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Dopamine D1 and μ-opioid receptor antagonism blocks
anticipatory 50 kHz ultrasonic vocalizations induced by
palatable food cues in Wistar rats

Cara L. Buck1,2,✉, Leandro F. Vendruscolo1, George F. Koob1, and Olivier George1

1Committee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, La Jolla,
California
2Department of Psychology, University of California, San Diego, La Jolla, California

Abstract
Rationale—Fifty kilohertz ultrasonic vocalizations (USVs) have been sometimes shown to
reflect positive affective-like states in rats. Rewarding events, such as access to palatable food or
drugs of abuse, increase the number of anticipatory 50 kHz USVs. However, little is known about
the predictability of USVs, subtypes of USVs involved, and underlying neurobiological
mechanisms.

Objectives—We examined whether cue-induced anticipatory 50 kHz USVs predict palatable
food intake and tested the effects of dopamine D1 and μ-opioid receptor antagonism on
anticipatory USVs.

Materials—Food-restricted rats received repeated sessions of a 2 min cue light immediately
followed by 5 min access to palatable food. Ultrasonic vocalizations were recorded during cue
presentation. After 24 pairing sessions, the rats were pretreated with the D1 receptor antagonist
SCH 23390 (5, 10, and 20 μg/kg) and μ-opioid receptor antagonist naltrexone (0.03, 0.06, 0.13,
0.25, 0.5, and 1 mg/kg) in a Latin-square design, and USVs were recorded during cue
presentation.

Results—Rats emitted 50 kHz USVs during cue presentation, and the number of USVs increased
across sessions with robust and stable interindividual differences. Escalation in USVs was
subtype-dependent, with non-trill calls significantly increasing over time. Palatable food intake
was positively correlated with anticipatory 50 kHz USVs. Moreover, anticipatory USVs were
dose-dependently prevented by antagonism of D1 and μ-opioid receptors.

Conclusions—These findings demonstrate that anticipatory 50 kHz USVs represent a stable
phenotype of increased motivation for food, and dopamine and opioid systems appear to mediate
anticipatory 50 kHz USVs.
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Introduction
Ultrasonic vocalizations (USVs) are thought to reflect positive and negative affective-like
states in rats (Brudzynski 2013; Covington and Miczek 2003; Knutson et al. 2002).
Frequency-modulated (FM) 50 kHz USVs, particularly calls with rapid-frequency
oscillations (“trills”), have been associated with positive emotional states (Burgdorf et al.
2011). Frequency-modulated calls are elicited by reinforcing, appetitive stimuli, such as play
(Burgdorf et al. 2008), social contact (Brudzynski and Pniak 2002), tickling (Burgdorf and
Panksepp 2001), and psychostimulant drug reward (Ahrens et al. 2009). However, not all
rewarding stimuli elicit FM USVs (Simola et al 2012; Wright et al., 2012), and FM calls
have been observed in aversive conditions (Vivian and Miczek 1993, Wöhr et al. 2008).
Nevertheless, FM USVs and, more generally, 50 kHz USVs may be an index of motivation
during reward anticipation (Ahrens et al. 2009, Ma et al. 2010, Mahler et al., 2013).

Previous reports have also shown that 50 kHz USVs are elicited by cues predictive of
rewarding stimuli, such as food (Burgdorf et al. 2000), copulation (Bialy et al. 2000),
cocaine (Ma et al. 2010), and rewarding brain stimulation (Burgdorf et al. 2000). However,
little is known about the specific call subtypes and the pharmacological mechanisms
involved in cue-induced anticipatory USVs.

μ-Opioid receptor antagonism has been suggested to regulate feeding behavior by interfering
with the perceived palatability of food, whereas the dopamine system has been suggested to
be more involved in the motivation to obtain food (De Tomasi and Juárez, 2010; Barbano et
al. 2009). Dopamine D1 receptors, in particular, have been shown to play a role in both
anticipatory behavior and food-seeking behavior (Ball et al. 2011; Grimm et al. 2011). We
hypothesized that D1 receptor antagonism but not μ-opioid receptor antagonism attenuates
anticipatory USVs. Here, we measured anticipatory 50 kHz USVs in food-restricted rats
given intermittent (every 24-48 h) and limited (5 min) access to a highly palatable food for 6
weeks. We then tested the effects of the D1 receptor antagonist SCH 23390 and μ-opioid
receptor antagonist naltrexone on anticipatory USVs and food intake.

Materials and Methods
Animals

A total of 16 adult male Wistar rats, weighing 270-380 g at the beginning of the experiment,
were used. The rats were housed in groups of two to three in plastic cages in a temperature-
controlled (21°C) vivarium on a 12 h/12 h light/dark cycle (lights on at 6:00 AM). During
behavioral testing, the animals received 15 g chow (7012 Teklad LM-485, Harlan
Laboratories) per day, which was provided 10-60 min after testing. With this food restriction
procedure, the rats’ body weights were approximately 80% of their free-feeding body
weights. Water was provided ad libitum in the home cages. All of the behavioral tests were
conducted during the dark cycle between 6:00 PM and 10:00 PM. All of the procedures
adhered to the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional Animal Care and Use Committee of The
Scripps Research Institute.

Drugs
Naltrexone and R(+)-SCH 23390 hydrochloride (expressed as salt) were purchased from
Sigma (St. Louis, MO, USA). Naltrexone is a preferential nonselective competitive opioid
receptor antagonist with higher affinity for μ-opioid receptors compared with κ- and δ-
opioid receptors. SCH 23390 is a selective dopamine D1 receptor antagonist. Naltrexone
(0.03, 0.06, 0.13, 0.25, 0.5, and 1 mg/kg) and SCH 23390 (5, 10, and 20 μg/kg) were
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dissolved in saline and injected subcutaneously in a volume of 1 ml/kg using a within-
subjects Latin-square design.

Experimental procedures
Cue-food paired—Before testing, the rats (n = 8) received 1 week of daily access to the
palatable food (Purina TestDiet 1811443 [5 TUL] AIN-76A Rodent tablet chocolate, 45 mg)
to prevent neophobia. To minimize novelty-induced USVs, the rats were habituated to the
testing environment for several days before beginning the experiment and were always
tested in the same cage, and bedding was not changed between sessions. Four rats were
tested at a time in separate 22.5 cm × 45 cm × 20 cm plastic cages with wire lids and
bedding. Sound-attenuating barriers were placed between adjacent rats. Twenty-four test
sessions were conducted 3-7 days per week over the course of 6 weeks. In each session, the
rats were placed in the testing cages in a dark room for a variable interval (15-45 min) to
prevent cue prediction. A dim light (20 lux) was then presented for 2 min. Immediately
following the light cue, a hopper that contained 20 g of the palatable food pellets was placed
in the cage, and the rats were allowed to feed freely for 5 min.

For pharmacological testing sessions, the rats were given saline, SCH 23390 (5-20 μg/kg),
or naltrexone (0.03-1 mg/kg) subcutaneously 30 min before recording USVs. The rats were
first tested with SCH 23390 (0, 5, 10, and 20 μg/kg) and then tested with naltrexone (0, 0.25,
0.5, and 1 mg/kg). The rats were then allowed chow ad libitum in their home cages for 3
weeks. Because all of the doses of naltrexone decreased the number of USVs, additional
lower doses were required to cover the full dose-response. Rats were food restricted for 1
week before the final naltrexone treatments (0, 0.03, 0.06, and 0.13 mg/kg).

Cue only—A separate group of rats (n = 8) was used. All of the procedures were the same
as described above, except for the following changes: after the cue light, the rats did not
receive palatable food and were returned to their home cages. The rats were tested for 21
sessions, and pharmacological tests were not performed with this group.

Ultrasonic vocalization recording and analysis
Condenser microphones (CM16/CMPA, 10-200 kHz frequency range, Avisoft Bioacoustics,
Berlin, Germany) were positioned 5 cm above the wire lids of the testing cages and coupled
to an UltraSoundGate 816H data acquisition device (250 kHz sampling rate, 16-bit
resolution, Avisoft Bioacoustics). Ultrasonic vocalizations between 10 and 100 kHz were
recorded and analyzed using Avisoft SASLab Pro (version 5.1, Avisoft Bioacoustics).
Spectrograms were generated with a fast Fourier transform length of 512 points and overlap
of 50% (FlatTop window, 100% frame size), providing a frequency resolution of 419 Hz
and time resolution of 1.19 ms. An observer blind to experimental condition classified USVs
into seven categories adapted from Brudzynski (2013): trill FM, step-trill FM, step FM,
other FM, flat, long 22 kHz, and short 22 kHz.

Ultrasonic vocalization classification
Examples of each USV type are shown in Fig. 1. Calls with a mean peak frequency between
30 and 90 kHz were classified into one of five 50 kHz USV categories: trill FM, step-trill
FM, step FM, flat, or other FM (Fig. 1A). Trill FM and step-trill FM calls were defined as
calls with a bandwidth of at least 10 kHz, containing at least one cycle of rapid (about 15
ms) frequency modulation in an inverted-U or sinusoidal pattern. Step-trill FM calls
contained an additional low bandwidth (≤ 10 kHz) component. Step FM calls contained at
least one frequency jump and monotonic components. Flat calls were monotonic calls with a
bandwidth no greater than 5 kHz and duration of at least 10 ms. Other FM calls included 50
kHz USVs that did not meet the requirements for the previous four categories. This category
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included complex, upward ramp, downward ramp, short, multi-step, and inverted-U
subtypes, based on Wright et al. (2010). Calls with a mean peak frequency between 18 and
30 kHz and a flat appearance (bandwidth ≤ 10 kHz) were classified into one of two 22 kHz
USV categories: long and short (Fig. 1B). Twenty-two kilohertz USVs with a duration
greater than 300 ms were considered long calls, whereas 22 kHz USVs with a duration less
than 300 ms were considered short calls.

Statistical analyses
The data are expressed as the mean and standard error of the mean (SEM). Prior to any
comparisons, all of the dependent variables were subjected to Shapiro-Wilk’s W-test of
normality. Because the Shapiro-Wilk’s W-test of normality was significant for the
anticipatory 50 kHz USV counts, the data were square-root-transformed before statistical
analysis. Ultrasonic vocalization counts and food intake over 24 sessions were analyzed by
one-way repeated-measures analysis of variance (ANOVA), followed by a test for linear
trend and the Dunnett post hoc test. Within- and between-subjects coefficients of variation
were calculated during the escalation period (sessions 4-24) and compared using Student’s
two-tailed t-test. Because data transformation did not successfully normalize USV subtype
data, nonparametric Wilcoxon tests were used for statistical comparisons. When appropriate,
Pearson’s correlations were used. Statistical analyses were performed with Statistica version
10 (StatSoft, Inc.), except for linear trend tests, which were performed with Prism 5
(GraphPad Software, Inc.). For all of the tests, two-tailed values of p < 0.05 were considered
statistically significant.

Results
Escalation of food intake and 50 kHz ultrasonic vocalizations

Fig. 2 shows palatable food intake (in g/kg) across 24 sessions (Fig. 2A) and 50 kHz USVs
during the anticipation of palatable food per session across 24 sessions (Fig. 2B). A one-way
repeated-measures ANOVA showed a significant effect of session on palatable food intake
(F23,161 = 13.2, p < 0.001). A linear-trend post hoc test indicated a significant increase in
palatable food intake across sessions (slope = 0.085, R2 = 0.38, p < 0.001). Dunnett’s post
hoc comparisons indicated significant increases from session 4 onward (p < 0.001)
compared with session 1. The ANOVA revealed a significant effect of session on
anticipatory USVs (F23,161 = 5.0, p < 0.001). A linear-trend post hoc test indicated a
significant increase in USVs across sessions (slope = 0.099, R2 = 0.14, p < 0.001). Dunnett’s
post hoc comparisons indicated significant increases in session 4 onward (p < 0.05), with the
exception of sessions 5 and 15 compared with session 1. To confirm that the escalation of
USVs was not caused by light exposure alone, the rats were exposed to light only (i.e., no
food and light pairings). Although a one-way repeated-measures ANOVA showed a
significant effect of session on USVs (F21,147 = 2.2, p < 0.01), the linear-trend post hoc test
was not statistically significant (slope = 0.009, R2 = 0.002, p > 0.5). Additionally, Dunnett’s
post hoc test did not indicate any sessions that were significantly different from session 1
(Fig. 2C).

To test whether the number of anticipatory 50 kHz USVs represents a stable phenotype with
reliable interindividual differences, we compared the within- and between-subjects
coefficients of variation for anticipatory USVs during escalated sessions (sessions 4-24).
Fig. 3A shows the number of USVs in each session (session X) vs. the number of USVs in
the subsequent session (session X + 1) for each rat. The rats exhibited high interindividual
differences, reflected by the higher variability between subjects than within subjects (t27 =
−3.2, p < 0.01; Fig. 3B). Moreover, the number of USVs before escalation (sessions 1-2)
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was significantly correlated (r = 0.73, p < 0.05) with the number of USVs after escalation
(sessions 4-24; Fig. 3C).

Fig. 4 shows correlations between anticipatory 50 kHz USVs and palatable food intake.
Across rats, the averages (sessions 1-24) of 50 kHz USVs were positively correlated with
averages (sessions 1-24) of palatable food intake (r = 0.74, p < 0.05, Fig. 4A). For five of
the eight rats, within-session 50 kHz USV production was positively correlated with
subsequent palatable food intake (rat 1: r = 0.48, p < 0.05; rat 2: r = 0.60, p < 0.01; rat 4: r =
0.57, p < 0.01; rat 5: r = 0.89, p < 0.001; rat 6: r = 0.68, p < 0.001; Fig. 4B). Of the
remaining rats, one rat showed a nonsignificant positive trend (rat 3, r = 0.40, p = 0.05), and
two rats did not show a relationship (rat 7: r = 0.10, p > 0.05; rat 8: r = 0.31, p > 0.05)
between within-session 50 kHz USVs and palatable food intake (Fig. 4B).

To test whether the escalation of food intake was associated with the escalation of particular
subtypes of USVs, anticipatory 50 kHz USVs were classified into five subtypes (trill FM,
step-trill FM, step FM, flat, and other FM) for sessions 1, 4, 11, 18, and 24 (Fig. 5).
Wilcoxon comparisons indicated that the numbers of both other FM and step FM calls were
significantly increased in sessions 4, 11, 18, and 24 compared with session 1 (p < 0.05). Flat
calls were significantly increased in sessions 4, 11, and 24 compared with session 1, and flat
calls were significantly reduced in session 18 compared with sessions 4 and 24 (p < 0.05).
No significant differences were found for trill FM and step-trill FM calls. The 22 kHz USVs
were infrequent during the escalation of food intake. Five of the eight animals occasionally
emitted short 22 kHz USVs, whereas two rats occasionally emitted long 22 kHz USVs.
Wilcoxon comparisons did not show significant differences between sessions 1, 4, 11, 18,
and 24 for both short and long 22 kHz USVs, but there was a trend toward an increase in 22
kHz USVs in session 24 (Fig. 5A, inset).

A one-way repeated-measures ANOVA revealed a significant effect of SCH 23390 on the
number of 50 kHz USVs (F3,21 = 6.0, p < 0.01, Fig. 6A). Dunnett’s post hoc test indicated
that 20 μg/kg SCH 23390 significantly decreased 50 kHz USVs compared with saline (p <
0.01), and this decrease was significant within each 50 kHz subtype (Wilcoxon comparisons,
p < 0.05; Fig. 6C). For naltrexone, a repeated-measures ANOVA revealed a significant
effect on the number of 50 kHz USVs (F6,42 = 9.1, p < 0.001; Fig. 6B). Dunnett’s post hoc
test indicated that naltrexone significantly decreased 50 kHz USVs at all doses tested, with
the exception of 0.06 mg/kg, compared with saline (p < 0.05). Considering that these data
were obtained using two Latin-square designs, we first ruled out any difference in USVs in
the two saline groups. A paired t-test showed no significant difference between USVs for the
two saline tests (t7 = 1.0, p > 0.05); therefore, these two values were averaged. We then
analyzed the same set of data using separate repeated-measures ANOVAs. The ANOVA of
low doses (0.03-0.13 mg/kg) revealed an effect of naltrexone on the number of USVs (F3,21
= 8.1, p < 0.001). Dunnett’s post hoc comparisons indicated that naltrexone significantly
decreased 50 kHz USVs at 0.03 and 0.13 mg/kg compared with saline (p < 0.05). Similarly,
the ANOVA of high doses (0.25-1 mg/kg) revealed a significant effect of naltrexone on the
number of USVs (F3,21 = 13.5, p < 0.001). Dunnett’s post hoc comparisons indicated that
naltrexone significantly decreased 50 kHz USVs at all three doses. For 50 kHz USV
subtypes, Wilcoxon comparisons between saline and 0.13 mg/kg naltrexone revealed a
significant decrease in other FM and flat calls (p < 0.05). Palatable food intake during SCH
23390 and naltrexone testing is presented as the percent change from baseline food intake
(i.e., the last session before pharmacological testing began) to take into account any change
in bodyweight between tests (Fig. 6E, F). A repeated-measures ANOVA showed no effect
of SCH 23390 on the percent change in palatable food intake (F3,21 = 2.1, p > 0.05; Fig.
6E). For naltrexone, a paired t-test showed no significant difference between changes in
food intake for the two saline tests (t7 = 0.4, p > 0.05); therefore, these two values were
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averaged. A repeated-measures ANOVA of the average saline food intake data and food
intake data for all six naltrexone doses did not show an effect of naltrexone on palatable
food intake (F6,42 = 0.7, p > 0.05). The naltrexone data were also analyzed in separate
repeated-measures ANOVAs. No significant effect of naltrexone (0.03-0.13 mg/kg) was
found on the percent change in palatable food intake (F3,21 = 0.4, p > 0.05). However, a
significant effect of naltrexone (0.25-1 mg/kg) was found on the percent change in food
intake (F3,21 = 5.7, p < 0.01). Dunnett’s post hoc tests indicated that naltrexone significantly
decreased food intake at 0.5 and 1 mg/kg compared with saline (p < 0.01).

Discussion
The present study found that rats emitted anticipatory 50 kHz USVs during the presentation
of a cue predictive of palatable food, with robust and stable interindividual differences. The
escalation of palatable food intake was associated with the escalation of anticipatory 50 kHz
USVs, particularly flat and non-trill FM USVs. Moreover, dopamine D1 and μ-opioid
receptor antagonism dose-dependently reduced anticipatory 50 kHz USVs.

The escalation of cue-induced 50 kHz USVs has been observed during the anticipation of
various appetitive stimuli, including social interaction (Brudzynski and Pniak 2002; Willey
and Spear 2012), copulation (Bialy et al. 2000), cocaine (Ma et al. 2010), and electrical
brain stimulation (Burgdorf et al. 2000). However, these effects can be age-dependent, such
that adolescent rats do not show escalation of 50 kHz USVs in anticipation of social
interaction (Willey and Spear 2012). The present study showed that adult animals
progressively increased the number of 50 kHz USVs emitted during food anticipation over a
period of several weeks. Burgdorf et al. (2000) reported similar results, showing escalation
of food cue-induced 50 kHz USVs over six sessions. The present study expands these
observations by demonstrating that anticipatory 50 kHz USVs have high interindividual
differences and low intraindividual variability. Moreover, the initial amount of anticipatory
50 kHz USVs predicted the level of increase in 50 kHz USVs after the escalation of food
intake. Furthermore, anticipatory USVs were positively correlated with palatable food
intake. Notably, presentation of the cue only (i.e., no food and light pairings) failed to
produce escalation of 50 kHz USVs across sessions.

The escalation of food cue-induced 50 kHz USVs was mainly driven by flat, step FM, and
other FM calls. All subtypes of 50 kHz USVs tended to increase over time. However, only
flat, step FM, and other FM calls reached statistical significance, whereas a nonsignificant
trend toward an increase was observed for trill FM and step-trill FM calls. Trill calls have
been sometimes linked to appetitive or positive emotional states in rats (Ahrens et al. 2009;
Burgdorf et al. 2007, 2008). All of the rats exhibited trill FM and/or step-trill FM calls
during the sessions in which USV types were analyzed (sessions 1, 4, 11, 18, and 24).
However, we did not observe a significant increase in trill calls over the course of USV
escalation. This might have been attributable to a lack of statistical power. Alternatively, the
anticipation of food intake may not be linked to positive affect, given that trill calls have
been reported not to be exclusively linked to positive affect (Simola et al. 2012; Wright et al.
2012; Vivian and Miczek 1993). Consistent with this hypothesis, five of the eight animals
emitted 22 kHz USVs, and a nonsignificant trend toward an increase in the number of 22
kHz USVs was observed across sessions (more in sessions 11, 18, and 24 than in sessions 1
and 4). Twenty-two kHz USVs have been reliably observed in stressful/aversive situations
(Covington and Miczek 2003; Litvin et al. 2007; Miczek et al. 1995). Step FM and other FM
calls were also increased during food anticipation. However, the acoustic pattern of these
calls is heterogeneous, and their biological significance is unclear (Brudzynski 2013; Haney
and Miczek 1994; Mahler et al. 2013; Thomas et al. 1983). Altogether, the present findings
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suggest that cue-induced anticipatory 50 kHz USVs, at least under the present experimental
conditions, may be driven by aspects of positive, neutral, or even negative affect.

Dopamine D1 and μ-opioid receptor antagonism dose-dependently reduced anticipatory 50
kHz USVs produced by cue presentation at doses that did not affect food intake. Only the
highest doses of naltrexone (0.5 and 1 mg/kg) may have slightly reduced food intake. These
results are consistent with previous studies that reported that D1 receptor antagonism
decreased both anticipatory behavior and food seeking but not food intake (Barbano and
Cador 2006; Barbano et al. 2009; Ball et al. 2011; Grimm et al. 2011), whereas μ-opioid
receptor antagonism had mixed results (Barbano and Cador 2006; Barbano et al. 2009). Our
results demonstrate that the D1- and μ-opioid systems modulate anticipatory 50 kHz USVs
in situations of heightened motivation for palatable food at doses that minimally affect food
intake.

Previous studies reported the effects of μ-opioid and dopamine receptors on 50 kHz USVs
(Scardochio and Clarke 2013; Wöhr and Schwarting 2009). Naloxone suppressed 50 kHz
USVs and reduced approach behavior in response to the playback of 50 kHz USVs (Wöhr
and Schwarting 2009). High doses of naloxone reduced 50 kHz USVs and increased 22 kHz
USVs (Burgdorf et al. 2001b). Other studies reported a role for opioids in the number or
characteristics of 50 kHz USVs (Hamed et al. 2012; Simola et al. 2012; Vivian and Miczek,
1993). Dopamine administration in the nucleus accumbens (Burgdorf et al. 2001a) and
indirect dopamine agonism by psychostimulants (Burgdorf et al. 2001a; Brudzynski et al.
2012; Thompson et al. 2006; Williams and Undieh 2010; Wintink and Brudzynski 2001)
have been shown to increase 50 kHz USVs. However, both dopamine agonism and
antagonism have been found to reduce 50 kHz USVs (Scardocio and Clarke, 2013; Burgdorf
et al. 2007; Scardochio and Clarke 2013; Thompson et al. 2006; Williams and Undieh 2010;
Wright et al. 2013). Trill calls and FM calls have been shown to be sensitive to
dopaminergic modulation, whereas flat calls have been shown to be somewhat resistant to
manipulation of this system (Burgdorf et al. 2007; Wright et al. 2013). In contrast, our
results showed that D1 receptor antagonism reduced all 50 kHz subtypes, including flat calls.
We also found that anticipatory trill FM, step-trill FM, and step FM calls were more
resistant to a μ-opioid receptor antagonist than other FM calls and flat calls, suggesting that
the opioid systems may be differentially involved in the generation of different subtypes of
50 KHz USVs during food anticipation. However, increasing the power of the study could
reveal a significant effect on these subtypes because we observed a nonsignificant trend
toward a decrease in trill FM, step-trill FM, and step FM calls after naltrexone.

In summary, rats emitted 50 KHz USVs during the presentation of a cue predictive of
palatable food, with robust and stable interindividual differences, and the escalation of
palatable food intake was related to the escalation of anticipatory 50 kHz USVs, particularly
flat, step FM, and other FM 50 kHz USVs but not trill FM or step-trill FM 50 kHz USVs.
Anticipatory 50 kHz USVs were dose-dependently reduced by the administration of
dopamine D1 and μ-opioid receptor antagonists, independent of changes in food intake.
These results indicate that food cue-induced anticipatory 50 kHz USVs represent a stable
phenotype that is mediated by the dopamine and opioid systems.
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Figure 1.
Classification of 50 and 22 kHz USVs. Representative spectrograms are shown for each call
subtype. (A) Frequency-modulated (FM) 50 kHz USVs (trill, step-trill, step, and other) and
flat 50 kHz USVs. (B) Long and short 22 kHz USVs.
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Figure 2.
(A) Escalation of palatable food intake (g/kg/session) and (B) number of 50 kHz USVs
during 2 min food-cue presentation in rats that received cue-food pairings. n = 8. *p < 0.05,
different from session 1. (C) Number of 50 kHz USVs during 2 min cue presentation in rats
that did not receive cue-food pairings. n = 8.
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Figure 3.
(A) Interindividual differences in cue-induced 50 kHz USVs between sessions after the
escalation of food intake (sessions 4-24). Each data point represents one subject. The x-axis
shows USVs for each session (X), and the y axis shows USVs for each subsequent session
(X + 1). (B) Coefficients of variation within and between subjects during sessions 4-24. *p <
0.05, significantly different from within-subject (within-subject, n = 8; between-subject, n =
21). (C) 50 kHz USVs emitted during the first 2 sessions versus 50 kHz USVs emitted after
the escalation of food intake (sessions 4-24). Each data point represents one subject.
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Figure 4.
(A) Average number of food cue-induced 50 kHz USVs (2 min) vs. average palatable food
intake (g/kg) over all sessions (1-24). Each data point represents a single rat, labeled by
subject number. (B) Number of cue-induced 50 kHz USVs (2 min) vs. palatable food intake
(g/kg) for each session (n = 24), shown for all rats (1-8).
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Figure 5.
Subtypes of USVs in sessions 1, 4, 11, 18, and 24. (A) The number of trill FM (frequency
modulated), step-trill FM, other FM, step FM, and flat 50 kHz USVs for each of the five
sessions. The inset shows the number of short and long 22 kHz USVs emitted during the 5
sessions. *p < 0.05, different from session 1 within each subtype; +p < 0.05, different from
sessions 4 and 24 within flat USVs (n = 8). (B) Distribution of percentage of different
subtypes of 50 kHz USVs for each of the 5 sessions.
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Figure 6.
Effects of D1 and μ-opioid receptor antagonism on cue-induced 50 kHz USVs during the
anticipation of palatable food in food-restricted rats. (A) Number of cue-induced 50 kHz
USVs (2 min) for each dose (0, 5, 10, and 20 μg/kg, subcutaneous) of the D1 receptor
antagonist SCH 23390. (B) Number of cue-induced 50 kHz USVs (2 min) for each dose (0,
0.03, 0.06, 0.25, 0.5, and 1 mg/kg, subcutaneous) of the μ-opioid receptor antagonist
naltrexone. (C) Number of trill FM (frequency modulated), step-trill FM, other FM, step
FM, and flat 50 kHz USVs for 0 and 20 μg/kg SCH 23390. (D) Number of trill FM, step-trill
FM, other FM, step FM, and flat 50 kHz USVs for 0 and 0.13 mg/kg naltrexone. *p < 0.05,
significantly different from the respective subtype after vehicle administration. (E) Percent
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change in palatable food intake compared with baseline palatable food intake (g/kg) for each
dose (0, 5, 10, and 20 μg/kg) of the D1 receptor antagonist SCH 23390. (F) Percent change
in palatable food intake compared with baseline palatable food intake (g/kg) for each dose
(0, 0.03, 0.06, 0.25, 0.5, and 1 mg/kg) of the μ-opioid receptor antagonist naltrexone.
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