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Abstract
Rationale Animal models aimed to mimic mania have in
common the lack of genuine affective parameters. Although
rodent amphetamine-induced hyperlocomotion is a frequently
used behavioral model of mania, locomotor activity is a rather
unspecific target for developing new pharmacological thera-
pies, and does not necessarily constitute a cardinal symptom
in bipolar disorder (BD). Hence, alternative behavioral
markers sensitive to stimulants are required.
Objectives Since D-amphetamine induces appetitive 50-kHz
ultrasonic vocalizations (USV) in rats, we asked whether
established or potential antimanic drugs would inhibit this
effect, thereby possibly complementing traditional analysis
of locomotor activity.
Methods Amphetamine-treated rats (2.5 mg/kg) were system-
ically administered with the antimanic drugs lithium (100 mg/
kg) and tamoxifen (1 mg/kg). Since protein kinase C (PKC)
activity has been implicated in the pathophysiology of bipolar
disorder and the biochemical effects of mood stabilizers, the

new PKC inhibitor myricitrin (10, 30 mg/kg) was also
evaluated.
Results We demonstrate for the first time that drugs with
known or potential antimanic activity were effective in revers-
ing amphetamine-induced appetitive 50-kHz calls. Treatments
particularly normalized amphetamine-induced increases of
frequency-modulated calls, a subtype presumably indicative
of positive affect in the rat.
Conclusions Our findings suggest that amphetamine-induced
50-kHz calls might constitute a marker for communicating
affect that provides a useful model of exaggerated euphoric
mood and pressured speech. The antimanic-like effects of the
PKC inhibitors tamoxifen and myricitrin support the predic-
tive and etiological validity of both drugs in this model and
highlight the role of PKC signaling as a promising target to
treat mania and psychosis-related disorders.
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Introduction

Bipolar disorder (BD) is a prevalent and severe psychiatric
disease affecting approximately 2–7 % of the worldwide
population (Belmaker 2004; Friedman et al. 2006). Its defin-
ing feature is mania, which sets it apart from other mood
disorders (Belmaker 2004; Nierenberg 2010). In a mania
episode, euphoric or irritable mood can be accompanied by
a cluster of symptoms such as hyperactivity, little need for
sleep, increased risk-taking behavior, reward seeking,
pressured speech, and flight of thoughts (Belmaker 2004).

Understanding the neurobiological basis of mania and de-
velopment of new treatments has taken limited progress partly
due to a paucity of relevant animal models with translational
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potential (Young et al. 2007). In contrast to anxiety or depres-
sion, animal models of mania are less developed and refined.
The prevalent behavioral models use locomotion as one of the
main markers, primarily because hyperactivity is an important
disease symptom and because it is easy to measure in rodents
(Harrison-Read 2009; Young et al. 2011). In fact, the current
most frequently used behavioral model is amphetamine
(AMP)-induced hyperlocomotion in rodents (Gould et al.
2007; Young et al. 2011). This model is based on the obser-
vation that AMP can produce mania-like symptoms in healthy
individuals, and can precipitate manic episodes or aggravate
current symptomatology in patients (Smith and Daves 1977;
Willson et al. 2005). Besides its face validity, AMP-induced
hyperlocomotion exhibits good predictive validity as mood
stabilizers like lithium and valproate reverse AMP-induced
hyperactivity both, in humans and rodents (Gould et al. 2007;
Van Kammen and Murphy 1975; Willson et al. 2005). How-
ever, the use of locomotor activity as a core parameter does
have some limitations (Harrison-Read 2009; Young et al.
2011). First, locomotor activity is a general behavioral mea-
sure used in various disease models and drug screening tests.
Particularly, hyperlocomotion induced byAMP ormethylphe-
nidate constitutes a central marker in animal models of other
psychiatric entities such as psychosis and addiction (Pereira
et al. 2011; Young et al. 2011). Secondly, such hyperactivity is
not exclusively linked to exacerbated emotional states. For
instance, in animal models of depression such as olfactory
bulbectomy and unpredictable chronic mild stress increases in
locomotor activity are considered a behavioral sign as well
(Grønli et al. 2005; Song and Leonard 2005). Thirdly, hyper-
activity is not a cardinal symptom of BD, and mania episodes
may take place without noticeable hyperactivity (Young et al.
2011). In general, although evaluation of locomotion is man-
datory in behavioral pharmacology, it might be quite an un-
specific target for developing new pharmacological therapies.
Therefore, the inclusion of additional or alternative behavioral
markers sensitive to AMP is required.

In this sense, the analysis of 50-kHz ultrasonic vocaliza-
tions (USVs) emerges as a good candidate, since AMP in-
duces this type of positive affect-related USVs in rats
(Burgdorf et al. 2001; Thompson et al. 2006; Wright et al.
2010). High-frequency calls are normally emitted in social
and nonsocial rewarding situations such as mating, rough-
and-tumble play, during rewarding brain stimulation, and
following administration of cocaine and apomorphine
(Burgdorf et al. 2000, 2008; Williams and Undieh 2010).
Besides their affective character, USVs have a prominent
communicative function (Brudzynski 2005; Wöhr et al.
2008) which has motivated the use of USV to model speech/
voice impairment in Parkinson disease (Ciucci et al. 2007,
2009), or social communicational deficits in autism (Scattoni
et al. 2009; Wöhr et al. 2011). Since hyperactivity, euphoria,
and pressured speech are three of the typical mania-like

symptoms induced by AMP in humans (Van Kammen and
Murphy,1975; Willson et al. 2005), we assume that AMP-
induced 50-kHz calls can serve as an unparalleled behavioral
marker to model euphoria and pressured speech, which can
complement traditional behavioral analysis of locomotor ac-
tivity. To assess the predictive validity of USV in the AMP
model, the antimanic drugs lithium and tamoxifen were used.
Tamoxifen is a protein kinase C (PKC) inhibitor and it was
used to further evaluate both the predictive validity of AMP-
induced appetitive 50-kHz calls and the etiological validity of
PKC activity in this model. PKC, a family of enzymes that
play a pivotal role in signal transduction, was found to be
augmented in BD (Hahn et al. 2005; Yildiz et al. 2008; Zarate
et al. 2007). Mood stabilizers such as lithium and valproate
partly exert their clinical effects by reducing PKC activity
(Hahn et al. 2005; Manji and Lenox 1999). In human trials
and in rodent AMP-induced hyperactivity models, the PKC
inhibitor tamoxifen has shown antimanic and antimanic-like
effects, respectively (Einat et al. 2007; Sabioni et al. 2008;
Yildiz et al. 2008; Zarate et al. 2007). In addition to tamoxifen,
the new drug myricitrin was also assessed, a natural plant
flavonoid extracted from genus Eugenia, which has recently
shown preclinical antipsychotic-like effects presumably due
to the inhibition of PKC and nitric oxide (NO) activity (Meotti
et al. 2006; Pereira et al. 2011). We hypothesized that in-
creases in appetitive 50-kHz calls and locomotor activity in
AMP-treated rats can be prevented by the well-established
drug lithium, the novel antimanic drug tamoxifen, and that
these effects may be shared by myricitrin.

Methods and materials

Subjects and general procedure

Ninety-four male Wistar rats (200–210 g; Harlan-
Winkelmann, Germany) were used. Animals were group-
housed in polycarbonate cages. Lab chow and water
(0.0004 % HCl solution) were available ad libitum. Animals
were maintained in an animal room with a 12:12 h light/dark
cycle (lights on 7–19 h) and a room temperature of 23–29 °C.
One week before testing, animals were habituated to the
animal facilities and handled and gentled in a routine lab
procedure for three consecutive days (5 min each) in order
to accustom them to the experimenter and to being manipu-
lated. Thereafter, the initial screening cage test was performed,
followed by the final drug testing procedure.

Screening cage test

Since rats show substantial and rather stable inter-individual
variability in 50-kHz calls (e.g., Schwarting et al. 2007), we
applied a screening test, where rats are tested for their levels of
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spontaneous USVs in a clean cage with fresh bedding
(Natusch and Schwarting 2010; Schwarting et al. 2007; Wöhr
et al. 2008). The cage test was conducted on two consecutive
days (5 min each), and according to the number of 50-kHz
calls emitted on both days, rats were equally assigned to one
of six groups (n=7–8 each) per experiment. In individual rats,
call numbers in this test ranged between 9 and 134 calls
(experiment 1) and 4 and 102 calls (experiment 2). All sub-
jects were used in these experiments.

Drugs

D-AMP (Sigma, St. Louis, MO, USA) was dissolved in saline
and administered intraperitoneally (ip) at a dose of 2.5 mg/kg.
Myricitrin (ABCR GmbH & Co.KG, Germany) was
suspended in two drops of Tween 80, diluted in saline and
administered subcutaneously (sc) at doses of 10 and 30 mg/
kg. Lithium carbonate (Sigma) was dissolved in saline and
administered sc at 100 mg/kg. Tamoxifen (Sigma) was
suspended in two drops of Tween 80, diluted in saline and
administered sc at doses of 1 mg/kg. All drugs and their
vehicles were administered at a constant volume of 1 ml/kg.
All routes of administration and doses were chosen based on
our previous reports (Natusch and Schwarting 2010; Pereira
et al. 2011; Sabioni et al. 2008).

Open field test

As previously described (Schwarting et al. 2007), open-field
activity was automatically monitored under red light
(TruScan, Photo beam Sensor-E63-22, Coulbourn Instru-
ments, PA, USA) in two acrylic boxes (40×40×40 cm)
equipped with infrared sensor beams that allowed measuring
total distance traveled (cm), and an ultrasonic microphone
(UltraSoundGate Condenser Microphone CM16; Avisoft Bio-
acoustics, Berlin, Germany) affixed centrally at 45 cm above
the floor of the box. To promote 50-kHz calls, the floors were
covered with 1-cm bedding that was changed between sub-
jects (according to Natusch and Schwarting 2010).

Drug-testing procedure

The procedure consisted of three consecutive days, each with
10-min exposures to the open field. The first day was used to
habituate the subjects to the testing environment (without data
sampling), and the second day was used to habituate them to
being injected (0.9 % saline ip 15 min before being test).
During this test, locomotion and USV were recorded to verify
that the screening cage test had resulted in homogenous
groups. On day 3 of experiment 1, rats were first administered
with lithium (100 mg/kg sc), tamoxifen (1 mg/kg sc), or saline
(0.9 % sc) 25 min before testing, and 15 min later, all groups
received a single dose of AMP (D-AMP 2.5 mg/kg or saline,

ip). On day 3 of experiment 2, rats received myricitrin (10 or
30 mg/kg sc) or saline (sc) 25 min before testing, and 15 min
later all groups were injected with AMP or saline (ip) exactly as
in experiment 1. Groups were named according to the combi-
nations of treatments received on day 3 (see Figs. 1, 2, 3, 4).

Ultrasonic vocalizations recording and analysis

As previously reported (Wöhr et al. 2008; Natusch and
Schwart ing 2010), USV was monitored with an
UltraSoundGate Condenser Microphone (CM16; Avisoft Bio-
acoustics, Berlin, Germany) and recorded with Avisoft Re-
corder 2.7 software. Experienced observers manually counted
the USVs off-line from the spectrograms. All USVs emitted
over 33 kHz were considered as 50-kHz calls. If two call
elements were at least 0.048 s apart, two independent calls
were counted. Based on peak frequency and shape, 50-kHz
calls were classified into four different subtypes according to
the following criteria: Flat calls: a call was scored when peak
frequency changes within a single call element were equal or
lower than 5 kHz. However, the difference between start and
end peaks could be higher than 5 kHz, that is, calls with a flat
shape in either upward or downward direction were also
considered as flat calls. Step-calls: When a fundamental flat
call had at least one short flat element overlapped at the start
and/or at the end of the call. At least one of these short ‘steps’
had to be about 5 kHz higher than the fundamental call. Trills:
a single call element either with one peak frequency change
higher than 5 kHz or with two or more peak frequency
changes in opposed directions at least 5 kHz apart (i.e.,
zigzag-shaped call). Mixed calls: Frequency-modulated calls
(FM) that did not fall within the previous categories of step
calls and trills, for example, trills with one or more flat and/or
step component, or two or more trills overlapping. Whenever
appropriate, step-calls, trills, and mixed calls were summed up
and simply referred to as FM calls. Since 22-kHz calls were
rarely observed, they were omitted from the analysis. In
addition to counting their rate, calls were manually marked
by a section label to be included in the automated parameter
measurement of the Avisoft SASLabPro software (Wöhr et al.
2008). Then, mean peak frequency, bandwidth, call duration,
and call frequency modulation were determined automatically
from the average spectrum of the entire element. Peak fre-
quency was defined as the frequency at the location of the
peak amplitude, and frequency modulation was computed as
the difference between the lowest and the highest peak fre-
quency within each specific call. Bandwidth refers to call
thickness measured at the highest amplitude peak.

Statistical analysis

Data were expressed as means±SEM (7–8 rats per group).
The following questions were analyzed: First, we verified that
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the screening cage procedure had resulted in homogenous
groups. For this purpose, locomotor activity and 50-kHz call
numbers measured during the saline test (day 2 of the three-
day drug testing procedure) were compared between the later
treatment groups by means of one-way ANOVAs. Secondly,
we asked whether and how the drug treatments affected loco-
motion and USV (day 3 of the drug testing procedure), again
using one-way ANOVAs. In case of significant differences,
LSD-Fisher protected post hoc tests (PLSD) were then used to
test (A) whether the antimanic drugs alone affected locomotor
activity or USVas compared to saline, and (B) whether AMP
(group SAL+AMP) led to the expected enhancement in loco-
motor activity and 50-kHz calls as compared to saline (group
SAL+SAL), and whether the antimanic drugs (given drug+

AMP group) were able to reduce the effects of AMP (group
SAL+AMP) or even normalize them as compared to their
saline controls (given drug+SAL group). Call features after
drug treatments were analyzed in a similar manner. Statistical
significance was defined as p<0.05.

Results

Experiment 1

The saline test (second day of drug testing procedure) did not
yield indications for differences between the later treatment
groups (p values>.05; data not shown) indicating that the
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group assignment based on the initial screening cage test had
led to homogenous groups.

Lithium- and tamoxifen-reduced hyperlocomotion induced by
AMP Overall, there was a significant difference in locomotor
activity between groups (F5,41=24.93, p<.001; Fig. 1a). The
post-hoc tests showed that AMP (SAL+AMP) led to the
expected enhancement in locomotion (vs. SAL+SAL:
p<.001). This effect that was largely reduced but not
completely abolished by lithium and tamoxifen, since loco-
motor activity was lower as compared to SAL+AMP (vs. LI+
AMP: p<.001; vs. TAM+AMP: p<.001), but was still higher
in both cases as compared to respective controls (LI+AMP vs.

LI+SAL: p=.005; TAM+AMP vs. TAM+SAL: p=.014).
There were no differences between lithium (LI+SAL) or
tamoxifen (TAM+SAL) as compared to saline (SAL+SAL:
all p values>.05), indicating that these drug treatments alone
did not affect spontaneous locomotion.

Lithium and tamoxifen blocked AMP-induced appetitive 50-
kHz calls. Similar to locomotion, there was an overall group
difference in the numbers of 50-kHz calls (F5,41=15.08,
p<.001; Fig. 1b). The post-hoc tests showed that AMP
(SAL+AMP) led to the expected enhancement in 50-kHz call
rates (vs. SAL+SAL: p<.001), which ranged between 13 and
436 calls between subjects. This effect was completely
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abolished by lithium and tamoxifen since call rate was lower
as compared to SAL+AMP (vs. LI+AMP: p<.001; vs.
TAM+AMP: p<.001), and did not differ from respective
controls (LI+AMP vs. LI+SAL; TAM+AMP vs. TAM+
SAL, p values>.05). There were no differences between lith-
ium (LI+SAL) or tamoxifen (TAM+SAL) as compared to
saline (SAL+SAL: all p values>.05), indicating that these
drug treatments did not affect spontaneous call rates.

Lithium and tamoxifen reversed the increase in frequency-
modulated calls induced by AMP Besides total call numbers,
the drug treatments also affected the emission of call subtypes:
AMP (SAL+AMP) increased the number of trills (F5,41=
8.121, p<.001) and mixed calls (F5,41=5.388, p=0.001) com-
pared to saline-treated groups (i.e., SAL+SAL, LI+SAL and
TAM+SAL; LSD, p<0.05) (Table 1). Both lithium and ta-
moxifen (LI+AMP, TAM+AMP) significantly reduced the
number of trills and mixed calls (LSD, p<0.05) in a way that
calling in these groups no longer differed from saline controls
(i.e., SAL+SAL, LI+SAL, TAM+SAL; LSD, p>0.05).
When given alone, lithium and tamoxifen did not affect call
subtypes.

Besides absolute call numbers (see Table 1), the drug
treatments also affected the percentages of 50-kHz call
subtypes (Fig. 2), that is, flat calls (F5,41=5.30, p=.001),
step calls (F5,41=4.38, p=.003), and trills (F5,41=2.74, p=
0.03), but not mixed calls (p>.05). Thus, in saline-treated
rats (SAL+SAL), the majority of calls emitted was of the
flat subtype (~72 %), followed by trills (~15 %), step
(~9 %), and mixed calls (~4 %). These patterns were not
affected by lithium (LI+SAL) or tamoxifen (TAM+SAL)
as compared to SAL+SAL (all pvalues>.05). AMP (SAL+
AMP), in contrast, decreased the percentage of flat calls
(compared to SAL+SAL: p=.001), and increased the per-
centages of step calls (p=.006) and trills (p=.009), but not
mixed calls (p>.05). Lithium (LI+AMP) was not effective
to normalize these AMP-induced (SAL+AMP) effects
since the call percentages did not differ significantly be-
tween the two groups (p values>.05). Tamoxifen (TAM+
AMP), on the other hand, partly prevented the decrease in
the percentage of flat calls (p=.018), and the increase in the

percentage of step calls (p=.038), but not trills or mixed call
(p values>.05).

To complement the description of these call profiles, quan-
titative USV parameters were analyzed, which yielded group
differences in case of peak frequency modulation (F5,40=2.86,
p=.029; see Table 2), but not mean peak frequency, call
duration, and bandwidth (p values>.05). Post-hoc tests
showed that AMP (SAL+AMP) increased peak frequency
modulation by about 40 % as compared to saline (SAL+
SAL, p=.015), an effect which was prevented by lithium
(SAL+AMP vs. LI+AMP: p=.038) and tamoxifen (SAL+
AMP vs. TAM+AMP, p=.033). Lithium (LI+SAL, p=.997)
and tamoxifen alone had no effect on peak frequency modu-
lation as compared to SAL+SAL (p values>.05).

Experiment 2

Again, the saline test (second day of drug testing procedure)
did not yield indications for differences between the later
treatment groups (p values>.05; data not shown).

The high dose of myricitrin attenuated AMP-induced
hyperlocomotion Overall, there was a significant difference
in locomotor activity between groups (F5,40=29.67, p<.001;
Fig. 3a). The post-hoc tests showed that AMP (SAL+AMP)
again led to enhanced locomotion (vs. SAL+SAL: p<.001).
This effect was not affected by the lower dose of myricitrin
(M10+AMP), since locomotor activity did not differ from
AMP+SAL (p>.05) but was higher as compared to M10+
SAL (p<.001), whereas AMP-induced locomotion was re-
duced by the higher dose (M30+AMP: p<.001; as compared
to SAL+AMP), which also did not differ from its respective
control (p>.05). There were no differences between M10+
SAL or M30+SAL compared to saline (SAL+SAL: all
p values>.05), indicating that these drug treatments alone
did not affect spontaneous locomotion.

Myricitrin dose-dependently reduced appetitive 50-kHz calls
induced by AMP Again, there was an overall difference in the
numbers of 50-kHz calls between groups (F5,40=18.71,
p<.001; Fig. 3b). The post-hoc tests verified that AMP

Table 1 Call subtypes - experiment 1

SAL+SAL LI+SAL TAM+SAL SAL+AMP LI+AMP TAM+AMP

Flat calls 23.87±3.67 30.00±9.06 38.62±5.97 64.00±14.81 27.25±6.69 30.14±7.95

Step-calls 5.00±2.49 4.75±2.38 1.50±1.00 55.50±14.82 7.75±2.04 5.86±2.51

Trills 6.75±3.00 9.37±4.04 4.25±2.18 117.87±36.40* 17.62±6.15+ 12.57±4.36+

Mixed calls 2.00±0.73 2.00±0.57 0.75±0.62 20.62±7.61* 4.37±1.59+ 2.57±0.57+

The analysis of call subtypes was restricted to the last testing day when the experimental treatments, including amphetamine were administered. Data are
expressed as mean±SEM (n=7–8 rats per group) of call number per min. SAL 0.9 % saline, LI lithium 100 mg/kg, TAM tamoxifen 1 mg/kg, AMP
amphetamine 2.5 mg/kg. * p<.05 vs. SAL+SAL, LI+SAL, Tam+SAL; + p<0.05 vs. SAL+AMP
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(SAL+AMP) again led to enhanced 50-kHz call rates (vs.
SAL+SAL: p<.001), which ranged between 2 and 339 calls
between subjects. This effect was partly reduced by the lower
dose of myricitrin (M10+SAL), which led to lower call rates
than SAL+AMP (p<.001) but still higher ones than SAL+
SAL controls (p=.002). The higher dose of myricitrin (M30+
AMP) led to a complete prevention of the AMP effect, since
call rates were lower than those of the SAL-AMP group
(p<.001), and did not differ from saline controls (p>.05).
There were no differences between M10+SAL or M30+
SAL as compared to saline (SAL+SAL, all p values>.05),
indicating that these drug doses alone did not affect sponta-
neous call rates.

Besides absolute call numbers (see Table 3), the drug
treatments also affected the percentages of 50-kHz call
subtypes (Fig. 4), that is, flat calls (F5,40=5.96, p=.001),
trills (F5,40=5.15, p=.001), and mixed calls (F5,40=4.68,
p=.002), but not step calls (p>.05). AMP (SAL+AMP)
again decreased the percentage of flat calls (compared to
SAL+SAL: p=.001), and increased the percentages of trills
(p=.001) and mixed calls (p=.001). The lower dose of
myricitrin (M10+AMP) partly normalized the AMP-
induced effect, since the percentage of flat calls was higher
than of the SAL+AMP group (p=.038) but still lower than
of the SAL+SAL group (p=.013). In case of trills, howev-
er, the percentage in the M10+AMP group was lower than
that in the SAL+AMP group (p=.038), without differing
from the SAL+SAL group (p>.05). In contrast, in the
M10+AMP group, the relative number of mixed calls was
similar to that of the SAL+AMP group (p>.05) and higher
than that in the SAL+SAL group (p=.009). A largely
similar pattern was obtained with the higher dose of
myricitrin: the percentage of flat calls was higher than of
the SAL+AMP group (p=.009) but still lower than that of
the SAL+SAL group (p=.044). In case of trills, the per-
centage in the M30+AMP group did not differ from that of
the SAL+AMP group (p>.05) and was higher than that of
the SAL+SAL group (p=.012). The percentages of mixed
calls, in contrast, were significantly reduced in the M30+
AMP group compared with both the M10+AMP group

(p=.017) and the SAL+AMP group (p=.003) and did not
differ from the SAL+SAL group (p>.05).

The quantitative analysis of USV parameters again yielded
group differences in case of peak frequency modulation
(F5,40=7.21, p<.001; see Table 4), but not mean peak frequen-
cy, call duration, and bandwidth (p>.05). Post-hoc tests
showed that AMP (SAL+AMP) increased peak frequency
modulation compared to saline (SAL+SAL: p<.001), an ef-
fect which was reduced by both doses of myricitrin (M10+
AMP: p=.025; M30+AMP: p=.001). Neither doses alone
affected peak frequency modulation as compared to SAL+
SAL (p values>.05).

Discussion

All behavioral models aimed to mimic manic episodes have in
common the lack of a genuine affective parameter. The pres-
ent study was therefore designed to measure the utility of
appet i t ive 50-kHz USV as a genuine affect ive-
communicational target in the well-established AMP-
induced hyperlocomotion model of mania. Our results dem-
onstrate for the first time that drugs with known specific or
potential antimanic activity were all effectively able in revers-
ing AMP-induced appetitive 50-kHz calls, besides
diminishing locomotor activity. The predictive validity of
USV in this model was assessed by administrating the
antimanic drugs lithium and tamoxifen. As it is known for
hyperactivity (Gould et al. 2007; Sabioni et al. 2008), lithium
and tamoxifen demonstrated to be effective in preventing
AMP-induced USV at doses that on their own did not affect
either spontaneous calling or locomotor activity.

Clinical and preclinical studies have implicated PKC in
both the pathophysiology of BD and the biochemical effects
of mood stabilizers such as lithium and valproate (Hahn et al.
2005; Manji and Lenox 1999; Yildiz et al. 2008). Evidence
from our lab (Dr. Andreatini) and others has demonstrated that
the inhibition of PKC reverses AMP-induced hyperactivity in
mice and rats (Einat et al. 2007; Sabioni et al. 2008). Here, we
further evaluated the predictive validity of USV in the AMP

Table 2 Quantitative USV parameters - experiment 1

SAL+SAL LI+SAL TAM+SAL SAL+AMP LI+AMP TAM+AMP

Peak frequency modul. 8.1±1.3 8.1±1.1 6.0±1.6 12.7±1.2* 9.2±1.2+ 8.9±1.2+

Mean peak frequency 57.7±2.5 57.3±2.2 58.0±3.0 57.3±2.2 57.3±2.2 56.5±2.3

Call bandwidth 3.2±0.2 2.9±0.3 3.1±0.2 3.2±0.2 3.0±0.2 3.1±0.2

Call duration 25.3±2.7 29.0±4.3 28.6±4.9 32.7±2.7 27.0±1.9 22.0±2.5

The analysis of the different call features was restricted to the last testing day when the experimental treatments, including amphetamine, were
administered. USV parameters were computed including all 50-kHz calls subtypes. Peak frequency modulation, mean peak frequency, and mean call
bandwidth values are given in kHz, whereas mean call duration is given in milliseconds. Data are expressed as mean±SEM (n=7–8 rats per group). SAL
0.9 % saline, LI lithium 100 mg/kg, TAM tamoxifen 1 mg/kg, AMP amphetamine 2.5 mg/kg. * p<.05 vs. SAL+SAL, + p<0.05 vs. SAL+AMP
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model showing that prior administration of the PKC-inhibitor
tamoxifen effectively prevented AMP-induced appetitive 50-
kHz calls, besides attenuating hyperlocomotion in agreement
with previous reports (Einat et al. 2007; Pereira et al. 2011;
Sabioni et al. 2008). Also, tamoxifen did not affect basal USV
and locomotor activity. Tamoxifen showed similar effects as
lithium in both parameters, indicating that the doses selected
here were equipotent in this model. In addition, the efficacy of
tamoxifen in comparison with lithium supports the potential
of tamoxifen as an antimanic treatment in humans (Yildiz
et al. 2008; Zarate et al. 2007) and highlights the role of
PKC activity in mania-like symptoms, at least in those mim-
icked by AMP.

It was previously shown that haloperidol also blocked the
AMP-induced increases in 50-kHz USV, which would in-
crease predictive validity of the model. However, other anti-
psychotics used to treat mania (e.g., risperidone) exerted this
effect at a dose that also impaired 50-kHz USV after saline
administration (Wright et al. 2013). However, these authors
used a different protocol (e.g., previous AMP challenge to
subject selection) that could influence the results. Moreover,
antipsychotics also have other clinical effects compared with
the antimanic one, which may make its use difficult as a
unique class of drug for pharmacological validation of animal
models of mania. In this line, lithium and tamoxifen appeared
as good tools.

Although mood stabilizers and antipsychotic drugs have
been successfully used to treat acute mania, many patients do

not respond adequately to these drugs or fail to tolerate them
(Nierenberg 2010; Gitlin 2006).Moreover, tamoxifen used for
breast cancer has important side effects (Amir et al. 2011).
Thus, the development of new therapies is needed. In this
regard, one drug with putative antimanic properties was test-
ed: myricitrin. This drug reduced AMP-induced 50-kHz calls
in a dose-dependent way, whereas only the higher dose was
able to reduce AMP-induced hyperlocomotion. None of the
doses affected spontaneous calling or basal locomotor activity.
The high dose of myricitrin showed equivalent effects com-
pared with lithium and tamoxifen, supporting the predictive
validity of myricitrin in this model. Myricitrin has recently
shown antipsychotic-like effects (Pereira et al. 2011) which
supports the promising profile of this drug in attenuating both
mania and psychotic-like symptoms, probably due to its dual
inhibitory action upon PKC and NO activity (Meotti et al.
2006; Pereira et al. 2011). In general, data from both experi-
ments revealed that USV were more sensitive than locomotor
activity to the effects of both AMP and antimanic drugs,
providing a wider dose range for drug detection as well.

USV are complex signals, which can be classified into
different subtypes, often clustered into two general categories
of flat and FM calls (Burgdorf et al. 2008; Wright et al. 2010).
Out of these, flat calls may serve a social communicative
function (Schwarting et al. 2007), while FM calls, including
step-calls and trills (Wöhr et al. 2008), seem to signal a
dopamine (DA)-dependent affective state in the rat
(Burgdorf et al. 2008; Wright et al. 2010). As AMP and

Table 4 Quantitative USV parameters - experiment 2

SAL+SAL M10+SAL M30+SAL SAL+AMP M10+AMP M30+AMP

Peak frequency modul. 5.8±0.7 6.1±0.9 7.2±0.8 13.0±0.9*** 9.6±1.3+ 7.7±1.3++

Mean peak frequency 54.4±2.0 53.4±0.8 55.5±1.9 55.9±0.7 55.1±1.1 57.4±1.8

Call bandwidth 3.1±0.2 3.1±0.2 3.0±0.2 2.9±0.1 3.3±0.3 3.4±0.3

Call duration 23.9±4.6 21.0±2.4 25.9±2.5 30.4±1.6 25.4±3.7 23.0±3.6

The analysis of the different call features was restricted to the last testing day when the experimental treatments, including amphetamine, were
administered. USV parameters were computed including all 50-kHz calls subtypes. Peak frequency modulation, mean peak frequency, and mean call
bandwidth values are given in kHz, whereas mean call duration is given in milliseconds. Data are expressed as mean±SEM (n=7–8 rats per group). SAL
(0.9 % saline), M10 (myricitrin 10 mg/kg), M30 (myricitrin 30 mg/kg), AMP (amphetamine 2.5 mg/kg). *** p<.001 vs. SAL+SAL, + p<0.05 vs.
SAL+AMP, ++ p<0.01 vs. SAL+AMP

Table 3 Call subtypes - experiment 2

SAL+SAL M10+SAL M30+SAL SAL+AMP M10+AMP M30+AMP

Flat calls 24.87±5.37 25.00±7.20 32.75±8.18 68.29±12.84 57.29±12.00 15.62±5.01

Step calls 3.37±1.57 4.50±2.88 5.62±1.76 38.14±6.25 16.00±3.88 3.25±1.93

Trills 2.50±1.52 1.87±1.26 7.25±2.14 98.43±23.56* 31.29±17.10 16.37±8.09

Mixed calls 0.50±0.50 0.12±0.12 1.37±0.71 14.00±4.33* 6.14±2.00* 0.62±0.32

The analysis of call subtypes was restricted to the last testing day when the experimental treatments, including amphetamine, were administered. Data are
expressed as mean±SEM (n=7–8 rats per group) of call number per min. SAL 0.9 % saline,M10myricitrin 10 mg/kg,M30myricitrin 30 mg/kg, AMP
amphetamine 2.5 mg/kg. * p<.05 vs. SAL+SAL, M10+SAL, M310+SAL
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cocaine increase the relative number of FM calls (Williams
and Undieh 2010; Wright et al. 2010, 2012), a shift in the call
profile has been taken as indicative of a high positive affective
state provoked by these euphorigenic drugs (Fig. 4; Wright
et al. 2010, 2012). We found that AMP preferentially in-
creased the percentage of FM calls over those with a flat
frequency, whereas lithium, tamoxifen, and myricitrin re-
stored the AMP-induced shift in call profiles reducing the
percentage of FM calls, especially the trill subtype. It has been
suggested that only FM calls reflect appetitive behavior, re-
ward and positive affect, out of which the trills are the most
consistent and recurrent FM call types obtained in those
situations (Burgdorf et al. 2008; Wright et al. 2010, 2012).
Although all drugs exhibited a very similar effect on AMP-
induced call rate, tamoxifen showed a larger reduction of FM
calls, suggesting a putative role of PKC signaling in sponta-
neous and reward-induced appetitive 50-kHz calls. In the case
of myricitrin, both doses were almost equally effective in
reversing the AMP-induced shift in call profiles. The mea-
surement of quantitative USV parameters confirmed that all
treatments did reduce the AMP-induced increase in
frequency-modulation of the 50-kHz calls without affecting
their mean peak frequency, which is considered the most
distinctive communicational call element (Brudzynski 2005).
Previously, we found that playback of artificial 50-kHz sine
waves calls without any frequency modulation is equally
effective as playback of natural 50-kHz calls in inducing
social approach behavior (Wöhr and Schwarting 2007). Thus,
it is likely that in our experiment, 50-kHz calls may have
retained their normal communicative function even under
the effect of the antimanic drugs.

Pharmacological and lesion studies have repeatedly shown
that the mesolimbic DA system is critically involved in the
production of 50-kHz calls, especially the FM subtype ob-
served in appetitive situations (Burgdorf et al. 2001; Ciucci
et al. 2009; Williams and Undieh 2010). Acute or repeated
administration of AMP, either systemically or directly into the
nucleus accumbens, elicits 50-kHz USVs that are blocked by
DA and norepinephrine antagonists (Ahrens et al. 2009;
Thompson et al. 2006; Wright et al. 2012). On the other hand,
PKC signaling mediates endogenous and psychostimulants-
induced DA release and hyperactivity, effects that can be
reduced by the administration of PKC inhibitors including
tamoxifen (Browman et al. 1998; Cowell et al. 2000; Einat
et al. 2007; Giambalvo 1992; Kantor and Gnegy 1998;
Steketee 1993). Since lithium, tamoxifen, and myricitrin have
in common the ability to directly or indirectly inhibit PKC
signaling (Manji and Lenox 1999; Meotti et al. 2006; Pereira
et al. 2011) the reduction in AMP-induced hyperlocomotion
and 50-kHz calls may be the consequence of PKC-inhibition
on DA, probably by reducing DA transporter availability
(Giambalvo 1992; Kantor and Gnegy 1998; Kantor et al.
2001).

In conclusion, lithium attenuation of psychostimulant-
induced hyperlocomotion has been used both to study the
therapeutic action of mood stabilizers and to develop novel
lithium-mimetic drugs (Gould et al. 2007). In our present
model, appetitive USVs seem to provide a more sensitive
parameter than traditional psychomotor parameters, which
might offer a new avenue for drug testing and dose-response
studies including drugs with different sensitivities and pro-
files. The analysis of the USV subtypes provided a unique
kind of information regarding the affective state of the rat
which might not be otherwise obtained.We suggest, therefore,
that AMP-induced appetitive 50-kHz calls might constitute a
genuine affective marker useful to model exaggerated euphor-
ic mood and pressured speech, with both good face and
predictive validity. The antimanic-like effects shown by lith-
ium and tamoxifen, two clinically effective antimanic drugs,
support the predictive validity of the model. Furthermore, the
effects of tamoxifen and myricitrin in this model highlight the
role of PKC signaling as a promising pharmacological target
to treat mania and psychosis-related disorders. Although the
present results provide substantial evidence that analyzing
drug effects on AMP-induced 50-kHz calls may provide an
interesting and new model for mania, more tests are necessary
in the future for further validation. Among others, these
should comprise wider dose ranges of the drugs (especially
lithium) used here, extended drug testing periods, the analysis
of repeated drug treatments (both, in case of AMP and of the
antimanic drugs to be tested), other psycho-stimulant chal-
lenges (like methylphenidate), and the test of other drugs with
anti-manic properties, or drugs which lack such properties.
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