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Abstract

Rats emit ultrasonic vocalizations (USVS5s) in a variety of contexts, and it is increasingly clear that
USVs reflect more complex information than mere positive and negative affect states. We sought
to examine USVs in a common model of addiction and relapse, the self-administration/
reinstatement paradigm, in order to gain insight into subjective states experienced by rats during
various types of methamphetamine seeking. We measured three subtypes of “50kHz” USVs [flats,
trills, and non-trill frequency modulated USVs (FMs)], as well as long and short duration “22kHz”
USVs, during self-administration and extinction training, and during reinstatement elicited by
cues, a methamphetamine prime, cues + prime, or the pharmacological stressor yohimbine. During
self-administration and extinction, rats emitted many flats and FMs, (and short duration “22kHz”
USVs on day 1 of self-administration), but few trills. In contrast, methamphetamine priming
injections potently enhanced FMs and trills, and trill production was correlated with the degree of
methamphetamine + cue-elicited reinstatement. Cues alone yielded increases only in flat USVs
during reinstatement, though a subset of rats displaying strong cue-induced reinstatement also
emitted long duration, aversion-related “22kHz” USVs. Although yohimbine administration
caused reinstatement, it did not induce “22kHz” USVs in methamphetamine-experienced or
methamphetamine-naive rats (unlike footshock stress, which did induce long duration “22kHz”
USVs). These findings demonstrate heterogeneity of rat USVs emitted during different types of
methamphetamine seeking, and highlight their potential usefulness for gaining insight into the
subjective states of rats in rodent models of drug addiction and relapse.
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1. Introduction

In clinical studies, subjects can be queried about the subjective effects of drugs, as well as
the affective states and craving they experience during situations that cause relapse to drug
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use, such as exposure to drug-associated cues, stressors, or “priming” doses of the drug itself
[1-3]. In contrast, an inherent limitation of animal models of addiction has been the lack of
similar indices of subjective drug effects and drug seeking states.

Behavioral neuroscientists using animal models have access to a wide range of tasks
modeling addictive behavior and relapse. One prominent model is the self-administration/
reinstatement paradigm. As in humans, drug cues, stressors, and drug primes cause
reinstatement of drug seeking in rats [4—6], and therefore can be used to examine a key
aspect of addiction—its chronic relapsing nature. However, considerable ambiguity exists
regarding the subjective states experienced during drug seeking and relapse, especially in
animals. In humans, exposure to drug cues in the absence of drug availability causes both
pleasurable, drug-like effects [7-10], as well as subjective distress and negative affect [11-
17]. In contrast, the affective states experienced by rodent subjects remain unclear. This
issue is of considerable theoretical importance for understanding the psychological
substrates of relapse, given that some have emphasized the role of negative affect as a
relapse risk [18, 19], while others have instead emphasized the incentive motivational
properties of drug cues, which need not entail stress-like states [20-24].

Measurement of spontaneously emitted ultrasonic vocalizations (USVs) could offer an
opportunity to examine the subjective states of rats in addiction paradigms. Adult rats emit
USVs in many situations, which have traditionally been grouped into two main categories—
“50kHz” (usually associated with positive affective or motivational states), and “22kHz”
(usually associated with negative affective states)[25-30].

However, mounting evidence suggests that USVs are much more than simple appetitive and
aversive signals, but are in fact complex affective and communicative signals that can reflect
motivation, anticipation, aggression, social communication, aspects of sexual behavior,
aversion, pain, drug withdrawal, and many other states [27, 30-35]. “50kHz” vocalizations
occur in at least 14 different subtypes [33], though differences between the functions of most
of these are unknown. However, there is evidence that “50kHz” USVs varying little in
frequency over time (flats), and those characterized by frequency modulation over time
(either with or without a rapidly oscillating “trill” pattern) are differentially produced based
upon behavioral context and due to experimental manipulations. For example,
administration of psychostimulant drugs preferentially elicits trills and other non-trill
frequency-modulated vocalizations (FMs), production of which sensitize with repeated drug
administration [33, 36—39], and they have been proposed to reflect positive affective states
[27, 28]. FMs and trills are also emitted preferentially in “sign tracking” animals during a
cocaine conditioned place preference task, and therefore may reflect incentive salience of
rewards and their cues [40]. In addition, “22kHz” USVs are emitted in both long and short
durations, which may reflect stronger vs. weaker aversion, respectively [32, 41, 42].

While there has been some limited exploration of rodent USVs emitted during cocaine self-
administration [41, 43-45] and reinstatement/relapse [43], no studies to date have examined
USVs during methamphetamine taking or seeking, or differences between production of
USV subtypes in these tasks. As such, we sought to examine the affective states of rats as
measured with spontaneously emitted USVs during methamphetamine self-administration,
extinction, and different types of reinstatement.

2. Material and Methods

2.1 Subjects

Male Long-Evans rats (n=15, initial weight 250-300g, Charles River Laboratories, Raleigh,
NC, USA) were individually housed upon arrival from the vendor in a temperature- and
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humidity-controlled vivarium on a reverse 12hr light-dark cycle (lights off at 06:00). All
experimental procedures occurred between 07:00 and 16:00. In the home cage, rats had
access to water ad /ibitum and were maintained on a controlled diet (20-25g/day) of
standard rat chow (Harlan, Indianapolis, IN, USA) for the duration of each experiment. All
experimental procedures were approved by the Institutional Animal Care and Use
Committee of the Medical University of South Carolina and conformed to Federal
guidelines as described in the “Guide for the Care and Use of Laboratory Rats” of the
Institute of Laboratory Animal Resources on Life Sciences, National Research Council.

Methamphetamine hydrochloride (Sigma Chemical, St. Louis, MO, USA) was used for self-
administration and primed reinstatement procedures. Drugs used for anesthesia in rats that
underwent self-administration and reinstatement procedures were ketamine (Vedco Inc, St.
Joseph, MO, USA), xylazine (Lloyd Laboratories, Shenandoah, 1A, USA), Equithesin
(sodium pentobarbital 4mg/kg, chloral hydrate 17mg/kg, 21.3mg/kg magnesium sulfate
heptahydrate dissolved in 44% propylene glycol, 10% ethanol solution), and ketorolac
(Sigma Chemical, St. Louis, MO, USA). After each self-administration session, catheters
were flushed with cefazolin (Schein Pharmaceuticals, Florham Park, NJ, USA) and heparin
(Elkins-Sinn, Cherry Hill, NJ, USA). Catheter patency was verified with methohexital
sodium as needed (Eli Lilly, Indianapolis, IN, USA). Yohimbine hydrochloride (Sigma
Chemical, St. Louis, MO, USA) was used for stress-induced reinstatement.

Animals were anesthetized with IP injections of ketamine (66mg/kg), xylazine (1.3mg/kg),
and equithesin (0.5ml/kg). Ketorolac (2.0mg/kg, IP) was given immediately prior to surgery
as an analgesic. Chronic indwelling catheters were constructed as described previously [46].
The end of the catheter was inserted into the right jugular vein and was secured to
surrounding tissue with sutures. The catheter ran subcutaneously and exited on the rat’s
back, posterior to the shoulder blades. An antibiotic solution of cefazolin (10mg/0.1ml) was
given post-surgery and during recovery along with 0.1ml of 70U/ml heparinized saline.
During self-administration, rats received an 1V infusion (0.1ml) of 10U/ml heparinized
saline before each session. After each session, catheters were flushed with cefazolin and
heparinized saline. As necessary, catheter patency was verified with methohexital sodium
(10mg/ml dissolved in 0.9% physiological saline), a short-acting barbiturate that produces a
rapid loss of muscle tone when administered intravenously. No rats were excluded for loss
of catheter patency. Methohexital sodium was administered 0-1 times/rat following self-
administration sessions (i.e. 22hrs prior to the next session) on rare occasions if
methamphetamine intake appeared low.

2.4 Behavioral Training and Testing Procedures

Rats lever pressed for methamphetamine in standard Plexiglas self-administration chambers
that were individually enclosed in a melamine sound-attenuating chamber with a ventilation
fan (Med-Associates Inc., St. Albans, VT, USA), linked to a computerized data collection
program (MED-PC, Med Associates). The chambers were equipped with two levers, a white
stimulus light above each lever, a tone generator, and a white house light.

Following three 2hr acclimation sessions in which animals were exposed to the operant
conditioning chamber (only the house light was illuminated), rats self-administered
methamphetamine (20p.g/infusion, dissolved in sterile 0.9% physiological saline) during
daily 2hr sessions on a FR1 schedule of reinforcement. At the start of each session, the
catheter was connected to a liquid swivel (Instech, Plymouth Meeting, PA, USA) via
polyethylene 50 tubing (0.023* ID x 0.05” OD) encased in steel spring leashes (Plastics One
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Inc., Roanoke, VA, USA). A house light signaled the initiation of the session and remained
illuminated throughout it. Presses on the active lever resulted in a 2sec activation of the
infusion pump (50l bolus) and a 5sec presentation of a stimulus complex (white stimulus
light above the active lever and activation of the tone generator; 4.5kHz, 78dB). After each
infusion, responses on the active lever were recorded and included in analyses, but had no
consequences during a 20sec timeout period. Inactive lever responses were also recorded,
but had no consequences. All self-administration sessions were conducted 6 days/week to
criterion (15 sessions =10 infusions per session) for a total period of 15-21 days. Following
chronic self-administration, and before the first reinstatement test, animals underwent seven
or more daily 2hr extinction sessions [mean £ SEM = 7.71+0.21; range= 7-9 days]. During
extinction sessions, responses on both levers were recorded, but had no consequences (no
cues or methamphetamine were delivered).

Once active lever responding extinguished to criteria (minimum of seven extinction sessions
with <25 active lever responses for two consecutive days), all animals underwent four 2hr
reinstatement tests. Prior to methamphetamine and methamphetamine + cue reinstatement
tests, animals received an injection of methamphetamine hydrochloride (1mg/kg dissolved
in 0.9% physiological saline, IP, immediately prior to testing). Prior to the yohimbine
reinstatement test, animals received an injection of yohimbine hydrochloride (2.5mg/kg
dissolved in water, IP, 30min prior to testing), a dose that has been shown to be sufficient to
reinstate drug-seeking for various drugs including methamphetamine [47-53], and to
produce physiological indicators of stress in rats (e.g., increases in plasma corticosterone,
arterial blood pressure, and heart rate)[53, 54]. During reinstatement testing, responses on
the active lever either resulted in a 5sec presentation of the previously methamphetamine-
paired light + tone cues in the absence of response-contingent methamphetamine infusions
(“cue” and “methamphetamine + cue” reinstatement tests) or no programmed consequences
(“yohimbine” and “methamphetamine” reinstatement tests). Reinstatement tests were
conducted in randomized order with no animals receiving all four tests in the same order,
and extinction sessions were given between each reinstatement test until animals returned to
criterion (<25 active lever responses per session for two consecutive days; m + SEM
extinction days after each reinstatement test=2.87+0.34).

2.5 Yohimbine in Methamphetamine Naive Rats

To examine whether the pharmacological stressor yohimbine would induce “22kHz” USVs
outside the context of reinstatement, a group of methamphetamine naive, male Long-Evans
(n=4) rats were acclimated to operant chambers for two, 1hr sessions. On a subsequent day,
rats were injected with yohimbine (2.5mg/kg, IP), 30min prior to a 30min test period, during
which USVs were recorded. During acclimation and test sessions, only the house light was
illuminated in the operant chamber (i.e., no levers were extended).

2.6 Footshock Stress in Methamphetamine Naive Rats

To examine whether exposure to footshock would induce “22kHz” USVs outside a
reinstatement context, a drug-naive group of male Long-Evans rats (n=3) were acclimated to
operant chambers during daily 2hr sessions. During acclimation and test sessions, only the
house light was illuminated in the operant chamber (i.e., no levers were extended). After
five acclimation sessions, the animals underwent a single footshock exposure test. The first
15min of this test was the same as acclimation sessions, followed by 15min of intermittent
footshock exposure (V1-40 sec schedule of delivery, 0.5mA intensity, 0.5sec duration).
USVs were recorded and analyzed for the 15min of intermittent shock administration.
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2.7 USV Recording

All USV recordings occurred in the Med-Associates chambers described above. Condenser
ultrasound microphones (frequency range: 10-200kHz; CM16/CMPA, Avisoft Bioacoustics,
Berlin, Germany) were positioned outside chambers behind a mesh screen, between the
response levers at approximately head-level of the rat (~7cm above the chamber floor).
Recordings were made on an UltraSoundGate 416H data acquisition device (Avisoft
Bioacoustics; sampling rate 250kHz; 16-bit resolution).

Analysis of USVs was performed using Avisoft SASLab Pro (version 4.2, Avisoft
Bioacoustics). Spectrograms were generated with a fast Fourier transform length of 512
points and an overlap of 75% (FlatTop window, 100% frame size). Spectrograms had a
frequency resolution of 490Hz and a time resolution of 0.5ms [33, 37]. USVs recorded
during the first 30min of each self-administration, extinction, and reinstatement session were
quantified and analyzed. Since the vast majority of USVs are produced in the early part of
each 2hr session [observed in a previous report measuring USVs during reinstatement [43],
in other paradigms [55, 56], and here], we only analyzed USVs in the first 30min of each
test period.

2.8 USV Classification

Observers blind to experimental conditions were trained to classify USVs into 5 categories,
modified from Wright et al [33] and Barker et al [41] (Figure 1). “Flat” USVs were defined
as those with mean frequencies between 30-90kHz, which lasted at least 10ms, and which
had a mean slope between —0.2 and 0.2kHz/ms **flat” and “short” from [33]]. Trill and non-
trill frequency modulated USVs were at least 10ms, and had 210ms components with mean
slopes of >0.2kHz/ms, or <—0.2kHz/ms. “Trills” were defined as frequency modulated
USVs between 30-90kHz which contained rapid frequency modulation in a ~15ms
“inverted U” shaped pattern, emitted in an oscillatory pattern [at least 2 cycles; “trill,” flat-
trill combination,” “trill with jumps,” and “composite” categories from [33]]. Non-trill
frequency modulated USVs (FMs) were defined as those frequency modulated USVs which
did not contain characteristics of trills (“complex,” “upward/downward ramp,” “split,” “step
up/down,” “multi-step,” and “inverted-U” from [33]). “22kHz” USVs were characterized as
being either long “22kHz” or short “22kHz” based upon their duration and mean frequency.
All “22kHz” USVs had mean frequencies between 18-30kHz. Short “22kHz” USVs were
defined as those within this range with durations between 10-300ms. Long “22kHz” USVs
were those with durations more than 300ms. Figure 1 shows examples of each of these USV
subtypes.

” LI

2.9 Analysis and Statistics

Repeated measures ANOVAs and paired sample t-tests were used to examine
methamphetamine seeking (active lever pressing) during self-administration, extinction, and
reinstatement sessions. To examine differences in the production of subtypes of high
frequency USVs within a behavioral test (e.g., cue-induced reinstatement), repeated
measures ANOVAs with Bonferroni corrected posthoc tests were used on the total numbers
of each USV subtype emitted. The same analyses were conducted to compare emission of
long vs. short “22kHz” USVs during each session. To compare differences in the emission
of each USV subtype (flat, FM, trill, long “22kHz,” short “22kHz”) during different
behavioral tests (e.g. extinction vs. cue-induced reinstatement), one-way ANOVAs with
Fisher’s least significant difference posthoc tests were employed, and Greenhouse-Geisser
corrections were employed to account for violations in normality assumptions of ANOVAs
(Levine’s test for variance homogeneity) if necessary. A between subjects analysis was used
here to accommodate some USV data lost due to hardware malfunction, as missing data
points precludes use of within-subjects analyses. One animal’s data was lost on days 1 & 15
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of self-administration, 4 were lost on day 1 of extinction, 2 on day 7 of extinction, 3 on cue
reinstatement, 3 on methamphetamine reinstatement, 2 on yohimbine reinstatement, and 4
on cue + methamphetamine reinstatement. One-way ANOVAs were also used to examine
the proportion of all USVs emitted by each rat on a given session that belonged to each
subtype (Figure 3D). To quantify this measure, the total number of USVs emitted by each
rat on each test was calculated, and the percentage of this total consisting of flats, FMS, etc.
was computed for each rat. To examine correlations between lever pressing and USV
production, Pearson r correlations were employed.

3.1 Self-Administration, Extinction, and Reinstatement

Animals readily acquired methamphetamine self-administration, with increases in active
lever pressing from day 1 [35.0+6.4] to day 15 [73.9+12.4; t14=3.42, p<0.01; Figure 2].
Methamphetamine intake also increased from day 1 [1.31+0.21mg/kg; ] to day 15 of self-
administration [2.46+0.13; t14=7.24, p<0.001]. Animals took 1-18 methamphetamine
infusions in the first 30 min of self-administration day 1 [8.33+1.35], and a total of 10-60
infusions over the whole 2hr session (m=27.40+3/29). On day 15 of self-administration,
animals took 32-167 infusions over the 2hr session (m=51.60+8.83). Over the course of
subsequent extinction trials, methamphetamine seeking dramatically declined, from
46.2+10.6 lever presses/day on day 1 of extinction, to 8.8+1.5 by the last day of extinction
[t14=3.74, p<0.01; days to criterion 7.71+0.21; Figure 2]. Compared to prior extinction
responding, cues, methamphetamine prime, methamphetamine + cue, and yohimbine all
significantly reinstated methamphetamine seeking (repeated measures ANOVA: F4 56=61.9,
p<0.001; pressing on last day of extinction vs. cue reinstatement: t;4=4.49, p=0.001; vs.
methamphetamine prime: t14=5.03, p<0.001; vs. methamphetamine + cues: t14=8.83,
p<0.001; vs. yohimbine: t;4=4.45, p=0.001; Figure 2). Methamphetamine + cues elicited the
most methamphetamine seeking, with greater reinstatement than methamphetamine alone
(t14=5.41, p<0.001), cues alone (t14=6.74, p<0.001), or yohimbine (t1,=7.08, p<0.001).
Methamphetamine alone also elicited more drug seeking than yohimbine (t14=3.17, p<0.01),
while cue-induced and yohimbine-induced reinstatement caused statistically equivalent
levels of reinstatement.

3.2 “50kHz” USVs During Self-Administration and Extinction

On day 1 of self-administration, animals emitted comparable numbers of flat and FM
vocalizations, with few trills (repeated measures ANOVA: F; 56=7.40, p<0.01; FMs vs trills:
t13=3.37, p=0.01; flats vs. trills: t3=4.06, p=0.001; Figure 3A). By the 15th day of self-
administration, a similar pattern of USV production was still observed, with more flats and
FMs than trills (repeated measures ANOVA: F; 26=5.96, p<0.01). However, over the course
of self-administration, the number of flats emitted decreased (one-way ANOVA on flats,
day 1 vs day 15: F1 26=5.84, p<0.05), while FM and trill production was statistically
comparable (Fs<1.4; Figure 3A).

Surprisingly, removing response contingent methamphetamine infusions and cues during
extinction had few effects on emission of USVs when compared to prior self-administration
tests (Figure 3A). Relative to the last day of self-administration, the number of flats, FMs, or
trills emitted was unchanged on the first day of extinction (Fs<2.70, n.s.; Figure 3A), though
the proportion of all USVs which were flat did increase across these days (F1 23=5.32,
p<0.05; Figure 3E). Further extinction training also failed to change USV production, with
no differences in the total numbers, or proportion of any subtype of “50kHz” USV produced
between days 1 and 7 of extinction (Fs<0.50, 7.5.).
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3.3 “50kHz” USVs During Reinstatement

USVs observed during reinstatement tests varied based both upon the type of reinstatement,
and the subtype of USV (Figure 3C). During cue-induced reinstatement, only flats were
significantly increased compared to the last day of extinction (Flats: Fy 23=5.13, p<0.05; FM
& trills: Fs<1.8, n.s.). For methamphetamine primed reinstatement, flats, FMs, and trills
were all increased from extinction levels (flats: F 23=7.29, p<0.05; FMs: F1 23=9.08,
p<0.01; trills: F1 »3=4.59, p<0.05), with greater proportions of FMs and trills, and a lower
proportion of flats than on extinction day 7 (FMs: F1 23=5.44, p<0.05; trills: F1 3=8.12,
p<0.01; flats: F1 23=11.54, p<0.01). For methamphetamine + cue reinstatement, all three
types of high frequency USVs were also increased from extinction levels (flats: Fq 2,=5.29,
p<0.05; FMs: F1 2,=7.67, p=0.01, trills: F1 »,=6.67, p<0.05), and the proportion of trills
increased (F1 22=9.36, p<0.01), while the proportion of flats decreased (F1 2p=7.39, p=0.01)
from late extinction. In addition, the number of trills emitted on this session was correlated
with the number of active lever presses, indicating that the animals with the most
methamphetamine + cue-induced drug seeking emitted the most trill USVs (Figure 3D). For
yohimbine-induced reinstatement, no type of high frequency USV was significantly
increased from extinction levels, although the number of flats and FMs emitted trended
toward increasing (flats: F1 1,=3.00, p=0.10; FMs: Fq 15=3.7, p=0.073; Trills: F1 1,=2.06,
n.s.). No other significant correlations between USV subtype production and
methamphetamine seeking behavior was observed on other reinstatement sessions.

The number of trills emitted significantly varied between reinstatement types (one-way
ANOVA on trills during each type of reinstatement: F3 44=2.78, p=0.05), with more trills
seen during the methamphetamine + cue session than after either cues alone (p=0.01) or
yohimbine (p<0.05), but not more than methamphetamine alone (p=0.19), suggesting a
specific potentiation of trills after methamphetamine priming injections. No significant
differences between the number of flats or FMs emitted in different reinstatement tests were
observed, though a trend to this effect was seen for FMs during methamphetamine prime,
and methamphetamine + cue reinstatement tests (flats: F3 44=0.80, 7.5.; FMs: F3 44=2.35,
p=0.086).

3.4 “22kHz” USVs During Self-Administration and Extinction

We observed a number of “22kHz” USVs during methamphetamine self-administration and
extinction (Figure 4C). Far more “22kHz” USVs were emitted on the first day of self-
administration than on the last day (main effect of day: F1 13=4.82, p<0.05), and the vast
majority of these were short “22kHz” USVs (first day: t13=2.91, p=0.01; last day: t;3=4.10,
p=0.001; Figure 3C). In fact, rats emitted more short “22kHz” USVs than trills on self-
administration day 1 (t13=2.49, p<0.05). On day 1 of self-administration, all rats emitted at
least one short “22kHz,” but only 1 rat emitted any long “22kHz” USVs, and by the last day
of self-administration, 71% of rats emitted at least one short “22kHz,” while none emitted
long “22kHz” USVs.

Like higher frequency USVs, the number of short “22kHz” USVs emitted did not change
from late self-administration to subsequent extinction training (no difference between last
day of self-administration vs. day 1 of extinction; F1 2p=0.60, 7.5.), though the proportion of
short “22kHz” USVs as a percentage of all USVs did decrease significantly between these
days (Figure 3E). “22kHz” USV production was not altered over the course of extinction (no
change from day 1 to day 7 of extinction; F1 ,=0.20, 7.5.). Long “22kHz” USVs were
totally absent on late self-administration and initial extinction sessions, but some animals
(23%) did begin emitting low numbers by the last day of extinction (trend toward increase
from extinction day 1 to day 7: Fq 2,=2.96, p=0.099).
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3.5 “22kHz” USVs During Reinstatement Testing

During most reinstatement tests, both long and short “22kHz” USVs were emitted at similar
levels to late extinction. The overall levels of long and short 22kHz USVs during
reinstatement were generally far lower than for “50kHz” USVs (Figure 3E). However, the
proportion of short “22kHz” USVs during methamphetamine primed reinstatement
decreased from extinction levels (F1 23=4.11, p=0.05; Figure 3E). In contrast, during cue-
induced reinstatement a trend toward increased numbers of long “22kHz” USVs was
observed (F1 23=2.95, p=0.099; Figure 3C), and ~40% of all long “22kHz” USVs observed
on any session were emitted during cue-induced reinstatement tests, with an additional
~25% on cue + methamphetamine tests (a total of ~65% of long “22kHz” USVs were
emitted on sessions in which cues were presented in the absence of methamphetamine;
Figure 4A). Interestingly, only 33% of animals emitted any long “22kHz” USVs during cue-
induced reinstatement, but these were the animals showing the greatest cue-induced
reinstatement (correlation between active lever presses and long “22kHz” USVs: r=0.60,
p<0.05; Figure 4C).

Though the pharmacological stressor yohimbine caused significant reinstatement of
methamphetamine seeking, it failed to increase production of either long or short “22kHz”
USVs (Fs<1.00, n.s.). Emission of long and short “22kHz” USVs after yohimbine was
statistically comparable to other reinstatement tests (Figure 3C), and consisted of less than
4% of all observed long, and 11% of all short “22kHz” USVs (Figures 4A&B). We also
verified that the lack of yohimbine-induced “22kHz” USVs was not due to prior
methamphetamine experience, because IP injections of yohimbine in drug-naive animals
failed to elicit significant numbers of either long or short “22kHz” USVs (t3=2.10, n.s.
Figure 4D). In contrast, intermittent footshock robustly elicited the production of long (not
short) “22kHz” USVs (Figure 4D), showing a clear contrast between USV production after
yohimbine vs. footshock stressors.

3.6 Characteristics of USVs During Reinstatement

We further sought to characterize subtypes of USVs based on their mean frequencies, as
well as their patterns of emission during the first 30 min of reinstatement tests. First, we
plotted each USV emitted by rats based on its mean frequency (Y axis) and time it was
emitted within each of the four reinstatement sessions (X axis; Figure 5A). We observed that
most USVs were emitted in the early part of each session (first 10-15 min), and that all
“50kHz” USV subtypes contained considerable variability in their mean frequencies. To
further quantify the range of frequencies at which USVs were emitted, we recorded the
mean frequency of each observed USV, and plotted a histogram reflecting the occurrences
of USVs emitted at each frequency (within 5kHz bins ranging from 18 to 100kHz; Figure
5B). No differences were observed in the frequencies at which USV subtypes were emitted
between different types of reinstatement, so sessions were combined for this analysis. We
observed that the modal frequency for flat and FM USVs was between 55 and 60kHz, but
that both of these USV types had considerable range outside these frequencies, between 30
and 85kHz. Trills had a somewhat higher modal frequency, between 60-65kHz, and ranging
between 35 and 85kHz. This finding replicates previous reports that “50kHz” USVs are not
always emitted at 50kHz, but instead have a substantial range, centered at between 55—
65kHz [26, 32, 55].

4. Discussion

The present data support the argument that ultrasonic vocalizations (USVs) may be useful
for exploring the subjective state of rats in models of addiction. We compared patterns of
methamphetamine seeking behavior to the production of several subcategories of “50kHz”
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USVs [flat, trill, and non-trill frequency modulated (FM)], as well as long or short duration
“22kHz” USVs. These USVs were expressed differentially in the behavioral situations
examined here: methamphetamine self-administration, extinction, and several types of
reinstatement of methamphetamine seeking. Reinstatement was primarily associated with
elevated numbers of high frequency USVs, and the different stimuli used to elicit
reinstatement behavior (methamphetamine prime, cues, methamphetamine + cues, or the
pharmacological stressor yohimbine) yielded distinct patterns of USV production. We also
found that aversion-related “22kHz” USVs were most commonly emitted during the first
experience of self-administering methamphetamine, and during cue-induced reinstatement in
a subset of rats particularly susceptible to reinstatement by cues. These data show that rodent
USVs can be a useful dependent variable in experiments measuring drug seeking behaviors,
potentially providing information about the subjective states of rats during drug seeking.

4.1 Patterns of High Frequency “50kHz” USV Production

Recent studies have shown that rat USVs are much more complex than simple reward and
aversion signals [26, 27, 31, 33, 55, 57, 58]. First, “50kHz” USVs are emitted in an
apparently stress-related manner during aggressive encounters, suggesting they may not
always convey purely positive affect [59-67]. Second, “50kHz” USVs are heterogeneous—
for example experimenter-administered psychostimulant drugs (including amphetamines,
cocaine, and caffeine) elicit not all types of USVs, but specifically those in frequency
modulated and/or trill patterns [33, 38]. In addition, repeated IV amphetamine results in
sensitization of trill production as well as locomotion, again suggesting that relatively high-
dose stimulants increase frequency modulated USVs in particular [36, 39], mediated at least
in part by norepinephrine and dopamine signaling [37, 68]. These findings suggest that
careful examination of USV production during a variety of behaviors can lend insight into
both the meanings of USVs, and the subjective experiences of rats.

Three previous reports have examined production of USVs during self-administration of
cocaine, with mixed results. Browning et al [43] reported an increase in “50kHz” USVs over
the course of acquisition of cocaine self-administration. In apparent contrast, Maier et al [45]
reported that “50kHz” USVs are elicited during initial cocaine self-administration, but that
these vocalizations decreased over the course of subsequent self-administration days. Both
of these studies also reported a decrease in high frequency USV production in subsequent
extinction sessions. A third study reported that high-dose self-administered cocaine elicited
primarily “50kHz” flat and frequency modulated USVs [41]. In contrast, when animals were
instead allowed to self-administer a lower cocaine dose (precluding attainment of preferred
blood cocaine levels), they instead primarily emitted USVs in the 18-33kHz range.

In the present experiment, we found that flat “50kHz” USVs declined from early to late
methamphetamine self-administration, but did not decrease further upon subsequent
extinction training. Trill and non-trill FMs were produced at consistent rates during self-
administration and extinction. Unlike previous studies measuring “50kHz” USVs during
cocaine self-administration and extinction, we did not observe significant changes in
“50kHz” USV production between methamphetamine self-administration and subsequent
extinction [43, 45]. These mixed results could reflect differences between cocaine and
methamphetamine, or differences between studies in self-administered drug dosages,
training schedules, rat strains, USV classification strategies, or other procedural factors.

Only one previous report examined USV production during reinstatement of drug seeking
[43]. There, cue-induced and cocaine-primed reinstatement of cocaine seeking yielded
increases in “50kHz” USVs, especially in the first 5 min of reinstatement sessions.
However, subtypes of “50kHz” USVs were not separately analyzed in this study, nor were
“22kHz” USVs. Here, we found increased production of flat “50kHz” USVs during cue,
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methamphetamine primed, and cue + methamphetamine prime reinstatement, as well as a
trend toward increased flats during yohimbine reinstatement (compared to late extinction
levels; Figure 3C). Non-trill FM USVs were increased by methamphetamine primed and cue
+ methamphetamine reinstatement, and a trend toward increased FMs was also seen during
yohimbine-induced reinstatement.

In contrast, trills were only increased from extinction levels during methamphetamine
primed and cue + methamphetamine primed reinstatement sessions. In addition, when
animals received a methamphetamine prime and also response-contingent cue presentations
(which elicited very high levels of reinstatement), trill production was also correlated with
methamphetamine seeking. However, methamphetamine did not always induce trill
production. Few trills were emitted when animals were allowed to self-administer multiple,
smaller dose infusions of methamphetamine. Instead, they primarily emitted flat and non-
trill FM USVs, as well as short-duration “22kHz” USVs during their initial self-
administration session. These results strongly support the notion that flat and frequency
modulated (especially trill) USVs are emitted in different behavioral contexts.

In particular, trills seem to be produced when animals are in very strong reward seeking
states [26, 40, 55], especially when stimuli such as levers and cues, or even play or sexual
partners, are imbued with high levels of incentive salience [27, 40, 62, 68, 69].
Alternatively, trills could reflect a similar subjective state to the “rush” experienced by
humans injecting high doses of stimulant drugs, which is likely to be related to the positive
affective states previously proposed to underlie frequency modulated USVs [27, 70].

In contrast, increased production of flat and non-trill FM “50kHz” USVs were produced in
similar patterns to one another during self-administration, extinction, and reinstatement.
Both were emitted at higher rates than trills during self-administration and extinction, their
emission rates did not change between self-administration and extinction, and emission of
both was increased in multiple reinstatement tests. Flat “50kHz” USVs have been
hypothesized to be less related to positive affect or strong motivated states than other USVs
[26, 27, 32, 55], and our data seem to support this idea. However, we also found that non-
trill FMs were emitted in broadly similar patterns to flat USVs during self-administration
and extinction, and to some extent also in reinstatement (see Figure 3). Since we combined
many different patterns of non-trill frequency modulation observed in a prior report [33] into
our “FM?” category, it is very possible that further parsing of different types of non-trill
frequency modulation will reveal further meaningful variation within these USVs in future
studies. In sum, the present findings strongly support the importance of examining subtypes
of “50kHz” USVs when examining the relationship of these vocalizations to appetitive
behaviors.

4.2 Low Frequency “22kHz" USVs

It has long been known that rats emit USVs in the ~18-30kHz range when exposed to
stressful or aversive situations [25, 26, 28-30, 63], and these low frequency USVs come in
at least two varieties—based not upon their fundamental frequency, but on their duration.
Canonical “alarm call” type USVs are typically quite long (at least 300ms), and are emitted
in situations including intermittent footshock (Figure 4D), drug withdrawal, and predatory
threat (among others) [30, 34, 66, 71]. Brudzynski and colleagues initially reported that low
frequency USVs are also emitted at much shorter durations (sometimes as short as 10ms)
during mild stressors such as experimenter touch, or after intra-hypothalamic injections of
carbachol [32, 72, 73]. Other than substantial differences in the duration of these “22kHz”
USVs, they otherwise appear to be similar in terms of spectral characteristics and frequency
range (between ~18-30kHz), though they may also be of a lower amplitude than longer
“22kHz” USVs [Figure 1 and [55]]. Barker et al [41] recently reported that short, low
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frequency USVs are also frequently emitted during established self-administration of a low
dose of cocaine, when animals are unable to attain their preferred blood levels of cocaine.

In the present experiment, we found that large numbers of short duration USVs in the
“22kHz” range were emitted when animals first began to self-administer methamphetamine.
These short “22kHz” USVs were emitted in the same time period as higher frequency USVs,
potentially reflecting the mixed rewarding/aversive properties of initial experiences with
stimulant drugs including amphetamines [32, 74-77].

However, it is notable that rats rarely emitted longer, “alarm call” type “22kHz” USVs in the
self-administration or extinction context, as they frequently did when intermittently shocked
(e.g., Figure 4D). Long “22kHz” USVs were also sometimes seen during a cue-induced
reinstatement test, especially in animals showing the strong cue-induced reinstatement
(Figure 4C). Indeed, over 60% of all long “22kHz” USVs observed at any time were
produced during reinstatement sessions in which cues were present (Figure 4A). This could
reflect the presence of a negative affective state experienced by a subset of rats when
exposed to previously drug-associated cues in the absence of additional drugs. Similarly,
humans exposed to drug cues in the absence of drugs themselves also often report negative
affective states [2, 11, 12, 14-17]. This supports the notion that USVs can be a useful,
translationally-relevant window into the affective state of rodents performing addiction-
related behaviors.

The pharmacological stressor yohimbine failed to increase long or short “22kHz” USVs,
showing that these vocalizations are not unconditionally induced by all stressful stimuli. In
fact, yohimbine has previously been reported to reduce footshock-elicited “22kHz” USVs in
rats at similar doses [78, 79], which was interpreted as evidence that yohimbine can be
anxiolytic via its actions at serotonin or other receptors [78]. However, yohimbine induces
panic-like states in humans and animals [80, 81], and activates physiological stress-like
responses in rats at comparable or lower doses to those used here [53, 54, 82]. In addition,
yohimbine (like other stressors such as footshock) induces reinstatement of drug seeking
[[47-53]; Figure 2], while anxiolytic drugs conversely reduce reinstatement [83]. Rather
than emitting stress-associated “22kHz” USVs, yohimbine-induced reinstatement tended to
increase emission of flat and FM “50kHz” USVs over extinction levels (Figure 3C). This
reinforces the previously reported finding that yohimbine [like other noxious drugs [84]] is
markedly different from other stressors, including shock, predators or their odors, social
defeat, drug withdrawal, and playback of “22kHz” USVs emitted by other animals—all of
which elicit long “22kHz” USVs [29, 30, 34, 60, 84].

4.3 “50kHz” Vocalizations are Heterogeneous

Careful examinations of rodent USVs using computerized analysis software have
conclusively shown these vocalizations to be very complex, and are emitted in over a dozen
different patterns (not to mention many more potentially meaningful combinations) and at a
variety of frequencies [27, 32, 33, 85-87]. Therefore, we sought to further quantify the mean
frequencies of the USV subtypes examined here (Figure 5B). While both flat and FM USVs
were most commonly emitted at mean frequencies between 50-60kHz, trills tended to be
emitted at higher frequencies than other categories of USVs (60-65kHz), as previously
reported [26, 33]. This finding should reinforce the fact that “50kHz” USVs are complex
and heterogeneous in numerous important ways, including in their mean frequencies [26, 56,
62, 69, 88]. In addition, it should discourage researchers planning similar experiments from
relying upon USV detection systems which filter out USVs emitted outside a restricted
range (e.g. 50-55kHz), such as commercially available “bat detectors.”
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4.4 Limitations of the Present Study

While the present report adds several intriguing findings to the literature, it also has several
limitations. First, we divided USVs into categories based on evidence for meaningful
differences between flat, trill and other frequency modulated “50kHz” USVs, as well as long
and short “22kHz” USVs. As mentioned above, Wright et al [33] reported that at least 14
categories of “50kHz” USVs exist, which we did not separately analyze. Unfortunately,
manual USV categorization based upon such subtle differences in spectral patterns is
extremely time consuming, and the time required to perform these analyses is considerable.
Therefore, we reiterate the call made by Wright et al [33] for the development of an
automated system to accurately categorize USVs based upon their patterns of frequency and
intensity over time, which might well lend additional insight into the full range of
information contained within this rodent self-report measure. Unfortunately, such USV
pattern analysis software is presently unavailable/unpublished.

Though we categorized USVs only during early and late self-administration and extinction,
it is possible that examining USVs emitted over the entire course of acquisition of self-
administration and extinction would have yielded additional insights into the meaning of
these vocalizations. For example, changes in USV production during the transition of self-
administration behavior from goal-oriented to habitual (which has been related to the onset
of addiction) would be of particular interest, as would examination of USVs emitted during
self-administration of different doses of methamphetamine. In addition, we measured USVs
only in the first 30 min of each session, and although the majority of USVs are emitted
during the early part of similar tests [43], additional analyses of USVs over longer periods
would be of interest.

The present study did not include a control group in which animals were allowed to self-
administer saline instead of methamphetamine. Such a control group would have allowed
additional examination of USVs elicited by non-specific factors such as mere exposure to
operant boxes, sensory stimuli, primes, stressors, or experimenter handling. This is
important, as many factors including housing conditions, presence of bedding in test
chambers, presence of a cage mate, IP injections, and food restriction can all influence USV
production [31, 55, 56, 58, 89-92]. However, the fact that we observed markedly different
patterns of USV production during different behavioral conditions (including reinstatement
tests conducted in randomized order) strongly suggests that USVs measured here primarily
reflected different subjective states experienced by animals in the various behavioral
conditions.

Finally, the present study relied upon a design necessitated by the self-administration/
reinstatement paradigm, in which self-administration is followed by extinction trials,
followed by reinstatement tests. While this design allowed us to examine USVs in a well-
established and frequently used behavioral paradigm, it could potentially have yielded order
effects in our measurement of USV production. Future experiments might examine the
effects of order in this paradigm, or compare USV production during each session to an
immediately preceding baseline period.

4.5 Conclusions

We found that different types of methamphetamine seeking resulted in distinctive patterns of
USV production. During self-administration and extinction, mostly flat and non-trill FM
“50kHz” USVs were observed, and we found no changes in “50kHz” USV production
between self-administration and extinction conditions. Initial methamphetamine self-
administration also resulted in many short duration “22kHz” USVs, potentially reflecting
mildly aversive properties of initial methamphetamine exposure. A relatively high-dose
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methamphetamine priming injection yielded trills and other frequency modulated “50kHz”
USVs (particularly when cues were also present), concurrently with strong reinstatement of
methamphetamine seeking. In addition, trill production was correlated with the degree of
reinstatement elicited by cues + methamphetamine prime. In contrast, flat “50kHz” USVs
were commonly produced in all reinstatement conditions, regardless of the stimulus which
triggered methamphetamine seeking, suggesting a less specific function of these USVs.
Interestingly, the degree of cue-induced reinstatement (in the absence of methamphetamine)
was also correlated with production of longer, aversion-related “22kHz” USVs, potentially
reflecting a frustration-like affective state similar to that reported in humans exposed to drug
cues in the absence of drugs. The pharmacological stressor yohimbine failed to induce long
or short aversion-related “22kHz” USVs during reinstatement, or in naive animals,
conclusively showing that not all reinstatement-eliciting stressors cause “22kHz” USVs. In
sum, we conclude that examination of USVs can yield important insights into the
psychological states of rats which are not accessible by traditional measures of operant drug
seeking or other trained behaviors. In this way, rat USVs may therefore may serve as a
useful bridge between clinical and preclinical addiction studies.
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Figure 1.
Examples of “50kHz” (flat, FM, and trills) and “22kHz” (long and short) USVs, captured
from screen shots of spectrographs displayed at 490Hz with a time resolution of 0.5ms.
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Figure2.

(A) Mean (+SEM) lever responding during the first and last days of methamphetamine self-
administration (LEFT), extinction (MIDDLE) and reinstatement by methamphetamine-
paired cues (Cue), methamphetamine-prime (Meth), cue+methamphetamine (Cue+Meth), or
yohimbine (Yoh; RIGHT). Active lever presses are shown in black bars, while inactive
levers are shown in grey bars. Significant differences in responding between self-
administration and extinction days (#), significant reinstatement relative to the last day of
extinction (*), difference in reinstatement behavior compared to Yoh day (+), and
differences between Cue+Meth and other reinstatement groups (@) are indicated (p<0.05;
n=15; repeated measures ANOVA,; ps < 0.05). (B) Time course of active lever pressing
within each reinstatement session (cue, methamphetamine, cue+methamphetamine,
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yohimbine), and the last day of extinction training (Ext 7) are displayed in 15min bins for
these 2hr sessions.
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B “22kHz" USVs During Methamphetamine
Self-Administration and Extinction
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Figure 3.

(A) Mean (£ SEM) “50kHz” USVs during the first and last days of methamphetamine self-
administration and extinction days 1 and 7. *Decrease from self-admin day 1 to 15 in flats,
n=14, one-way ANOVA, p<0.05. (B) Mean (£ SEM) “22kHz” USVs during the first and
last days of methamphetamine self-administration and extinction days 1 and 7. *Decrease
from self-administration day 1 to 15 in short “22kHz” USVs, n=14, one-way ANOVA,
p<0.05. (C) Mean (x SEM) “50kHz” and “22kHz” USVs during extinction day 7 (Ext.), cue
reinstatement (Cue), methamphetamine prime (Meth), cues + methamphetamine (Cue
+Meth), or yohimbine (Yoh). *Increase from extinction levels, ns=11-13, one-way
ANOVA, p<0.05; **p<0.01. (D) Pearson correlation between trills (X-axis) and
methamphetamine seeking (active lever presses in first 30min of reinstatement session; Y-
axis) on cue+methamphetamine test day. (E) Proportion of all USVs emitted on each test
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day that were of each subtype. Mean (+ SEM) proportion of USVs emitted by each rat that
were of each USV subtype [short “22kHz,” long “22kHz,” trill, non-trill frequency
modulated (FM), and flat]. #Difference between self-administration day 15 and extinction
day 1, ns=11-14, one-way ANOVA, p<0.05. *Difference between reinstatement day and
extinction day 7, ns=11-13, one-way ANOVA, p<0.05
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Correlation Between Cue-Induced Reinstatement
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Percentage of all observed long (A) and short “22kHz” USVs (B) emitted during each of the
behavioral contexts tested here: Methamphetamine self-administration days 1&15 (SA Day
1 &15), extinction days 1&7 (Ext Day 1&7), and cue, methamphetamine (Meth), cue
+methamphetamine (C+M), and yohimbine (Yoh), reinstatement (Reinst). (C) Pearson
correlation between active lever (AL) pressing (1st 30min of cued reinstatement session)
and the number of long “22kHz” USVs emitted. (D) Mean (£ SEM) long and short “22kHz”
USVs/30min emitted after yohimbine during reinstatement testing in methamphetamine-
experienced animals (Meth Animals), after yohimbine in drug-naive animals, or after 15min

of foot shock in drug naive animals (right).
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Figure5.

(A) Frequency (kHz) of “50kHz” and “22kHz” USVs during each reinstatement test as a
function of time (min) in cue, methamphetamine (Meth), yohimbine, or cue
+methamphetamine (Meth+Cue) tests. (B) Histogram showing total occurrences of USVs
emitted at various frequency ranges during reinstatement tests. The total number of long
“22kHz,” short “22kHz,” flat, trill, and non-trill frequency modulated USVs emitted by rats
during reinstatement tests are plotted based upon their mean frequencies falling into 5kHz
bins ranging from 18kHz to 100kHz (X-Axis).
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