; orange
= attenuation of AMPH-induced changes; red = complete abolishment of AMPH-induced changes; green = enhancement of AMPH-induced
changes (or in absence of AMPH: induction of changes similar to AMPH).
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SC) dose-dependently reduced AMPH-induced increases in
50-kHz call emission. Both, SCH 23390 and SCH 39166,
also clearly suppressed baseline 50-kHz USV in saline
control rats not treated with AMPH, with the highest dose of
SCH 39166 reaching statistical significance. Higher doses of
the two D receptor antagonists further affected the proportion
of the various 50-kHz USV subtypes. Specifically, compared
to AMPH alone, the proportion of FM 50-kHz USV, in
particular trills, was dose-dependently reduced by SCH
23390 and SCH 39166. For animals that received SCH
39166, this shift was paralleled by a relative increase in
FLAT 50-kHz USV.

In addition, the D, receptor antagonist raclopride (0, 0.1,
0.2, 0.5 mg/kg; SC) and the typical antipsychotic haloperidol
(0, 0.1, 0.2 mg/kg; IP) also led to dose-dependent reductions
in AMPH-induced 50-kHz USV emission rates. Baseline
50-kHz USV in saline control rats were also blocked by
raclopride, but not by haloperidol. It has to be noted,
however, that baseline 50-kHz USV emission in the
haloperidol experiment was comparatively low. Both,
haloperidol and raclopride, specifically inhibited FM 50-kHz
USV, particularly the trill 50-kHz USV subtype. Likewise, a
single high dose of the D, receptor antagonists pimozide
(1 mg/kg; IP), but also the atypical antipsychotics clozapine
(4 mg/kg; SC) and risperidone (0.5 mg/kg; SC), blocked the
AMPH-induced elevation in 50-kHz USV as well as baseline
50-kHz USV emitted by saline control rats. Pimozide
particularly reduced FM 50-kHz USV, most notably the trill
50-kHz USV subtype. In stark contrast, the D, receptor
antagonist sulpiride (0, 20, 40, 80 mg/kg; SC) did not affect
50-kHz USV emission. Even a single high dose of 80 mg/kg
sulpiride, which significantly decreased AMPH-induced
hyperlocomotion, did not affect 50-kHz USV emission. In
rare cases, sulpiride resulted in a few aversive 22-kHz USV.

Wohr et al. [16] investigated the effect of the D, receptor
antagonist eticlopride (0, 0.01, 0.03, 0.06, 0.09 mg/kg; IP) on
AMPH-induced 50-kHz USV (AMPH: 2 mg/kg; IP) in N=8
unselected young adult male Wistar rats tested during the
light phase of the circadian cycle using a within-subject
design. AMPH-induced 50-kHz USV were recorded for 30
min immediately following AMPH treatment. Under these
conditions, effects of AMPH remained stable after repeated
dosing. Eticlopride, dose-dependently attenuated AMPH-
induced 50-kHz USV. Detailed analysis of 50-kHz USV
subtypes was not performed.

Together, these studies indicate that DA neuro-
transmission is critically involved in 50-kHz USV emission,
both under baseline condition as after AMPH treatment.
Although SCH 23390 is not very selective for the D, receptor
[52,53], comparable effects with the more selective D,
receptor antagonist SCH 39166 [54,55], strongly suggest that
the D; receptor is critical for AMPH-induced 50-kHz USV,
both for the increase in total 50-kHz USV call rate and the
changes in call profile. Furthermore, also D, receptor
stimulation is essential for AMPH-induced 50-kHz USV, as
shown in two independent studies [16,20]. Notably, almost
all D, receptor antagonists, including a broad range of
typical and atypical antipsychotics markedly inhibited or
abolished AMPH-induced 50-kHz USV emission, often also
affecting the call profile, with the remarkable exception of
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sulpiride. Despite a clear inhibition of AMPH-induced
hyperlocomotion, sulpiride did not affect 50-kHz USV
emission, indicating that 50-kHz USV and behavioral
activation are mediated by partly different mechanisms. It is
unclear why sulpiride is exceptional in failing to affect
AMPH-induced 50-kHz USV. Given its effect on AMPH-
induced hyperactivity in the same study, it is unlikely due to
under-dosing. Several alternative suggestions have been
made, such as a possibly limited selectivity for D, receptors,
or specific effects of sulpiride on D, receptor heteromerization
[20,56], but additional experiments are required to come to
conclusion. However, although it is unclear why sulpiride
does not affect AMPH-induced 50-kHz USV, a broad range
of compounds from structurally heterogeneous chemical
classes, all having D, antagonizing properties, do attenuate
50-kHz USV, suggesting that D, receptor stimulation is
essential for AMPH-induced 50-kHz USV.

It is of note that the two studies investigating the
involvement of DA receptors in AMPH-induced 50-kHz
USV used different criteria for subject selection [16,20].
Most of the rats tested by Wright ef al. [20] were selected for
high rates of AMPH-induced 50-kHz USV, which makes it
difficult to generalize findings beyond this subpopulation. In
fact, with the exception of haloperidol and sulpiride, all
substances were exclusively tested in pre-selected rats. In
support of a general effect, however, is the finding by Wohr
et al. [16] showing that D, receptor antagonism can also
block AMPH-induced 50-kHz USV in unselected rats.
Moreover, D; and D, receptor antagonism not only blocked
AMPH-induced 50-kHz USV emission, but also baseline 50-
kHz USV in saline control rats. This indicates that AMPH-
induced 50-kHz USV as well as 50-kHz USV emitted in the
drug-free state are DA-dependent. However, blocking of
baseline 50-kHz USV was only seen in pre-selected rats, i.e.
in rats selected for high AMPH-induced 50-kHz USV, and
not in the study on the effects of haloperidol using unselected
rats. A similar picture was obtained by Scardochio and
Clarke [28]. They assessed the effects of the D; receptor
antagonist SCH 39166 (0.1 mg/kg; SC), the D, receptor
antagonist L-741,626 (1 mg/kg; SC), and the D, receptor
antagonist NGB 2904 (2 mg/kg; IP) on baseline 50-kHz
USV emission rates in rats pre-selected for high AMPH-
induced 50-kHz USV and found clear reductions. This may
indicate that the pre-selection procedure of animals, while
reducing the generalizability of obtained findings, prevents a
floor effect and increases statistical power.

Noradrenaline

The role of NA neurotransmission in modulating AMPH-
induced 50-kHz USV emission was studied by Wright et al.
[19]. Specifically, Wright et al. [19] examined the effects of
blocking NA neurotransmission by a number of NA receptor
antagonists, including o, and o, adrenergic antagonists, but
also B1/B,, PB1, and B, adrenergic antagonists. In addition, a a,
receptor agonist was used. To this aim, N=8-12 adult male
Long-Evans rats were tested per experiment using a within-
subject design. Like in the study by Wright et al. [20],
AMPH was administered at a dose of 1 mg/kg (IP) and
AMPH-induced 50-kHz USV were recorded for 20 min
immediately following treatment during the dark phase of
the circadian cycle. Total AMPH-induced 50-kHz USV and
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the occurrence of the 14 different call subtypes described
before [21] were determined. Again, rats were screened for
AMPH-induced 50-kHz calling and around 40% of the
animals characterized by low 50-kHz USV emission rates
were excluded.

The o, receptor antagonist prazosin (0, 0.3, 1 mg/kg; IP),
but also the o, receptor agonist clonidine (0, 0.01, 0.02, 0.1
mg/kg; IP) dose-dependently reduced the AMPH-induced
increase in 50-kHz call emission. Prazosin and clonidine also
clearly suppressed baseline 50-kHz USV in saline control
rats not treated with AMPH, with the highest doses of
prazosin reaching statistical significance. Furthermore, both
substances affected the call profile. Specifically, prazosin
blocked the AMPH-induced increase in FM 50-kHz USV,
particularly the trill subtype of 50-kHz USV. Clonidine
increased the proportion of multi-step calls, while decreasing
the proportion of flat-trill combination calls. In contrast, the
ap receptor antagonist atipamezole (1 mg/kg; IP) did not
significantly affect AMPH-induced 50-kHz USV emission,
although a trend for more 50-kHz USV was evident in rats
not treated with AMPH, indicating that atipamezole alone,
ie. in absence of AMPH, might stimulate 50-kHz USV.
Also, the effects on the call profile in rats treated with
AMPH were relatively minor, with the percentages of short
calls, step-ups, and step-downs being increased.

The B/B, receptor antagonist propranolol (0, 1, 3, 10
mg/kg; IP) failed to affect AMPH-induced 50-kHz USV,
while moderately reducing baseline 50-kHz USV emission
in saline control rats. Despite the lack of effect on AMPH-
induced 50-kHz USV emission rates, propranolol exerted
clear dose-dependent effects on the call profile. Specifically,
propranolol led to a dose-dependent increase in FLAT 50-
kHz USV and a concomitant decrease in the occurrence of
FM 50-kHz USV, particularly the trill subtype, nearly
abolishing them, and thus almost completely reversing the
AMPH-induced changes in the call profile. However, the
selective B; receptor antagonist betaxolol (1 mg/kg; IP), the
selective f3, receptor antagonist ICI 118,551 (0.2 mg/kg; IP),
and the hydrophilic B,/B, blocker nadolol (5 mg/kg; IP) did
not affect AMPH-induced 50-kHz USV emission or baseline
50-kHz calling, with no changes in total 50-kHz USV rates
and call profile. While the ; receptor antagonist betaxolol
and the selective B, receptor antagonist ICI 118,551 had no
effect when administered alone, their combination (betaxolol:
2.5 mg/kg; ICI 118,551: 1 mg/kg; IP) mimicked the effects
of the Bi/B, receptor antagonist propranolol and led to a
similar change in the AMPH-induced call profile, namely a
shift toward FLAT 50-kHz USV at the cost of FM 50-kHz
USV, thereby normalizing the AMPH-induced changes.
This effect was not due to the higher doses used in the
combination experiment, since such higher doses given alone
again had no effect.

Together, this indicates that NA neurotransmission also
plays a critical role in AMPH-induced 50-kHz -calling.
Prazosin, a highly selective a; receptor antagonist, blocked
50-kHz USV emission. However, it has to be noted that
prazosin also binds to the melatonin MT; receptor [57-59],
of which its functional role is poorly characterized.
Clonidine, at the doses used by Wright er al [19], acts as an
activator of the o, autoreceptor [60], thereby inhibiting NA
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release and turnover [61,62]. Propranolol selectively blocks
B1, B2, and 5-HTy receptors [63], with its effects on the
AMPH-induced call profile likely being dependent on the
combined antagonism of B; and B, receptors, as suggested by
the combination experiment using the selective f; receptor
antagonist betaxolol and the selective 3, receptor antagonist
ICI 118,551 (see also: serotonin). Propranolol, as well as
betaxolol and ICI 118,551, had no effect on 50-kHz USV
emission rates. Importantly, the effects of propranolol are
mediated by [ receptors localized in the central nervous
system, as nadolol, a peripheral ,/B, receptor antagonist, did
not affect the AMPH-induced call profile. Together, one
could conclude that o, receptors and a, autoreceptors play a
role in regulating 50-kHz USV emission rates, while [3,/B,
receptors in combination modulate their call profile. As for
the DA study [20], however, the pre-selection procedure
challenges the generalization of the findings obtained by
Wright et al. [19].

Serotonin

The 5-HT;a receptor antagonist NAD-299 (0.2, mg/kg;
SC) did not affect AMPH-induced 50-kHz USV in N=12 rats
pre-selected for high rates of AMPH-induced 50-kHz USV
[19]. The involvement of 5-HT receptors in AMPH-induced
50-kHz USV (AMPH: 2 mg/kg; IP) was also studied in
unselected animals by Wohr et al. [16]. Specifically, the
effects of the 5-HT, receptor agonist CP 809,101 and the 5-
HT,¢ receptor antagonist SB 242084 on AMPH-induced 50-
kHz USV were tested in two experiments. In the first
experiment, the effect of the 5-HT,c receptor agonist CP
809,101 (0, 0.3, 1, 3, 10 mg/kg; IP) was examined in N=8
adult male Wistar rats (approximately 10 weeks old at
delivery) tested during the light phase of the circadian cycle
using a within-subject design. In the second experiment, N=7
unselected adult male Wistar rats were treated with the 5-
HT,c receptor agonist CP 809,101 (3.0 mg/kg; IP), the 5-
HT,c receptor antagonist SB 242084 (1.0 mg/kg; IP), or the
combination CP 809,101 (3.0 mg/kg; IP) and SB 242084
(1.0 mg/kg; IP), and were compared to vehicle controls.
AMPH-induced 50-kHz USV were recorded for 30 min
immediately following AMPH treatment. Total AMPH-
induced 50-kHz USV were measured in both experiments. In
the second experiment, a more detailed analysis was performed
and the occurrence of FLAT and FM 50-kHz USV were
determined, with the latter consisting of frequency step calls,
trills, and mixed calls. Acoustic characteristics of 50-kHz
USV were determined in addition.

In the first experiment, the 5-HT,. receptor agonist CP
809,101 dose dependently blocked AMPH-induced 50-kHz
USV emission. In the second experiment, CP 809,101 again
resulted in a complete inhibition of AMPH-induced calling.
In contrast, the 5-HT,. receptor antagonist SB 242084 led
to a further enhancement in 50-kHz calling in rats treated
with AMPH. When rats were exposed to the combination of
CP 809,101 and SB 242084 in addition to AMPH, they
displayed 50-kHz USV emission rates similar to the ones
observed during exposure to AMPH only. Strong effects on
the call profile also were detected. Specifically, the 5-HT,¢
receptor agonist CP 809,101 led to a clear reduction in
proportion of FM 50-kHz USV, most notably of the trill 50-
kHz subtype. In contrast, FLAT 50-kHz USV occurred less
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often in AMPH-treated rats when exposed to the 5-HT,c
receptor antagonist SB 242084 in addition, as compared
to AMPH alone, reflecting a shift towards more FM
50-kHz USV, most notably mixed 50-kHz USV. Acoustic
characteristics of 50-kHz USV, such as mean call duration,
peak frequency, and frequency modulation, were not
changed by drug treatment or only mildly affected, as in case
of peak amplitude.

Together, the 5-HT,¢ receptor appears to play an important
role in modulating the production of AMPH-induced 50-kHz
USV. 5-HT,c receptor activation not only led to an overall
reduced AMPH-induced 50-kHz USV emission rate, but also
to a clear reduction in the relative proportion of FM 50-kHz
USV, most notably of the trill subtype. Importantly, opposite
effects were observed following 5-HT,c receptor antagonism.
The involvement of 5-HT,¢ receptors in 50-kHz USV emission
is possibly due to the modulation of DA neurotransmission
in the mesolimbic system, as electrophysiological and
neurochemical studies have revealed that 5-HT,c receptor
activation has an inhibitory influence on the activity of
midbrain DA systems, with systemic administration of
5-HT,¢ receptor agonists decreasing the firing rate of VTA
DAergic neurons and thus reducing DA release in the Nacc
[64,65] (for review see: [66]). The role of 5-HT, 4 receptors
is not yet adequately investigated, and only limited to a
single 5-HT;5 antagonist [19]. Agonists of this receptor
strongly reduce extracellular 5-HT release, thereby reducing
5-HT,¢ stimulation as well as the activation of many other
5-HT receptors. Additional studies are needed to further
elucidate the role of the 5-HT neurotransmitter system in
AMPH-induced 50-kHz USV emission.

Antimanic Drugs

As AMPH can produce mania-like symptoms in healthy
human subjects and can precipitate manic episodes in
patients with bipolar disorder [67,68], AMPH-induced
alterations in the behavioral repertoire of rats, most notably
AMPH-induced hyperlocomotion, are commonly used in
preclinical research [69,70]. However, because mania in
humans is not only characterized by elevated drive but also
elevated mood, Pereira ef al. [11] tested whether AMPH-
induced 50-kHz USV can be used as a behavioral endpoint
with relevance to mania-like changes in mood, in addition to
AMPH-induced hyperlocomotion that commonly serves as a
measure for mania-like changes in drive. To this aim, Pereira
et al. [11] studied the effects of the antimanic drugs lithium,
tamoxifen, and myricitrin on AMPH-induced 50-kHz USV
and hyperlocomotion (AMPH: 2.5 mg/kg; IP) in adult male
Wistar rats during the light phase of the circadian cycle in
two experiments using a between-subject design with N=7/8
rats per group. Since 50-kHz USV emission rates are
characterized by huge levels of inter-individual differences
[22,23,71], rats were screened for baseline 50-kHz USV
emission rates in the absence of AMPH in the cage test
[22,23] in order to assure homogenous experimental groups
with similar baseline 50-kHz USV emission rates. No rats
were excluded because of low 50-kHz USV emission rates.

In the first experiment, the effects of the mood stabilizer
lithium (100 mg/kg; SC) and the protein kinase C (PKC)
inhibitor tamoxifen (1 mg/kg; SC) were examined and

Rippberger et al.

compared to vehicle controls. Lithium is the drug of choice for
treating bipolar disorder in humans, a disorder characterized
by periods of elevated mood and periods of depression [72].
Lithium has an unclear mechanism of action, and efficacy is
speculated to be due to targeting inositol monophosphatase
and glycogen synthase kinase-3 (GSK-3) among others
[72,73], including PKC inhibition [74,75]. In the second
experiment, the PKC and nitric oxide inhibitor myricitrin (0,
10, 30 mg/kg; SC) was used. AMPH-induced 50-kHz USV
and hyperlocomotion were recorded for 10 min, with the
recording starting 10 min following AMPH treatment. Total
AMPH-induced 50-kHz USV and the occurrence of FLAT
and FM 50-kHz USV were determined, with the latter
consisting of frequency step calls, trills, and mixed calls.
Acoustic characteristics of 50-kHz USV were measured in
addition.

In the first experiment, lithium completely abolished the
AMPH-induced increase in 50-kHz USV emission, with rats
treated with lithium and AMPH not being different from
controls treated with lithium only. Importantly, AMPH-
induced changes in the call profile were also reversed by
lithium treatment. Specifically, the AMPH-induced increase
in the proportion of FM 50-kHz USV was clearly reduced in
response to lithium. As expected, lithium significantly
reduced AMPH-induced hyperlocomotion. However, it has
to be noted that, in contrast to AMPH-induced 50-kHz USV
emission, the reduction of AMPH-induced hyperlocomotion
was only partial. Locomotor activity was still significantly
higher in rats treated with AMPH and lithium than in rats
treated with lithium only. Importantly, lithium alone did not
affect 50-kHz USV emission or locomotor activity. Lithium
is known to induce sickness which may result in non-specific
reduction in behavior (e.g. [76]). The effects of lithium
reported by Pereira ef al. [11] are only seen after AMPH
treatment, and are, in terms of hyperactivity, only partial,
indicating that this is not unspecifically due to sickness. Very
similar findings were obtained with tamoxifen. Tamoxifen
completely abolished the AMPH-induced increase in 50-kHz
USV emission and reduced the AMPH-induced shift toward
FM 50-kHz USV, without affecting baseline 50-kHz USV
emission. AMPH-induced hyperlocomotion was clearly
reduced, but was still higher than in tamoxifen controls not
treated with AMPH. Tamoxifen did not affect baseline
locomotor activity. In the second experiment, the PKC and
nitric oxide inhibitor myricitrin dose-dependently blocked
AMPH-induced 50-kHz USV emission, with the highest
dose completely blocking the emission of 50-kHz USV in
response to AMPH. Myricitrin further reversed the AMPH-
induced shift toward FM 50-kHz USV. AMPH-induced
hyperlocomotion was only reduced by the highest dose of
myricitrin, yet the highest dose exerted a strong effect on
locomotor activity in rats treated with AMPH, with
locomotor activity levels being similar to myricitrin contols.
Similar to lithium and tamoxifen, myricitrin alone did not
affect 50-kHz USV emission or locomotor activity. A more
detailed analysis of the AMPH-induced changes in acoustic
call features revealed that the AMPH-induced increase in
frequency modulation is blocked by lithium, tamoxifen, and
myricitrin. This inhibition of the AMPH-induced increase in
frequency modulation is consistent with the reversal of
AMPH-induced changes in the call profile. AMPH, lithium,
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tamoxifen, and myricitrin did not affect mean call duration,
peak frequency, and call bandwidth.

Together, all of the three antimanic drugs tested blocked
the effects of AMPH on 50-kHz calling, both in terms of call
number but also call profile. Since all three drugs, lithium,
tamoxifen, and myricitrin, have the ability in common to
directly or indirectly inhibit PKC [74, 75, 77, 78], it appears
likely that the observed effects are due to an inhibition of
PKC signaling. Interestingly, the inhibitory effect on 50-kHz
calling was even stronger than the one on AMPH-induced
hyperlocomotion. Measuring 50-kHz USV appears therefore
a promising strategy to assess mania-like changes in mood,
in addition to AMPH-induced hyperlocomotion relevant for
modelling mania-like changes in drive. Finally, it has to be
highlighted that all three substances did not affect baseline
50-kHz USV emission rates and locomotor activity in the
absence of AMPH. This indicates that lithium, tamoxifen,
and myricitrin specifically block behavioral alterations
induced by AMPH.

Microinjection Studies

Local injection of glutamate into the anterior hypothalamic
preoptic area (AHPOA) was found to increase 50-kHz USV
[79]. More recently, Wintink and Brudzynski [29] investigated
if such injections affect AMPH-induced 50-kHz USV emission.
To this aim, N=18 adult male Wistar rats were tested using a
within-subject design. AMPH was given systemically at the
doses of 1.5, 2.0, and 2.5 mg/kg (IP) before glutamate
injections into the AHPOA (17 pg; IC). AMPH-induced 50-
kHz USV were recorded for 20 min immediately following
AMPH treatment. Glutamate was administered after the first
10 min. Total number of 50-kHz USV, the time spent
calling, and acoustic characteristics, namely mean call
duration and peak frequency, were determined.

The expected additive effect of glutamate injection into
the AHPOA on AMPH-induced 50-kHz USV emission rates
was not observed in any of the variables analyzed. It is
possible that the negative finding is due to the rather low
dose of glutamate (17 pg; IC), as a significantly enhanced
level of 50-kHz USV was detected in rats treated with a
higher dose of glutamate (34 ng; IC). While this higher dose
was not combined with AMPH treatment, it was found that
the increase in 50-kHz USV in response to the high dose of
intra-AHPOA glutamate was blocked by haloperidol (2.0
mg/kg; IP), with the same dose of haloperidol not affecting
baseline 50-kHz USV emission rates, indicating again a
central role of D, receptors of pharmacologically enhanced
50-kHz USV. Acoustic features of 50-kHz USV were not
affected by drug treatment.

Thompson et al. [32] studied the effects of D, and D,
receptor antagonists directly injected into the Nacc on 50-
kHz USV emission elicited by AMPH injections into the
same brain site (7 pg/kg; IC). To this aim, N=16 adult male
Wistar rats were treated with the D; receptor antagonist
receptor SKF-83566 (7 pg/kg; IC) and the D, receptor
antagonists raclopride (7 pg/kg; 1C) using a within-subject
design. Haloperidol (7 pg/kg; IC) was tested in N=23 adult
male Wistar rats. AMPH-induced 50-kHz USV were recorded
for 15 min, with recording being started immediately
following the administration of the D; and D, receptor
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antagonists. AMPH was administered 5 min later. The total
number of 50-kHz USV was determined. In addition,
acoustic characteristics, namely mean call duration, peak
frequency, frequency bandwidth, and peak amplitude, were
determined in a subgroup of 50-kHz USV emitted at the
beginning of the experiment. Local injection of AMPH into
the Nacc increased 50-kHz USV emission, particularly in the
shell but to a lesser degree also in the core region. The D,
receptor antagonist SKF-83566 and the D, receptor
antagonist raclopride both blocked the AMPH-induced
increase in 50-kHz USV, without affecting baseline 50-kHz
USV emission rates. Of note, the inhibitory effects of
raclopride on 50-kHz USV elicited by AMPH were recently
replicated in a study focusing on the Nacc shell in rats
selectively bred for high 50-kHz USV emission rates [30].
Haloperidol, in contrast, failed to antagonize the AMPH
effect on 50-kHz USV, with only a minor trend for lower 50-
kHz USV levels being evident. Systemic injection of
haloperidol does attenuate AMPH induced 50-kHz USV
emission [20], which may suggest that the dose of the local
injection could have been too low. Surprisingly, however,
haloperidol administered alone increased the rate of 50-kHz
USV compared to saline [32]. Acoustic call parameters did
not differ between drug conditions.

Together, glutamate directly injected into the AHPOA
induced 50-kHz USV, which has also been reported after
other pharmacological manipulations in this brain area [80],
indicating a key role of the AHPOA in 50-kHz USV
emission. However, local glutamate injections did not
elevate 50-kHz USV in animals pretreated with AMPH. This
may not be due to a ceiling effect after AMPH treatment, as
dose-dependent increases in AMPH-induced 50-kHz USV
were clearly evident in rats treated with glutamate. Yet, it
appears possible that the lack of an additive glutamate effect
is due to a rather low dose of glutamate. The main conclusions
from these experiments are therefore that both AMPH and
glutamate can induce 50-kHz USV but (1) that there is no
additive effect and (2) that 50-kHz USV induced by any of
these drugs are antagonized by haloperidol, thus 50-kHz
USV are mediated by a common DAergic mechanism
regardless of the drug initiating the response. Consistently,
AMPH applied locally in the Nacc increases 50-kHz USV
and D; and D, receptor antagonism in this brain blocked this
effect of AMPH. This indicates that elevation of DA
neurotransmission in this brain area critically modulates 50-
kHz USV emission. However, haloperidol locally applied in
the Nacc failed to block the AMPH effect, which may be due
to an insufficient dose. Surprisingly, haloperidol administered
into the Nacc alone even increased the rate of 50-kHz USV.
While this is in contrast to the study by Wright ef al. [20]
showing that its systemic application reduces AMPH-
induced 50-kHz USV, the overall pattern, namely that both
D; and D, receptors need to be available for the AMPH-
induced increase in 50-kHz USV, is consistent across
systemic and microinjection studies.

DISCUSSION

The studies investigating the pharmacological modulation
of AMPH-induced 50-kHz calling are relatively sparse so
far, but indicate that major neurotransmitter systems,
including DA, NA, and 5-HT, but also PKC signaling, are
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involved. Specifically, both D; and D, receptors play a
critical role in the AMPH-induced increase in 50-kHz USV
emission. Systemic injection of all D; and D, receptor
antagonists applied so far attenuate the AMPH-induced
increase in 50-kHz USV emission, although sulpiride is the
exception [16,20]. Effective D, receptor antagonists are SCH
23390 and SCH 39166. Effective D, receptor antagonists are
haloperidol, raclopride, eticlopride, and pimozide. Also, the
atypical antipsychotics clozapine and risperidone are effective.
The key brain structure for the inhibition of AMPH-induced
50-kHz USV appears to be the Nacc, particularly its shell
region, given that local injection of D; or D, receptors
antagonists in the Nacc abolish the AMPH-induced increase
in 50-kHz USV [30,32]. Thus, DA neurotransmission in the
Nacc correlates positively with 50-kHz USV emission. This
is insofar particularly interesting, since it was shown that the
perception of 50-kHz USV evokes phasic DA release in the
Nacc in the recipient rat [81]. Employing fast-scan cyclic
voltammetry, Willuhn et al. [81] measured DA in freely-
moving rats during playback exposure of four acoustic
stimuli, including natural 50-kHz USV and 22-kHz USV,
and found that specifically playback of 50-kHz USV
provoked phasic DA release in the Nacc, which correlated
with social approach behavior. Together with the findings
implicating DA release in the production of 50-kHz USV,
this suggests therefore that the Nacc may function to close a
perception-and-action-loop, linking mechanisms relevant for
50-kHz-USV detection and production. Such a loop might be
particularly relevant for appetitive social and reciprocal
communicatory signals [50,82,83] (for review see: [6]).

Besides DA, also NA and 5-HT, but also PKC is strongly
implicated in the regulation of AMPH-induced 50-kHz USV.
The highly selective o, receptor antagonist prazosin as well
as clonidine, which at the doses used by Wright ef al. [19]
acts as an activator of the o, autoreceptor, blocked 50-kHz
USV emission. This indicates that o, receptors and a,
autoreceptors play a role in regulating 50-kHz USV emission
rates. In contrast, /B, receptors modulate the call profile.
Propranolol, blocking B; and B, receptors, shifts the call
profile toward FLAT 50-kHz USV at the expense of FM 50-
kHz USV. This is mediated by P receptors located in the
brain, since nadolol, a peripheral B,/B, receptor antagonist,
did not affect the AMPH-induced call profile. Wohr et al.
[16] focused on the 5-HT system and found that the 5-HT,¢
receptor agonist CP 809,101 not only led to an overall
reduced AMPH-induced 50-kHz USV emission rate, but also
to a clear reduction in the relative proportion of FM 50-kHz
USV. Opposite effects were observed after treatment with
the 5-HT,c receptor antagonist SB 242084, indicating that
modulation of this receptor's activity, can move 50-kHz
USV in both directions. Data available do not indicate the
involvement of 5-HT;, receptors, although studies are
limited to a single antagonist only [19]. Finally, Pereira ef al.
[11] observed a complete abolishment of the AMPH-induced
increase in 50-kHz USV following treatment with lithium,
tamoxifen, or myricitrin. While these substances have
various effects, their common denominator is PKC inhibition
[74,75,77,78].

Although the data available on the involvement of DA,
NA, 5-HT, and PKC signaling in AMPH-induced 50-kHz
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USV indicate a prominent role of all of them, at least two
questions arise: (1) How specific are the observed effects?
(2) Are increased DA, NA or 5-HT neurotransmission and
PKC signaling only required or also sufficient for eliciting
50-kHz USV?

(1) Currently, it is not clear whether the effects on AMPH-
induced 50-kHz USV emission are specific for AMPH,
or comparable to when elicited by other stimuli, most
notably conspecifics. The question of specificity is
particularly relevant in the context of preclinical models
for neuropsychiatric disorders, including schizophrenia
and bipolar disorder, as the optimal outcome would be a
complete abolishment of the AMPH-induced elevation in
50-kHz USV emission, without affecting baseline 50-
kHz USV and, more importantly, 50-kHz USV uttered in
a behaviorally relevant, here social context. It is well
established that 50-kHz USV serve an important
communicative function as social contact calls [50,82,83]
(for review see: [6]) and hence a reduction of 50-kHz
USV has to be viewed as a side effect. However,
inhibition of AMPH-induced 50-kHz USV might serve as
a useful endpoint of a desired drug effect. In all studies
focusing on the pharmacological modulation of AMPH-
induced 50-kHz USV conducted so far, however, 50-kHz
USV emitted in response to AMPH or saline were
measured, with no study comparing effects on 50-kHz
elicited by AMPH and social stimuli [11,16,19,20,29,32].
When comparing the effects on AMPH-induced USV and
baseline 50-kHz USV emission rates, it appears clear that
most pharmacological compounds do not selectively
affect AMPH-induced 50-kHz USV. Specifically, in the
study by Wright et al. [20], the only exception with
reduced AMPH-induced 50-kHz USV but normal baseline
50-kHz USV rates was the D, receptor antagonist
haloperidol, which could be due to relatively low
baseline 50-kHz USV emission. The low baseline 50-
kHz USV emission rate was likely the result of the use of
unselected rats. It appears very likely that such a
selection for high AMPH-induced 50-kHz emission rates
results in high baseline 50-kHz USV levels, since both
are characterized by stable and positively correlated
inter-individual differences [9,14,15]. In unselected rats
tested in a sexual context in response to a female 50-kHz
USV, however, D; and D, receptor antagonism can
similarly inhibit 50-kHz USV emission, which may
suggest that the pre-selection procedure does explain the
discrepancy [84-87]. The same appears to be true for the
study by Wright et al. [19] focusing on the NA system.
Again, pre-selected rats were used and in all cases drugs
effective in modulating AMPH-induced 50-kHz USV
emission rates also affected baseline 50-kHz USV
emission. Specifically, the o, receptor antagonist prazosin
and the o, receptor agonist clonidine clearly suppressed
both baseline and AMPH-induced 50-kHz USV. In case
of NA, however, it is difficult to judge whether this is
due to the pre-selection procedure, since very little is
known about the effects of substances modulating NA
neurotransmission on 50-kHz USV. In unselected rats
exposed to a social defeat paradigm, clonidine did not
affect 50-kHz USV prior to social defeat, however, after
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defeat the comparatively low level of 50-kHz USV was
further decreased by clonidine [88], in line with the
suggestion that the pre-selection is not critical. Also, in
the study by Wohr et al. [16], drug effects were observed
under AMPH and saline conditions. The remarkable
exception is the study by Pereira ef al. [11]. In this study,
lithium, tamoxifen, and myricitrin completely abolished
the AMPH-induced increase in 50-kHz USV, without
altering baseline 50-kHz USV emission rates. It would
therefore be highly relevant to test whether this specificity
is still detectable when comparing AMPH-induced 50-
kHz USV and 50-kHz USV emitted during social
interactions with a conspecific. Related to the question
whether effects are AMPH specific, is the question
whether the concomitant increase in locomotion is
modulated in addition to 50-kHz USV. AMPH-induced
hyperlocomotion, however, is very rarely examined in
studies focusing on 50-kHz USV. Yet, the two studies
available indicate that measuring AMPH-induced 50-kHz
can provide additional information, as the obtained
results do not exactly match the behavioral data
profile. For instance, sulpiride reduced AMPH-induced
hyperlocomotion, but did not affect 50-kHz USV
emission [20], whereas effects of lithium, tamoxifen, and
myricitrin on AMPH-induced 50-kHz USV emission
appeared to be the more sensitive behavioral endpoint [11].

(2) The data available on the involvement of D; and D,
receptors in AMPH-induced 50-kHz USV indicate that
increased DA neurotransmission is required. Whether
increased DA neurotransmission is also sufficient for
inducing 50-kHz USV is not clear. The selective DA
transporter inhibitor GBR 12909 (5, 10, 20 mg/kg; IP)
does not significantly alter 50-kHz USV emission rates in
the absence of AMPH [20]. Furthermore, the D, receptor
agonist A-68930 (0, 0.0625, 0.25, 1, 4 mg/kg; SC), the
D,/D; receptor agonist quinpirole (0, 0.033, 0.1, 0.33
mg/kg; IP), the D; receptor agonist PD 128907 (0, 0.001,
0.01, 0.1, 1 mg/kg; SC), and the D4 receptor agonist PD
168077 (0, 0.033, 0.1, 0.33 mg/kg; IP) failed to induce
50-kHz USV when applied individually or in various
combinations [28], yet quinpirole (0, 0.06, 0.12, 0.25,
0.50, 1.0, 3.0, 6.0, 10.0, 20.0 pg; IC) was found to
promote 50-kHz USV production when administered
directly into the shell of the Nacc [89]. Similarly, the
NA transporter inhibitor nisoxetine (0, 4, 8, 16 mg/kg; IP)
did also not significantly change 50-kHz USV emission
rates [20]. Even a combination of the DA transporter
inhibitor GBR 12909 (10 mg/kg; IP) and the NA
transporter inhibitor nisoxetine (12 mg/kg; IP) did not
result in more 50-kHz USV. Finally, the o, receptor
agonist cirazoline (0, 0.5, 1 mg/kg; IP) and the o,
receptor antagonist atipamezole (0, 0.3, 1 mg/kg; IP) did
not alter 50-kHz USV emission when given alone.
Together, these findings strongly indicate that increasing
DA and/or NA neurotransmission is not sufficient
for eliciting 50-kHz USV. However, microdialysis
studies indicate that GBR 12909 increases DA release in
a slow and long lasting fashion, whereas compounds like
AMPH, methamphetamine, and cocaine have rapid and
short-lived effects [90,91]. The maximum effect of GBR
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12909 in DA release may last up to 60 min after
injection, and therefore, it cannot be ruled out that 50-
kHz USV recording was performed before extracellular
DA concentrations were sufficiently elevated. In contrast,
the 5-HT,¢ receptor antagonist SB 242084 (0, 0.1, 0.3,
1.0 mg/kg; IP) induced 50-kHz USV in a dose-dependent
manner in the absence of AMPH [16]. As described
above, it is likely that this is due to the DA modulating
effects of 5-HT2¢ receptors. However, in view of the
findings indicating that increased DA neurotransmission is
not sufficient for eliciting 50-kHz USV, other mechanisms
might be involved as well. Whether activating PKC
signaling results in 50-kHz USV is currently not known.

CONCLUSION

Emission of AMPH-induced 50-kHz USV depends on
test context, such as the presence of conspecifics, and can be
manipulated pharmacologically by targeting major neuro-
transmitter systems, including DA, NA, and 5-HT, but also
PKC signaling.

Selective inhibition of the AMPH-induced elevation in
50-kHz USV emission appears to be a useful behavioral
endpoint in preclinical models for schizophrenia and bipolar
disorder, particularly as it might allow to asses relevant
changes in mood in addition to those seen in drive that are
typically assessed by measuring AMPH-induced hyper-
locomotion.
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