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Anticipatory 50 kHz ultrasonic vocalizations are associated with
escalated alcohol intake in dependent rats

Cara L. Buck®P* Jordan C. MalavarP, Olivier George?, George F. Koob?1, and Leandro F.
Vendruscolo?

aCommittee on the Neurobiology of Addictive Disorders, The Scripps Research Institute, La Jolla,
CA, United States

bDepartment of Psychology, University of California, San Diego, La Jolla, CA, United States

Abstract

Rats emit 50 kHz ultrasonic vocalizations (USVs) in situations of increased motivation, such as
during the anticipation of palatable food or drugs of abuse. Whether the same holds true for the
anticipation of alcohol intake remains unknown. Alcohol drinking in a nondependent state is
thought to be mediated by its rewarding effects (positive reinforcement), whereas drinking in the
dependent state is motivated by alcohol’s stress-relieving effects (negative reinforcement). Here,
we measured context-elicited 50 kHz USVs in alcohol-dependent (alcohol vapor-exposed) and
nondependent rats immediately before operant alcohol self-administration sessions. Dependent
rats showed escalated levels of alcohol intake compared with nondependent rats. Overall,
dependent and nondependent rats showed similar levels of anticipatory 50 kHz USVs. However,
the number of anticipatory USVs was positively correlated with alcohol intake in dependent rats
but not nondependent rats. Additionally, dependent rats with higher alcohol intake displayed
increased anticipatory 50 kHz USVs compared with rats that had lower alcohol intake, whereas no
difference was observed between rats with high and low alcohol intake in the nondependent group.
Increased 50 kHz USVs were specific for the anticipation of alcohol self-administration and did
not generalize to a novel environment. These findings suggest that anticipatory 50 kHz USVs may
be an indicator of context-elicited negative reinforcement learning.

Keywords
Ultrasonic vocalization; Reward; Motivation; Ethanol; Alcoholism; Addiction

1. Introduction

Fifty kilohertz (kHz) ultrasonic vocalizations (USVs) have been linked with positive
affective states in rats [1-5]. However, these calls are also elicited by aversive stimuli [6,7],
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and the affective state(s) that they represent are not well understood. Previous reports have
shown that 50 kHz USVs are elicited by cues that predict rewarding stimuli, such as food
[8,9], copulation [10], cocaine [11], and rewarding brain stimulation [8]. Thus, 50 kHz
USVs may be an index of motivation during reward anticipation [1,11,12]. Most studies that
have investigated the relationship between 50 kHz USVs and drugs of abuse have focused
on psychostimulants; few studies have examined 50 kHz USVs in relation to alcohol self-
administration.

Rats that are exposed to chronic, intermittent alcohol vapor display several physical and
motivational symptoms of alcohol dependence compared with air-exposed nondependent
rats (for review, see [13]). In this model, during alcohol abstinence, rats exhibit tail stiffness,
abnormal gait/posture, tremor [14], increased anxiety-like behavior [15], hyperalgesia
[16,17], increased 22 kHz USVs [18-20], and dysphoria, reflected by elevated brain reward
thresholds [21]. Dependent rats also display escalated alcohol self-administration, increased
motivation for alcohol, and persistent alcohol drinking despite punishment [22,23]. It has
been hypothesized that moderate (recreational) alcohol drinking is mediated by its rewarding
effects (positive reinforcement). In the transition to dependence, brain stress systems are
sensitized, and drinking mainly occurs to alleviate negative affective states during with-
drawal (negative reinforcement [24]).

Therefore, 50 kHz USVs are observed during several situations of increased emotional and
motivational valence, and alcohol dependence affects brain reward and stress systems. The
hypothesis in the present study was that rats exposed to alcohol vapor to the point of
dependence would present a different pattern or amount of 50 kHz USVs compared with
nondependent rats. The objective of the present study was to compare 50 kHz USVs emitted
during the anticipation of alcohol self-administration in dependent and nondependent rats.

2. Materials and methods

2.1. Animals

A total of 107 adult male Wistar rats, weighing 250-400 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 light:12-h dark cycle (lights on at 8:00
p.m.). Food and water were provided ad /ibitum in the home cages except during behavioral
testing. All of the behavioral tests were conducted during the dark cycle between 1:00 and
6:00 p.m. 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.

2.2. Operant self-administration

Self-administration sessions were conducted in standard operant conditioning chambers
(Med Associates, St. Albans, VT) as previously reported [23]. First, the rats were given free-
choice access to alcohol (10%, w/v) and water for 1 day in their home cages to habituate
them to the taste of alcohol. Second, the rats were subjected to an overnight session in the
operant chambers with access to one lever (right lever) that delivered water. Food was
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available ad /ibitum in the operant chambers during this training. Third, after 1 day off, the
rats were subjected to one 2 h session and one 1 h session the next day, with one lever that
delivered alcohol (right lever).All of the subsequent baseline and test sessions lasted 30 min,
and two levers were available (left lever: water; right lever: alcohol). All of the operant
sessions were conducted under a fixed-ratio 1 schedule of reinforcement, in which every
lever press resulted in fluid delivery (0.1 ml). Once stable levels of baseline intake were
reached, the rats were split into two groups: vapor-exposed (dependent) and air-exposed
(nondependent).

2.3. Alcohol vapor chambers

The rats were made dependent by chronic, intermittent exposure to alcohol vapor as
previously described [23]. They underwent cycles of 14 h on (blood alcohol levels during
vapor exposure ranged between 150 and 250 mg%) and 10 h off, during which behavioral
testing for acute withdrawal occurred (i.e., 6-8 h after vapor was turned off, when brain and
blood alcohol levels were negligible; [25]). Nondependent rats were not exposed to alcohol
vapor but were tested for alcohol self-administration together with the dependent rats.

2.4. Ultrasonic vocalization recording and analysis

Condenser microphones (CM16/CMPA, 10-200 kHz frequency range, Avisoft Bioacoustics,
Berlin, Germany) were coupled to an Ultra Sound Gate 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. VVocalizations were
categorized as trill, other FM, or flat using criteria described in Buck et al. [9]. Here, trill
calls included the “trill FM”and “step-trill FM” categories. Other FM calls included “other
FM” and “step FM.” Flat calls included the “flat” category from Buck et al.[9]. Microphones
were placed inside the sound-attenuating cubicle and outside a grate in the wall of the
operant chamber. Upon placing the rats in the operant chambers with the levers retracted,
anticipatory 50 kHz USVs were recorded for 2 or 3 min. The operant alcohol self-
administration session then began, and USV recording stopped. Each rat was always tested
in the same operant chamber.

2.5. Inclusion criteria

Five different cohorts of rats were used, but no cohort effects were detected. Rats that
emitted fewer than 15 USVs in every session were excluded (two dependent rats and three
nondependent rats). One rat with high vocalizations at baseline (>300 calls in 2 min) was
excluded. Additionally, rats that had an average of <10 alcohol reinforcers in sessions 4-6
were excluded (three dependent rats and four nondependent rats). Following these criteria, a
total of 13 rats were excluded, and the total number was 94.
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2.6. Novelty-induced USVs

A separate group of rats (7= 15) was trained to self-administer alcohol (see Section 2.2
above) and made dependent on alcohol (see Section 2.3 above). Alcohol anticipatory USVs
were recorded as described above (Section 2.4). To test novelty-induced USVs, the rats were
individually placed in clean housing cages with fresh bed-ding and wire lids. The
microphones were placed 10 cm above the lids, and USVs were recorded for 3 min. The test
was performed in a dark room.

2.7. Statistical analyses

3. Results

The data are expressed as the mean and standard error of the mean (SEM). Prior to the
analysis, the dependent variables were tested for normality using Shapiro-Wilk’s W/-test.
Ultra-sonic vocalization counts were square-root transformed to achieve normality.
Ultrasonic vocalization counts were analyzed using two-way repeated-measures analysis of
variance (ANOVA), followed by the Fisher Least Significant Difference post hoc test when
appropriate. Student’s #test was used for group comparisons. Pearson’s test was used for
correlation analysis. For USV call subtypes, the proportions of total calls were analyzed
using two-way repeated-measures ANOVA. The statistical analyses were performed using
Statistica 10 (StatSoft) and Prism 5 (GraphPad) software. For all of the tests, two-tailed
values of p< 0.05 were considered statistically significant.

Fig. 1 shows the results of alcohol self-administration and anticipatory 50 kHz USVs in
alcohol-dependent and -nondependent rats. At baseline (i.e., before the induction of alcohol
dependence), the two groups of rats displayed similar levels of alcohol intake (7= 0.92, p=
0.36). During alcohol vapor exposure, dependent rats increased their alcohol intake
compared with non-dependent rats (group effect: / 77 = 4.16, p < 0.001; Fig. 1A). For
alcohol intake in g/kg/30 min (sessions 4-6), dependent rats had higher alcohol intake (1.2 +
0.1 g/kg/30 min) compared with non-dependent rats (0.6 £ 0.04 g/kg/30 min; group effect:
F1 77 =53.42, p<0.001; post hoc comparisons: p < 0.01). Dependent and non-dependent
rats’ baseline anticipatory 50 kHz USVs were not significantly different (7 = 1.15, p=
0.22). The group x session repeated-measures ANOVA revealed a significant group x
session interaction (£ 3g5 = 2.37, p < 0.05). Post hoc comparisons indicated that dependent
rats displayed increased anticipatory USVs compared with nondependent rats in session 4
only (Fig. 1B).

Fig. 2A and B shows the relationship between anticipatory USVs (averaged over sessions 4—
6) and alcohol intake (averaged over sessions 4-6) in dependent and nondependent rats.
Anticipatory USVs were positively correlated with alcohol intake independent rats (r= 0.39,
p<0.05; Fig. 2A) but not in nondependent rats (= 0.09, p = 0.59; Fig. 2B). To further
explore these results, the dependent and nondependent groups were split into high and low
alcohol intake subgroups based on the median values of alcohol lever presses (averaged over
sessions 4-6). Anticipatory USVs for the high and low alcohol intake subgroups are shown
in Fig. 2C (dependent rats) and Fig. 2D (nondependent rats). In dependent rats, the repeated-
measures ANOVA indicated that rats with high alcohol intake emitted significantly more 50
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kHz USVs than rats with low alcohol intake (overall subgroup effect: £ 33 = 6.70, p< 0.05;
Fig. 2C). For alcohol intake in g/kg/30 min in dependent rats, the high-intake subgroup had
higher intake (1.5 £ 0.07 g/kg/30 min) than the low-intake sub-group (0.9 + 0.06 g/kg/30
min; group effect: F 35 = 52.39, p < 0.001;post hoc comparisons: p< 0.01). In
nondependent rats, the ANOVA revealed no significant differences in anticipatory USVs
between the high- and low-intake subgroups (Fig. 2D). For alcohol intake in g/kg/30 min in
nondependent rats, the high-intake subgroup had higher intake (0.8 £ 0.04 g/kg/30 min) than
the low-intake sub-group (0.4 £ 0.03 g/kg/30 min; group effect: £ 35 = 50.32 p < 0.001;post
hoc comparisons: p < 0.01).

Table 1 shows the mean proportions of trill, other FM, and flat calls during baseline and
session 6. The repeated-measures ANOVA did not reveal significant differences in trill and
other FM call types between dependent and nondependent rats or between baseline and
session 6. Flat calls accounted for an average of less than 5% of calls; therefore, this call
subtype was not statistically analyzed.

A separate group of dependent rats was split into subgroups of high (7= 8) and low (n=7)
anticipatory 50 kHz USVs based on the median value of anticipatory 50 kHz USVs for
alcohol self administration. The subgroup with high anticipatory USVs had significantly
more anticipatory USVs than the low subgroup (43 = 5.60, p< 0.001;Fig. 3A), but these
subgroups did not significantly differ in the number of 50 kHz USVs emitted in a novel
environment (43 = 1.06, p= 0.31; Fig. 3B). Furthermore, in this group of dependent rats, no
significant correlation was found between alcohol anticipatory USVs and novel
environment-induced USVs (r=0.38, p=0.16; Fig. 3C).

4. Discussion

In the present study, we report that alcohol-dependent and-nondependent rats emitted similar
levels of 50 kHz USVs in anticipation of alcohol self-administration, despite showing
differences in alcohol intake. However, dependent rats displayed a positive correlation
between anticipatory 50 kHz USVs and alcohol intake, whereas no relationship was
observed in nondependent rats. More-over, in dependent rats but not nondependent rats,
those that displayed high levels of alcohol intake also displayed an increase in the number of
anticipatory 50 kHz USVs compared with rats that displayed low alcohol intake. Baseline
alcohol anticipatory 50 kHz USVs (i.e., before dependence induction) did not correlate with
sub-sequent alcohol intake in either dependent or nondependent rats(data not shown).
Finally, dependent rats that showed high 50 kHz USVs in anticipation of alcohol showed no
difference in 50 kHz USV emission in a novel environment compared with rats that showed
low 50 kHz USVs.

Alcohol anticipatory 50 kHz USVs did not substantially differ between dependent and
nondependent rats, suggesting that anticipatory 50 kHz USVs are not a general marker of
alcohol dependence. However, anticipatory 50 kHz USVs were positively and significantly
correlated with alcohol intake in dependent rats but not nondependent rats. This finding
indicates that anticipatory 50 kHz USVs may be qualitatively different for these two groups.
Consistent with this hypothesis, in dependent rats but not nondependent rats, we observed
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that a subset of rats that displayed high alcoholin take also had higher levels of anticipatory
50 kHz USVs compared with low-alcohol-intake rats. Previous studies have reported an
increase in 50 kHz USVs in response to cues paired with appetitive stimuli, such as food
[8,9], copulation [10,11], and cocaine [11,12]. Rats that had extinguished methamphetamine
self-administration and then given a methamphetamine priming injection or exposed to
drug-paired cues robustly emitted 50 kHz USVs and rein-stated drug-seeking behavior [12].
If these cue-induced USVs are thought to reflect an increased appetitive or motivational
state, it may suggest that a subgroup of alcohol-dependent rats (i.e., the high drinkers) in the
present study demonstrated an increase in motivational salience (i.e., an increase in alcohol-
seeking behavior/craving/incentive salience), reflected by higher anticipatory50 kHz USVs.

Other studies have also observed individual differences in anticipatory 50 kHz USVs [26—
28]. High- and low-50 kHz USV groups were separated based on rats’ initial USV response
to amphetamine. Compared with low-USV rats, high-USV rats showed increased
amphetamine-anticipatory 50 kHz USVs along with increased conditioned place preference
for amphetamine-paired stimuli [26,28]. Unlike amphetamine, acute alcohol does not
potently elicit 50 kHz USVs in rats [29,30]. In the current study, however, a dependence-
induced increase in alcohol intake was associated with higher anticipatory USVs, indicating
that USVs may be a general marker of interindividual differences in motivational states.

Paulus et al. [31] suggested that interoception (i.e., the conscious awareness of internal
states) under specific conditions (e.g., with-drawal) may be a strong component associated
with subsequent drug intake. Thus, the situation of anticipation for alcohol drinking may
trigger interoceptive states that serve as cues for both eliciting USVs and favoring a learning
process, in which dependent rats associate an environment/situation with subsequent
alcohol-induced stress relief [32]. Interestingly, rats bred for high 50 kHz USVs have shown
enhanced associative learning of negative con-textual conditioning [33].

Most of the anticipatory 50 kHz USVs observed herein were trill or other FM calls. These
call types, especially trills, have been hypothesized to indicate a positive affective state [34].
Others have hypothesized that 50 kHz USVs indicate incentive salience, which may not
necessarily be related to a positive affective state [35].Because alcohol vapor-exposed rats
display several signs of negative affective-like states during withdrawal [13], we speculate
that the observed 50 kHz USVs in dependent rats were indicative of negative reinforcement-
related incentive salience. However, we cannot exclude the possibility of positive affective
states in anticipation of alcohol.

We found that dependent rats that differed in the levels of anticipatory 50 kHz USVs for
alcohol self-administration did not differ in 50 kHz USVs emitted in a novel environment.
This indicates that the increase in USVs emitted in the self-administration chambers is not
attributable to a general increase in the emission of 50 kHz USVs and is consistent with a
previous study [36] that reported that rats displayed different patterns of USVs in different
environmental settings.

Similar to most neuropsychiatric disorders, alcohol dependence is a heterogeneous condition
determined by the interaction between environmental factors and multiple genes. Moss et al.
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[37] used nationally representative epidemiological data from the United States and
statistically determined that alcohol dependence can be divided into five clinically distinct
categories. Earlier, Cloninger [38] classified alcoholics into Type 1 and Type 2 based of
drinking and personality types. Other classification schemes also exist (for review, see [39]).
Despite this knowledge of the het-erogeneity of alcohol dependence, few studies have
attempted to identify the neurobiological and/or behavioral bases of different subtypes in the
context of alcohol dependence. In the present study, the finding that increased anticipatory
50 kHz USVs are associated with increased alcohol intake in alcohol dependence suggests
that these two behaviors may share a similar neurobiological basis and that anticipatory
USVs may be an potential marker for a specific subgroup of alcohol-dependent rats.

In conclusion, increases in 50 kHz USVs in anticipation of alcohol self-administration are
associated with the escalation of alcoholin take during alcohol dependence. More
specifically, anticipatory50 kHz USVs may be an indicator of context-elicited negative
reinforcement learning. These findings provide evidence that alcohol dependence comprises
a behaviorally heterogeneous group of rats and suggest that anticipatory 50 kHz USVs and
high alcohol intake share some biological mechanisms. The study of 50 kHz USVs can help
identify a subgroup of alcohol-dependent rats that may better model excessive alcohol
drinking in the human condition and elucidate the biological mechanisms that are involved
in both emotional reactivity and alcoholism subtypes.
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Fig. 1.
Escalation of alcohol self-administration but not anticipatory 50 kHz ultra-sonic

vocalizations (USVSs) in dependent rats compared with nondependent rats.(A) Mean £ SEM
number of lever presses for alcohol in dependent and nondependent rats and (B) 50 kHz
USVs emitted by rats during 2 min prior to alcohol self-administration. *p < 0.05, difference
between dependent and nondependent rats. /7= 39-40 per group.
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Anticipatory 50 kHz ultrasonic vocalizations (USVs) are positively associated with alcohol
intake in dependent rats but not nondependent rats. The number of anticipatory 50 kHz
USVs (averaged over sessions 4—6) was positively correlated with the number of lever
presses for alcohol (averaged over sessions 4-6) in dependent rats(A) but not in
nondependent rats (B). 7= 39-40 per group. (C and D) Mean = SEM number of 50 kHz
USVs emitted during 2 min immediately before the self-administration sessions in the high
and low alcohol self-administration subgroups (based on a median split of average alcohol
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intake during sessions 4-6) in dependent rats (C) and nondependent rats (D). *p < 0.05,
compared with low alcohol intake rats. 7= 19-20 per subgroup.
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Alcohol anticipatory 50 kHz ultrasonic vocalizations (USVs) are not associated novel
environment-induced 50 kHz USVs in dependent rats. The mean + SEM number of
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anticipatory 50 kHz USVs is shown. Dependent rats were split into high and low alcohol
anticipatory USV groups based on a median split. (A) Mean + SEM number of alcohol
anticipation USVs emitted during 3 min immediately before the self-administration sessions

in the high and low anticipatory 50 kHz USV sub-groups (based on a median split of

anticipatory USVs). n= 7-8 per subgroup. (B) Mean + SEM number of novel environment-
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induced USVs emitted during 3 min in the high and low anticipatory 50 kHz USV
subgroups. 7= 7-8 per subgroup. (C) Correlation between alcohol anticipatory USVs
(square-root-transformed) and novel environment-induced USVs (square-root-transformed).
*p < 0.05, compared with low anticipatory USV rats. 7= 15.

Behav Brain Res. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuely Joyny vd-HIN

Buck et al.

Table 1

Page 16

Proportions (mean + SEM) of anticipatory 50 kHz call types displayed by dependent and nondependent rats
during baseline and session 6.

Group Session 50 kHz call types
Trill Other FM  Flat
Dependent Baseline  0.22+0.03 0.75+0.03 0.03+0.01
Session6 0.22+0.03 0.74+0.03 0.03+0.01
Nondependent  Baseline  0.29+0.03 0.70+£0.03 0.01+0.00
Session6 0.22+0.03 0.75+0.03 0.03+0.01
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