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Rat  ultrasonic  vocalizations  (USVs)  were  measured  during  methamphetamine  seeking.
Reinstatement  elicited  more  high  frequency  USVs  than  other  behaviors.
Different  types  of reinstatement  elicited  different  types  of  USVs.
“22  kHz”  USVs  were  not  elicited  by  a pharmacological  stressor.
USVs  contain  complex  information,  and  are  a useful  measure  for addiction  studies.
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a  b  s  t  r  a  c  t

Rats  emit  ultrasonic  vocalizations  (USVs)  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  “50  kHz”  USVs  [flats,  trills,  and  non-trill  frequency  modulated
(FM)  USVs],  as  well  as long  and  short  duration  “22  kHz”  USVs,  during  self-administration  and  extinc-
tion  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  “22  kHz”  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  “22  kHz”  USVs.  Although  yohimbine  admin-
istration  caused  reinstatement,  it did  not  induce  “22  kHz”  USVs  in methamphetamine-experienced
or  methamphetamine-naïve  rats  (unlike  footshock  stress,  which  did  induce  long  duration  “22  kHz”
USVs).  These  findings  demonstrate  heterogeneity  of rat USVs  emitted  during  different  types  of metham-
phetamine  seeking,  and  highlight  their potential  usefulness  for gaining  insight  into  the  subjective  states

f dru
of  rats  in  rodent  models  o

. Introduction

In clinical studies, subjects can be queried about the subjective
ffects of drugs, as well as the affective states and craving they

xperience during situations that cause relapse to drug use, such
s exposure to drug-associated cues, stressors, or “priming” doses
f the drug itself [1–3]. In contrast, an inherent limitation of animal

∗ Corresponding author. Tel.: +1 834 792 5289; fax: +1 843 792 4423.
E-mail address: mahler@musc.edu (S.V. Mahler).
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g  addiction  and  relapse.
© 2012 Elsevier B.V. All rights reserved.

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 relaps-
ing 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

dx.doi.org/10.1016/j.bbr.2012.08.023
http://www.sciencedirect.com/science/journal/01664328
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bsence of drug availability causes both pleasurable, drug-like
ffects [7–10], as well as subjective distress and negative affect
11–17]. In contrast, the affective states experienced by rodent
ubjects remain unclear. This issue is of considerable theoreti-
al importance for understanding the psychological substrates of
elapse, given that some have emphasized the role of negative affect
s a relapse risk [18,19], while others have instead emphasized
he incentive motivational properties of drug cues, which need not
ntail stress-like states [20–24].

Measurement of spontaneously emitted ultrasonic vocaliza-
ions (USVs) could offer an opportunity to examine the subjective
tates of rats in addiction paradigms. Adult rats emit USVs in many
ituations, which have traditionally been grouped into two main
ategories—“50 kHz” (usually associated with positive affective or
otivational states), and “22 kHz” (usually associated with nega-

ive affective states) [25–30].
However, mounting evidence suggests that USVs are much more

han simple appetitive and aversive signals, but are in fact complex
ffective and communicative signals that can reflect motivation,
nticipation, aggression, social communication, aspects of sexual
ehavior, aversion, pain, drug withdrawal, and many other states
27,30–35].  “50 kHz” vocalizations occur in at least 14 different sub-
ypes [33], though differences between the functions of most of
hese are unknown. This said, there is evidence that “50 kHz” USVs
arying little in frequency over time (flats), and those character-
zed by frequency modulation over time (either with or without

 rapidly oscillating “trill” pattern) are differentially produced
ased upon behavioral context and due to experimental manip-
lations. For example, administration of psychostimulant drugs
referentially elicits trills and other non-trill frequency-modulated
ocalizations (FMs), production of which sensitizes with repeated
rug administration [33,36–39],  and they have been proposed to
eflect positive affective states [27,28].  FMs  and trills are also
mitted preferentially in “sign tracking” animals during a cocaine
onditioned place preference task, and therefore may  reflect incen-
ive salience of rewards and their cues [40]. In addition, “22 kHz”
SVs are emitted in both long and short durations, which may

eflect stronger vs. weaker aversion, respectively [32,41,42].
While there has been some limited exploration of rodent

SVs emitted during cocaine self-administration [41,43–45] and
einstatement/relapse [43], no studies to date have examined
SVs during methamphetamine taking or seeking, or differences
etween production of USV subtypes in these tasks. As such,
e sought to examine the affective states of rats as measured
ith spontaneously emitted USVs during methamphetamine self-

dministration, extinction, and different types of reinstatement.

. Materials and methods

.1. Subjects

Male Long-Evans rats (n = 15, initial weight 250–300 g, Charles
iver Laboratories, Raleigh, NC, USA) were individually housed
pon arrival from the vendor in a temperature- and humidity-
ontrolled vivarium on a reverse 12 h light–dark cycle (lights off
t 06:00). All experimental procedures occurred between 07:00
nd 16:00. In the home cage, rats had access to water ad libitum
nd were maintained on a controlled diet (20–25 g/day) of stan-
ard rat chow (Harlan, Indianapolis, IN, USA) for the duration of
ach experiment. All experimental procedures were approved by
he Institutional Animal Care and Use Committee of the Medical

niversity of South Carolina and conformed to Federal guidelines
s described in the “Guide for the Care and Use of Laboratory Rats”
f the Institute of Laboratory Animal Resources on Life Sciences,
ational Research Council.
n Research 236 (2013) 78– 89 79

2.2. Drugs

Methamphetamine hydrochloride (Sigma Chemical, St. Louis,
MO,  USA) was used for self-administration and primed reinstate-
ment 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, IA, USA), Equithesin (sodium pentobarbital 4 mg/kg,
chloral hydrate 17 mg/kg, 21.3 mg/kg magnesium sulfate heptahy-
drate 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 cefa-
zolin (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.

2.3. Surgery

Animals were anesthetized with IP injections of ketamine
(66 mg/kg), xylazine (1.3 mg/kg), and equithesin (0.5 ml/kg).
Ketorolac (2.0 mg/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 tis-
sue with sutures. The catheter ran subcutaneously and exited on
the rat’s back, posterior to the shoulder blades. An antibiotic solu-
tion of cefazolin (10 mg/0.1 ml)  was given post-surgery and during
recovery. During self-administration, rats received an IV infusion
(0.1 ml)  of 10 U/ml heparinized saline before each session. After
each session, catheters were flushed with cefazolin and heparinized
saline. As necessary, catheter patency was  verified with metho-
hexital sodium (10 mg/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. 22 h 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 2 h acclimation sessions in which animals were
exposed to the operant conditioning chamber (only the house
light was  illuminated), rats self-administered methamphetamine
(20 �g/infusion, dissolved in sterile 0.9% physiological saline) dur-
ing daily 2 h 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 tub-
ing (0.023′′ ID × 0.05′′ OD) encased in steel spring leashes (Plastics
One 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 2 s activation of the infusion
pump (50 �l bolus) and a 5 s presentation of a stimulus com-

plex (white stimulus light above the active lever and activation of
the tone generator; 4.5 kHz, 78 dB). After each infusion, responses
on the active lever were recorded and included in analyses, but
had no consequences during a 20 s time-out period. Inactive lever
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esponses were also recorded, but had no consequences. All self-
dministration sessions were conducted 6 days/week to criterion
15 sessions ≥10 infusions per session) for a total period of 15–21
ays. Following chronic self-administration, and before the first
einstatement test, animals underwent seven or more daily 2 h
xtinction sessions [mean ± SEM = 7.71 ± 0.21; range = 7–9 days].
uring extinction sessions, responses on both levers were recorded
ut had no consequences (no cues or methamphetamine were
elivered).

Once active lever responding extinguished to criterion (mini-
um  of seven extinction sessions with ≤25 active lever responses

or two consecutive days), all animals underwent four 2 h
einstatement tests. Prior to methamphetamine and metham-
hetamine + cue reinstatement tests, animals received an injection
f methamphetamine hydrochloride (1 mg/kg dissolved in 0.9%
hysiological saline, IP, immediately prior to testing). Prior to the
ohimbine reinstatement test, animals received an injection of
ohimbine hydrochloride (2.5 mg/kg dissolved in water, IP, 30 min
rior to testing), a dose that has been shown to be sufficient to rein-
tate 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,
nd heart rate) [53,54]. During reinstatement testing, responses on
he active lever either resulted in a 5 s presentation of the previ-
usly methamphetamine-paired light + tone cues in the absence
f response-contingent methamphetamine infusions (“cue” and
methamphetamine + cue” reinstatement tests) or no programmed
onsequences (“yohimbine” and “methamphetamine” reinstate-
ent tests). Reinstatement tests were conducted in randomized

rder with no animals receiving all four tests in the same order,
nd extinction sessions were given between each reinstatement
est until animals returned to criterion (≤25 active lever responses
er session for two consecutive days; m ± SEM extinction days after
ach reinstatement test = 2.87 ± 0.34).

.5. Yohimbine in methamphetamine naïve rats

To examine whether the pharmacological stressor yohimbine
ould induce “22 kHz” USVs outside the context of reinstatement,

 group of methamphetamine naïve, male Long-Evans (n = 4) rats
ere acclimated to operant chambers for two, 1 h sessions. On

 subsequent day, rats were injected with yohimbine (2.5 mg/kg,
P), 30 min  prior to a 30 min  test period, during which USVs were
ecorded. During acclimation and test sessions, only the house
ight was illuminated in the operant chamber (i.e., no levers were
xtended).

.6. Footshock stress in methamphetamine naïve rats

To examine whether exposure to footshock would induce
22 kHz” USVs outside a reinstatement context, a drug-naïve group
f male Long-Evans rats (n = 3) were acclimated to operant cham-
ers during daily 2 h sessions. During acclimation and test sessions,
nly the house light was illuminated in the operant chamber (i.e.,
o levers were extended). After five acclimation sessions, the ani-
als underwent a single footshock exposure test. The first 15 min  of

his test was the same as acclimation sessions, followed by 15 min
f intermittent footshock exposure (VI-40 s schedule of delivery,
.5 mA  intensity, 0.5 s duration). USVs were recorded and analyzed
or the 15 min  of intermittent shock administration.

.7. USV recording
All USV recordings occurred in the Med-Associates chambers
escribed above. Condenser ultrasound microphones (frequency
ange: 10-200 kHz; CM16/CMPA, Avisoft Bioacoustics, Berlin,
n Research 236 (2013) 78– 89

Germany) were positioned outside chambers behind a mesh screen,
between the response levers at approximately head-level of the
rat (∼7 cm above the chamber floor). Recordings were made on an
UltraSoundGate 416H data acquisition device (Avisoft Bioacous-
tics; sampling rate 250 kHz; 16-bit resolution).

Analysis of USVs was performed using Avisoft SASLab Pro (ver-
sion 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 fre-
quency resolution of 490 Hz and a time resolution of 0.5 ms [33,37].
USVs recorded during the first 30 min  of each self-administration,
extinction, and reinstatement session were quantified and ana-
lyzed. Since the vast majority of USVs are produced in the early
part of each 2 h session [observed in a previous report measur-
ing USVs during reinstatement [43], in other paradigms [55,56],
and here], we only analyzed USVs in the first 30 min  of each test
period.

2.8. USV classification

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

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 rein-
statement), 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 “22 kHz” USVs during each session. To compare
differences in the emission of each USV subtype (flat, FM,  trill,
long “22 kHz,” short “22 kHz”) 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 anal-

ysis 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
and 15 of self-administration, 4 were lost on day 1 of extinction,
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ig. 1. Examples of “50 kHz” (flat, FM,  and trills) and “22 kHz” (long and short) USVs
f  0.5 ms.

 on day 7 of extinction, 3 on cue reinstatement, 3 on metham-
hetamine reinstatement, 2 on yohimbine reinstatement, and 4 on
ue + methamphetamine reinstatement. One-way ANOVAs were
lso used to examine the proportion of all USVs emitted by each
at on a given session that belonged to each subtype (Fig. 3D). To
uantify this measure, the total number of USVs emitted by each
at on each test was calculated, and the percentage of this total
onsisting of flats, FMS, etc. was computed for each rat. To examine
orrelations between lever pressing and USV production, Pearson

 correlations were employed.

. Results

.1. Self-administration, extinction, and reinstatement

Animals readily acquired methamphetamine self-
dministration, with increases in active lever pressing from
ay 1 [35.0 ± 6.4] to day 15 [73.9 ± 12.4; t14 = 3.42, p < 0.01;
ig. 2]. Methamphetamine intake also increased from day 1
1.31 ± 0.21 mg/kg;] to day 15 of self-administration [2.46 ± 0.13;

14 = 7.24, p < 0.001]. Animals took 1–18 methamphetamine
nfusions in the first 30 min  of self-administration day 1
8.33 ± 1.35], and a total of 10–60 infusions over the whole 2 h ses-
ion (m = 27.40 ± 3/29). On day 15 of self-administration, animals
ured from screen shots of spectrographs displayed at 490 Hz with a time resolution

took 32–167 infusions over the 2 h 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; Fig. 2]. Compared
to prior extinction responding, cues, methamphetamine prime,
methamphetamine + cue, and yohimbine all significantly rein-
stated methamphetamine seeking (repeated measures ANOVA:
F4,56 = 61.9, p < 0.001; pressing on last day of extinction vs. cue
reinstatement: t14 = 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: t14 = 4.45, p = 0.001; Fig. 2). Metham-
phetamine + 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 yohim-
bine (t14 = 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. “50 kHz” 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
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age of all USVs did decrease significantly between these days
(Fig. 3E). “22 kHz” USV production was  not altered over the course
of extinction (no change from day 1 to day 7 of extinction;
easures ANOVA: F2,26 = 7.40, p < 0.01; FMs  vs. trills: t13 = 3.37,
 = 0.01; flats vs. trills: t13 = 4.06, p = 0.001; Fig. 3A). By the 15th
ay of self-administration, a similar pattern of USV production
as still observed, with more flats and FMs  than trills (repeated
easures ANOVA: F2,26 = 5.96, p < 0.01). However, over the course

f 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),
hile FM and trill production was statistically comparable (Fs < 1.4;

ig. 3A).
Surprisingly, removing response contingent methamphetamine

nfusions and cues during extinction had few effects on emission
f USVs when compared to prior self-administration tests (Fig. 3A).
elative to the last day of self-administration, the number of flats,
Ms, or trills emitted was unchanged on the first day of extinc-
ion (Fs < 2.70, n.s.; Fig. 3A), though the proportion of all USVs
hich were flat did increase across these days (F1,23 = 5.32, p < 0.05;

ig. 3E). Further extinction training also failed to change USV pro-
uction, with no differences in the total numbers, or proportion of
ny subtype of “50 kHz” USV produced between days 1 and 7 of

xtinction (Fs < 0.50, n.s.).
n Research 236 (2013) 78– 89

3.3. “50 kHz” USVs during reinstatement

USVs observed during reinstatement tests varied based both
upon the type of reinstatement, and the subtype of USV (Fig. 3C).
During cue-induced reinstatement, only flats were significantly
increased compared to the last day of extinction (Flats: F1,23 = 5.13,
p < 0.05; FM and trills: Fs < 1.8, n.s.). For methamphetamine primed
reinstatement, flats, FMs, and trills were all increased from extinc-
tion levels (flats: F1,23 = 7.29, p < 0.05; FMs: F1,23 = 9.08, p < 0.01;
trills: F1,23 = 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: F1,23 = 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 extinc-
tion levels (flats: F1,22 = 5.29, p < 0.05; FMs: F1,22 = 7.67, p = 0.01;
trills: F1,22 = 6.67, p < 0.05), and the proportion of trills increased
(F1,22 = 9.36, p < 0.01), while the proportion of flats decreased
(F1,22 = 7.39, p = 0.01) from late extinction. In addition, the number
of trills emitted on this session was correlated with the num-
ber of active lever presses, indicating that the animals with the
most methamphetamine + cue-induced drug seeking emitted the
most trill USVs (Fig. 3D). For yohimbine-induced reinstatement,
no type of high frequency USV was  significantly increased from
extinction levels, although the number of flats and FMs emit-
ted trended toward increasing (flats: F1,12 = 3.00, p = 0.10; FMs:
F1,15 = 3.7, p = 0.073; trills: F1,12 = 2.06, n.s.). No other significant cor-
relations between USV subtype production and methamphetamine
seeking behavior was observed on other reinstatement ses-
sions.

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 prim-
ing 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, n.s.; FMs: F3,44 = 2.35,
p = 0.086).

3.4. “22 kHz” USVs during self-administration and extinction

We observed a number of “22 kHz” USVs during metham-
phetamine self-administration and extinction (Fig. 4C). Far more
“22 kHz” 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 “22 kHz” USVs (first day: t13 = 2.91,
p = 0.01; last day: t13 = 4.10, p = 0.001; Fig. 3C). In fact, rats emitted
more short “22 kHz” USVs than trills on self-administration day 1
(t13 = 2.49, p < 0.05). On day 1 of self-administration, all rats emit-
ted at least one short “22 kHz,” but only one rat emitted any long
“22 kHz” USVs, and by the last day of self-administration, 71% of
rats emitted at least one short “22 kHz,” while none emitted long
“22 kHz” USVs.

Like higher frequency USVs, the number of short “22 kHz”
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; F1,22 = 0.60, n.s.),
though the proportion of short “22 kHz” USVs as a percent-
F1,22 = 0.20, n.s.). Long “22 kHz” USVs were totally absent on late
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 < 0.05.
elf-administration and initial extinction sessions, but some ani-
als (23%) did begin emitting low numbers by the last day of

xtinction (trend toward increase from extinction day 1 to day 7:
1,22 = 2.96, p = 0.099).
3.5. “22 kHz” USVs during reinstatement testing

During most reinstatement tests, both long and short “22 kHz”
USVs were emitted at similar levels to late extinction. The
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fter  yohimbine in drug-naïve animals, or after 15 min  of foot shock in drug naïve a

verall levels of long and short 22 kHz USVs during reinstate-
ent were generally far lower than for “50 kHz” USVs (Fig. 3E).
owever, the proportion of short “22 kHz” USVs during metham-
hetamine primed reinstatement decreased from extinction levels
F1,23 = 4.11, p = 0.05; Fig. 3E). In contrast, during cue-induced rein-
tatement a trend toward increased numbers of long “22 kHz”
SVs was observed (F1,23 = 2.95, p = 0.099; Fig. 3C), and ∼40%
f all long “22 kHz” USVs observed on any session were emit-
ed during cue-induced reinstatement tests, with an additional
25% on cue + methamphetamine tests (a total of ∼65% of long

22 kHz” USVs were emitted on sessions in which cues were pre-
ented; Fig. 4A). Interestingly, only 33% of animals emitted any
ong “22 kHz” USVs during cue-induced reinstatement, but these

ere the animals showing the greatest cue-induced reinstatement
correlation between active lever presses and long “22 kHz” USVs:

 = 0.60, p < 0.05; Fig. 4C).
Though the pharmacological stressor yohimbine caused sig-

ificant reinstatement of methamphetamine seeking, it failed to
ncrease production of either long or short “22 kHz” USVs (Fs < 1.00,
.s.). Emission of long and short “22 kHz” USVs after yohimbine
as statistically comparable to other reinstatement tests (Fig. 3C),

nd consisted of less than 4% of all observed long, and 11% of
ll short “22 kHz” USVs (Fig. 4A and B). We  also verified that the
ack of yohimbine-induced “22 kHz” USVs was not due to prior

ethamphetamine experience, because IP injections of yohim-
ine in drug-naïve animals failed to elicit significant numbers of
ither long or short “22 kHz” USVs (t3 = 2.10, n.s. Fig. 4D). In con-

rast, intermittent footshock robustly elicited the production of
ong (not short) “22 kHz” USVs (Fig. 4D), showing a clear contrast
etween USV production after yohimbine vs. footshock stress-
rs.
min of cued reinstatement session) and the number of long “22 kHz” USVs emitted.
reinstatement testing in methamphetamine-experienced animals (Meth Animals),
s (right).

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;
Fig. 5A). We  observed that most USVs were emitted in the early part
of each session (first 10–15 min), and that all “50 kHz” USV sub-
types 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 5 kHz bins ranging from 18 to 100 kHz;
Fig. 5B). No differences were observed in the frequencies at which
USV subtypes were emitted between different types of reinstate-
ment, so sessions were combined for this analysis. We  observed
that the modal frequency for flat and FM USVs was  between 55
and 60 kHz, but that both of these USV types had considerable
range outside these frequencies, between 30 and 85 kHz. Trills had
a somewhat higher modal frequency, between 60 and 65 kHz, and
ranging between 35 and 85 kHz. This finding replicates previous
reports that “50 kHz” USVs are not always emitted at 50 kHz, but
instead have a substantial range, centered at between 55 and 65 kHz
[26,32,55].

4. Discussion
The present data support the argument that USVs may be use-
ful for exploring the subjective state of rats in models of addiction.
We compared patterns of methamphetamine seeking behavior to
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Fig. 5. (A) Frequency (kHz) of “50 kHz” 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
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umber of long “22 kHz,” short “22 kHz,” flat, trill, and non-trill frequency modula
requencies falling into 5 kHz bins ranging from 18 kHz to 100 kHz (X-axis).

he production of several subcategories of “50 kHz” USVs [flat,
rill, and non-trill frequency modulated (FM)], as well as long
r short duration “22 kHz” USVs. These USVs were expressed
ifferentially in the behavioral situations examined here: metham-
hetamine self-administration, extinction, and several types of
einstatement of methamphetamine seeking. Reinstatement was
rimarily associated with elevated numbers of high frequency
SVs, and the different stimuli used to elicit reinstatement behav-

or (methamphetamine prime, cues, methamphetamine + cues, or
he pharmacological stressor yohimbine) yielded distinct pat-
erns of USV production. We  also found that aversion-related
22 kHz” USVs were most commonly emitted during the first
xperience of self-administering methamphetamine, and dur-
ng cue-induced reinstatement in a subset of rats particularly
usceptible to reinstatement by cues. These data show that

odent USVs can be a useful dependent variable in experi-
ents measuring drug seeking behaviors, potentially providing

nformation about the subjective states of rats during drug
eeking.
Vs emitted by rats during reinstatement tests are plotted based upon their mean

4.1. Patterns of high frequency “50 kHz” 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, “50 kHz” USVs are emitted in an
apparently stress-related manner during aggressive encounters,
suggesting they may  not always convey purely positive affect
[59–67].  Second, “50 kHz” 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 pat-
terns [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.
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Three previous reports have examined production of USVs dur-
ng self-administration of cocaine, with mixed results. Browning
t al. [43] reported an increase in “50 kHz” USVs over the course
f acquisition of cocaine self-administration. In apparent contrast,
aier et al. [45] reported that “50 kHz” USVs are elicited dur-

ng initial cocaine self-administration, but that these vocalizations
ecreased over the course of subsequent self-administration days.
oth of these studies also reported a decrease in high frequency
SV production in subsequent extinction sessions. A third study

eported that high-dose self-administered cocaine elicited primar-
ly “50 kHz” flat and frequency modulated USVs [41]. In contrast,

hen animals were instead allowed to self-administer a lower
ocaine dose (precluding attainment of preferred blood cocaine
evels), they instead primarily emitted USVs in the 18–33 kHz range.

In the present experiment, we found that flat “50 kHz” USVs
eclined from early to late methamphetamine self-administration,
ut did not decrease further upon subsequent extinction train-

ng. Trill and non-trill FMs  were produced at consistent rates
uring self-administration and extinction. Unlike previous studies
easuring “50 kHz” USVs during cocaine self-administration and

xtinction, we did not observe significant changes in “50 kHz” USV
roduction between methamphetamine self-administration and
ubsequent extinction [43,45]. These mixed results could reflect
ifferences between cocaine and methamphetamine, or differences
etween studies in self-administered drug dosages, training sched-
les, rat strains, USV classification strategies, or other procedural
actors.

Only one previous report examined USV production dur-
ng reinstatement of drug seeking [43]. There, cue-induced and
ocaine-primed reinstatement of cocaine seeking yielded increases
n “50 kHz” USVs, especially in the first 5 min  of reinstatement
essions. However, subtypes of “50 kHz” USVs were not sepa-
ately analyzed in this study, nor were “22 kHz” USVs. Here, we
ound increased production of flat “50 kHz” USVs during cue,

ethamphetamine primed, and cue + methamphetamine prime
einstatement, as well as a trend toward increased flats dur-
ng yohimbine reinstatement (compared to late extinction levels;
ig. 3C). Non-trill FM USVs were increased by methamphetamine
rimed and cue + methamphetamine reinstatement, and a trend
oward increased FMs  was  also seen during yohimbine-induced
einstatement.

In contrast, trills were only increased from extinction levels
uring methamphetamine primed and cue + methamphetamine
rimed reinstatement sessions. In addition, when animals received

 methamphetamine prime and also response-contingent cue pre-
entations (which elicited very high levels of reinstatement), trill
roduction was also correlated with methamphetamine seeking.
owever, methamphetamine did not always induce trill pro-
uction. Few trills were emitted when animals were allowed
o self-administer multiple, smaller dose infusions of metham-
hetamine. Instead, they primarily emitted flat and non-trill FM
SVs, as well as short-duration “22 kHz” USVs during their ini-

ial self-administration session. These results strongly support the
otion that flat and frequency modulated (especially trill) USVs are
mitted in different behavioral contexts.

In particular, trills seem to be produced when animals are in very
trong reward seeking states [26,40,55],  especially when stimuli
uch as levers and cues, or even play or sexual partners, are imbued
ith high levels of incentive salience [27,40,62,68,69]. Alterna-

ively, trills could reflect a similar subjective state to the “rush”
xperienced by humans injecting high doses of stimulant drugs,
hich is likely to be related to the positive affective states previ-
usly proposed to underlie frequency modulated USVs [27,70].
In contrast, increased production of flat and non-trill FM

50 kHz” USVs were produced in similar patterns to one another
uring self-administration, extinction, and reinstatement. Both
n Research 236 (2013) 78– 89

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 “50 kHz” USVs have been
hypothesized to be less related to positive affect or strong moti-
vated 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 rein-
statement (see Fig. 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 addi-
tional meaningful variation within these USVs in future studies. In
sum, the present findings strongly support the importance of exam-
ining subtypes of “50 kHz” USVs when examining the relationship
of these vocalizations to appetitive behaviors.

4.2. Low frequency “22 kHz” USVs

It has long been known that rats emit USVs in the
∼18–30 kHz 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 300 ms), and are emitted in situations including inter-
mittent footshock (Fig. 4D), drug withdrawal, and predatory threat
(among others) [30,34,66,71].  Brudzynski et al. initially reported
that low frequency USVs are also emitted at much shorter dura-
tions (sometimes as short as 10 ms)  during mild stressors such
as experimenter touch, or after intra-hypothalamic injections of
carbachol [32,72,73].  Other than substantial differences in the dura-
tion of these “22 kHz” USVs, they otherwise appear to be similar in
terms of spectral characteristics and frequency range (between ∼18
and 30 kHz), though they may  also be of a lower amplitude than
longer “22 kHz” USVs [Fig. 1 and [55]]. Barker et al. [41] recently
reported that short, low frequency USVs are also frequently emit-
ted 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 “22 kHz” range were emitted when ani-
mals first began to self-administer methamphetamine. These short
“22 kHz” USVs were emitted in the same time period as higher fre-
quency 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 “22 kHz” USVs in the self-administration or extinction
context, as they frequently did when intermittently shocked (e.g.,
Fig. 4D). Long “22 kHz” USVs were also sometimes seen during a
cue-induced reinstatement test, especially in animals showing the
strong cue-induced reinstatement (Fig. 4C). Indeed, over 60% of all
long “22 kHz” USVs observed at any time were produced during
reinstatement sessions in which cues were present (Fig. 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 “22 kHz” USVs, showing that these vocalizations are not
unconditionally induced by all stressful stimuli. In fact, yohimbine
has previously been reported to reduce footshock-elicited “22 kHz”
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SVs in rats at similar doses [78,79], which was interpreted as evi-
ence that yohimbine can be anxiolytic via its actions at serotonin
r other receptors [78]. However, yohimbine induces panic-like
tates in humans and animals [80,81], and activates physiolog-
cal stress-like responses in rats at comparable or lower doses
o those used here [53,54,82].  In addition, yohimbine (like other
tressors such as footshock) induces reinstatement of drug seeking
[47–53]; Fig. 2], while anxiolytic drugs conversely reduce rein-
tatement [83]. Rather than emitting stress-associated “22 kHz”
SVs, yohimbine-induced reinstatement tended to increase emis-

ion of flat and FM “50 kHz” USVs over extinction levels (Fig. 3C).
his reinforces the previously reported finding that yohimbine
like other noxious drugs [84]] is markedly different from other
tressors, including shock, predators or their odors, social defeat,
rug withdrawal, and playback of “22 kHz” USVs emitted by other
nimals—all of which elicit long “22 kHz” USVs [29,30,34,60,84].

.3. “50 kHz” vocalizations are heterogeneous

Careful examinations of rodent USVs using computerized analy-
is software have conclusively shown these vocalizations to be very
omplex, and are emitted in over a dozen different patterns (not
o mention many more potentially meaningful combinations) and
t a variety of frequencies [27,32,33,85–87]. Therefore, we sought
o further quantify the mean frequencies of the USV subtypes
xamined here (Fig. 5B). While both flat and FM USVs were most
ommonly emitted at mean frequencies between 50 and 60 kHz,
rills tended to be emitted at higher frequencies than other cat-
gories of USVs (60–65 kHz), as previously reported [26,33].  This
nding should reinforce the fact that “50 kHz” USVs are complex
nd heterogeneous in numerous important ways, including in their
ean frequencies [26,56,62,69,88]. In addition, it should discour-

ge researchers planning similar experiments from relying upon
SV detection systems which filter out USVs emitted outside a

estricted range (e.g. 50–55 kHz), such as commercially available
bat detectors.”

.4. Limitations of the present study

While the present report adds several intriguing findings to
he literature, it also has several limitations. First, we divided
SVs into categories based on evidence for meaningful differences
etween flat, trill and other frequency modulated “50 kHz” USVs,
s well as long and short “22 kHz” USVs. As mentioned above,
right et al. [33] reported that at least 14 categories of “50 kHz”

SVs exist, which we did not separately analyze. Unfortunately,
anual USV categorization based upon such subtle differences

n spectral patterns is extremely time consuming, and the time
equired to perform these analyses is considerable. Therefore,
e reiterate the call made by Wright et al. [33] for the devel-

pment of an automated system to accurately categorize USVs
ased upon their patterns of frequency and intensity over time,
hich might well lend additional insight into the full range of

nformation contained within this rodent self-report measure.
nfortunately, such USV pattern analysis software is presently
navailable/unpublished.

Though we categorized USVs only during early and late self-
dministration and extinction, it is possible that examining USVs
mitted over the entire course of acquisition of self-administration
nd extinction would have yielded additional insights into the
eaning of these vocalizations. For example, changes in USV pro-

uction during the transition of self-administration behavior from

oal-oriented to habitual (which has been related to the onset of
ddiction) would be of particular interest, as would examination
f USVs emitted during self-administration of different doses of
ethamphetamine. In addition, we measured USVs only in the first
n Research 236 (2013) 78– 89 87

30 min  of each session, and although the majority of USVs are emit-
ted 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 metham-
phetamine. 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 influ-
ence 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 con-
ducted 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 necessi-
tated 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.

5. Conclusions

We  found that different types of methamphetamine seek-
ing resulted in distinctive patterns of USV production. During
self-administration and extinction, mostly flat and non-trill FM
“50 kHz” USVs were observed, and we  found no changes in “50 kHz”
USV production between self-administration and extinction condi-
tions. Initial methamphetamine self-administration also resulted in
many short duration “22 kHz” USVs, potentially reflecting mildly
aversive properties of initial methamphetamine exposure. A rel-
atively high-dose methamphetamine priming injection yielded
trills and other frequency modulated “50 kHz” USVs (particu-
larly when cues were also present), concurrently with strong
reinstatement of methamphetamine seeking. In addition, trill pro-
duction was  correlated with the degree of reinstatement elicited
by cues + methamphetamine prime. In contrast, flat “50 kHz” USVs
were commonly produced in all reinstatement conditions, regard-
less 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 “22 kHz” 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 “22 kHz”
USVs during reinstatement, or in naïve animals, conclusively show-
ing that not all reinstatement-eliciting stressors cause “22 kHz”
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 serve
as a useful bridge between clinical and preclinical addiction studies.
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