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Abstract

Fifty-kHz ultrasonic vocalizations have been proposed to reflect a positive appetitive affective state in rats, being consistently linked to the positive
appetitive behavior. In the first study, we examined the brain substrates of 50-kHz ultrasonic vocalizations (USVs) by using localized electrical
stimulation of the brain (ESB) at various sites that are known to mediate reward. We found that the brain areas that produced ESB-induced 50-kHz
calls are the areas that have previously been shown to support the most vigorous self-stimulation behavior (prefrontal cortex, nucleus accumbens,
ventral pallidum, lateral preoptic area, lateral hypothalamus, ventral tegmental area, and raphe). Importantly, all animals that showed repeatable
ESB-induced 50-kHz USVs demonstrated self-stimulation behavior. In the second study, conditioned place preference was assessed following
microinjection of the p-opiate agonist Tyr-D-Ala-Gly-N-methyl-Phe-Gly-ol (DAMGO) directly into the ventral tegmental area (VTA) at a dose
previously found to be rewarding. Animals that showed more 50-kHz USVs in response to drug injections compared to vehicle injections showed
significant place preferences, whereas animals that did not show elevated vocalization to DAMGO did not show place preference. In experiment
3, we examined the effect of VTA electrolytic lesions, 6-OHDA lesions, and the effect of the D1/D2 dopamine antagonist flupenthixol (0 and
0.8 mg/kg, i.p.) on 50-kHz ultrasonic vocalizations. We found that these manipulations all selectively reduced 50-kHz ultrasonic vocalizations, and
that these effects could be disassociated from any side effects. These data are consistent with the proposition that 50-kHz calls are tightly linked
to reward in rats and that the neural circuit of 50-kHz calls closely overlaps that of ESB self-stimulation reward, drug reward, and the mesolimbic
dopamine system.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Our laboratory has shown that rat 50-kHz ultrasonic vocal-
izations (USVs) may index a positive affective state associated
with rewarding brain states [17]. Previously, we have shown
that 50-kHz USVs are elevated by food reward, sexual behav-
ior, rough-and-tumble play, drugs of abuse, and anticipation of
rewarding electrical brain stimulation [2—4,15,16]. Conversely,
aversive stimuli including bright light, predatory odors, foot
shock, and drugs with aversive properties decrease levels of
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50-kHz USVs [4,16], while increasing rates of 22-kHz USVs
[7,19]. During heterospecific play behavior (i.e. “tickling”,
which mimics rough-and-tumble play), rates of 50-kHz USVs
are consistently positively correlated with the rewarding value of
the stimulation as measured by instrumental approach behavior
across several studies [5,25].

The neurobiology of reward has classically been studied
by examining brain areas that support self-administration of
electrical brain stimulation (self-stimulation) or by examining
the rewarding effects of drugs injected directly into the brain
and studying their ability to support self administration, facil-
itate electrical self-stimulation, or produce conditioned place
preferences [11,33]. While a number of brain areas electrical
self-stimulation behavior, the circuits from the prefrontal cortex
through the medial forebrain bundle to the raphe are associ-
ated with the most robust reward, at least as measured by rates
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of responding [9,22]. Within this circuit, the ventral tegmental
area (VTA) has been the most consistent brain region across
studies that support the rewarding effects of opiates, nicotine,
barbiturates, and neurotensin when given focally [12].

A strong case has been made that 50-kHz USVs in rats
index a state of positive affect that accompanies many kinds
of appetitive rewards [6,17,25]. To the extent that the mesolim-
bic self-stimulation trajectory of dopamine mediated euphoric
arousal reflects a generalized seeking urge that is necessary for
acquisition of all specific rewards [24], it would be expected
that 50-kHz USVs would be strongly regulated by this appetitive
system of the brain. Accordingly, the aim of the following work
was to evaluate the degree to which the mesolimbic dopamine
system participates in the regulation of this vocal indicator of
reward and positive affect.

The purpose of the present studies was to test the hypothesis
that animals that receive either electrical stimulation or chem-
ical stimulation to the brain that increases 50-kHz USVs will
also find stimulation to be rewarding as measured by electrical
self-stimulation (experiment 1) or by conditioned place prefer-
ence in drug microinjection studies (experiment 2). In addition,
we tested the hypothesis that disruptions in the mesolimbic
dopamine system, which has been shown to play an impor-
tant role in reward and 50-kHz USVs will decrease rates of
50-kHz USVs. Experiment 3 evaluated that proposition through
the use of electrolytic and 6-OHDA lesions of the VTA region
as well as changes in 50-kHz USVs following dopamine recep-
tor blockade. It was anticipated that all manipulations reducing
brain dopamine activity would reduce the emission of 50-kHz
USVs.

2. Methods

Female Long Evans rats born and bred in the Bowling Green State University
animal facilities were used in this study. Females were used across all of the
following studies given that they show higher rates of 50-kHz USVs in adulthood
in response to “tickling”. All animals were weaned at 21 days of age and singly
housed in 20 cm x 40 cm x 20 cm Lucite cages with corn-cob bedding. Subjects
were maintained on a 12:12 light dark cycle (lights on 8 a.m.) tested during the
light phase, and were given ad libitum access to Purina lab chow and tap water
throughout the study.

2.1. Surgery experiment 1

Subjects were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine
(10 mg/kg, i.p.) and mounted in a Kopf stereotactic instrument (Kopf Instru-
ments, USA). After exposing the skull, bregma and lambda were visualized
and aligned on the same horizontal plane. Bipolar stainless steel electrodes
(Plastics One, USA) were lowered into the brain, and in a subset of animals, 23
gauge guide cannulae (Plastics One, USA) were aimed for the contralateral VTA
(stereotaxic coordinates from bregma: —5.0 AP, 1.0 ML, 8.0 DV, flat brain). Can-
nulae and electrodes were angled 16° away from the midline to avoid ventricles.
Four additional holes were drilled for insertion of stainless steel self-tapping
anchor screws, and electrodes (with the distance between the active electrodes
at tip set at ~0.5 mm) were secured to the skull with dental acrylic.

2.2. Experiment 1: electrical brain stimulation testing

Forty-seven female Long Evans rats were used in this study. After aminimum
of a week of post-surgical recovery, animals first received experimenter delivered
brain stimulation to test for stimulation induced USVs using a protocol shown

to elicit the maximal dopamine release from electrical stimulation of the VTA
consisting, of three 10s 120 wA stimulus trains of continuous 60 Hz sine wave
stimulation (Lafayette Instrument Sine Wave Stimulator, Model 82408, USA),
with a 30 min inter-train interval; see [8,23]. Current thresholds for stimulation-
induced vocalizations, motor behaviors (e.g. turning) as well as stimulation
induced feeding were conducted in a 45 cm x 35 cm x 20 cm opaque box with
laboratory rat chow on the floor. Animals were given ascending 10 s continuous
pulses of ESB starting at 5 wA, and increasing in 5 A steps until a behavioral
effect (i.e. stimulus bound feeding, vocalizations or turning) emerged with at
least 10s between stimulations. After the identification of an active site, the
stimulation was repeated four times, and if the stimulation elicited the behav-
ior in at least 3 of 4 trials, the current level was recorded as the threshold
level.

For self-stimulation tests, subjects were placedina34 cm x 23 cm x 32.5cm
translucent box with a 10 cm x 2 cm x 25 cm bar elevated 8.5 cm from the floor.
Subjects were allowed to bar press for 0.5-0.2 s trains of 50-200 wA pulses on a
continuous reinforcement schedule, as in Ref. [27]. During this training, subjects
received priming pulses and were shaped to approach and press the lever. Current
intensity was initially set at 20 WA, and was raised by 5 wA every 3 min until
vigorous self-stimulation occurred (operationally defined as >3 bar presses per
min). Each subject’s optimal current and pulse duration for eliciting maximal
bar pressing rates was recorded and used on a subsequent test to determine bar
pressing rates.

2.3. Testing experiment 2: place conditioning procedure

Place conditioning was conducted using an unbiased procedure as described
elsewhere [28]. The place conditioning apparatus consisted of shuttle boxes
made of Plexiglas (30 cm x 50 cm x 30 ¢cm), each equipped with a loose-fitting
wire mesh lid. One side of the shuttle box was white with a textured floor (i.e.
small ridges and valleys approximately 0.5 mm tall and wide), while the other
side was black with a smooth floor. During conditioning sessions, a slide parti-
tion divided the two sides, creating two different conditioning “environments”.
During the testing sessions of experiment 1, the partition was replaced with a
20cm x 15 cm door that allowed the animal unrestricted access to either envi-
ronment. The light level (~10 1x) on each side was matched with a portable lamp
suspended over the test chamber.

Before the start of conditioning, all rats were habituated to the place
preference chamber for 15 min, and during this free exploration phase, the
compartment preferences for each animal were determined. Two conditioning
session was conducted, with the vehicle pairing consisting of 0.9% saline in
the black side of the chamber and the drug injection consisting of 100 ng Tyr-
D-Ala-Gly-N-methyl-Phe-Gly-ol (DAMGO; Sigma, USA) pairing in the white
side. Each conditioning session lasted 30 min. USVs were recorded during both
the drug and vehicle conditioning trials. Each conditioning session had at least
2-3 days separating the sessions that were counterbalanced for drug and vehi-
cle injection order. USVs were recorded during the conditioning sessions. All
injections were 500 nl in volume and were injected over 1 min into the brain and
the injection cannulae was left in place for an additional 30 s before removal.
After injections, rats were immediately confined to the white compartment fol-
lowing drug injections or the black compartment following vehicle injections.
After place preference conditioning, rats were again allowed free access to both
chambers for 15 min to test for post-drug conditioning preference. After histo-
logical analysis, only animals that had cannulae injection tips that were at least
partially contained within the VTA were used for analysis (n = 18). Histological
analysis of placements was done blind with respect to the vocalization eliciting
or rewarding effects of the injection site.

2.4. Experiment 3: lesions of the mesolimbic dopamine system
and pharmacological tests

2.4.1. Induction of USVs by heterospecific hand play (i.e. “tickling”)

Tickling consisted of vigorous whole-body playful simulation that included
repeated pinning of the animal resembling rough-and-tumble play. For all ani-
mals, the tickling was done with one hand and consisted of scaled-down rapid
finger and hand movements commonly used in human tickling (see [25]). Tick-
ling was conducted in a 45cm x 35cm x 20cm opaque plastic box without
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Fig. 1. (A) An example frequency modulated 50-kHz call, which contains a step component (~35-kHz) and/or more commonly a trill component (~70-kHz). (B)
An example of a flat 50-kHz call which contains neither ~35-kHz step or ~70-kHz trill components.

bedding. Although the stimulation was rapid, brisk, and assertive, care was taken
not to threaten the animal. The test chamber was divided into four equal size
quadrants, and a line cross was counted when the animal crossed both forepaws
over a line (which was used as an index of locomotor activity).

2.4.2. Lesions

After 3 days of habituation to tickling, animals that showed high levels of
50-kHz USVsin response to tickling (greater then 50 USVs/2 min) were used for
these studies. 6-OHDA lesions (7 = 11) were performed in an identical manner to
Ref. [1], with the exception that isoflurane was used as anesthetic in the current
study. In brief, animals were pretreated with desipramine and pargyline (15 and
50 mg/kg, i.p., respectively; Sigma, USA) 30 min before surgery. Eight pg 6-
OHDA (Sigma, USA) dissolved in 4 .l of vehicle (0.9% NaCl solution with
0.1 mg/ml ascorbic acid) was infused in each posterior lateral hypothalamus
(stereotaxic coordinates from bregma: —4.0 mm AP, 1.8 mm ML, 8.3 mm DV,
flat brain) using a Hamilton syringe fitted with a 30 gauge needle over 8 min.
Control animals (n=11) received vehicle injections. Animals were assigned
to either the lesion group (n=8) or the sham group (n=7) matched for levels
of 50-kHz USVs as exhibited on the third habituation day. Animals in the 6-
OHDA lesion group were allowed to recover for 1-week post-surgery before
the start of testing, and were tube fed two to three times a day with 5ml per
infusion (10-15 ml/day) of Ensure Plus (Abbott, USA) throughout recovery and
testing.

Electrolytic lesions (n=8) consisted of lowering 0-size insulated insect pin
(with a 1 mm uninsulated tip exposure) bilaterally into the VTA through which
500 nA anodal DC current was passed for 30 s bilaterally into the VTA (stereo-
taxic coordinates from bregma:—6.0 mm AP, £0.5mm ML, —8.6 mm DV).
Sham lesions (n=7) were performed in an identical manner except that no cur-
rent was passed through the electrode. Animals in the electrolytic lesion group
were allowed to recover for 1-week post-surgery before the start of testing. If
animals lost more than 5% of pre-surgery body weight, they were tube fed with
a 10% glucose solution (5 ml, twice per day) until the animals no longer showed
sustained weight loss.

Lesion and sham animals received 3 consecutive days of tickling 1 week after
surgery for the 6-OHDA experiment, and 1 week and 1 month after surgery for
the electrolytic experiment. Only the last test sessions of the 3 consecutive days
of testing at the 1-week and 1-month time points were used for analysis.

2.4.3. Dopamine assay

Samples of nucleus accumbens were dissected from fresh tissues and main-
tained at —80°C until assay. Prior to analysis, samples were thawed and
sonicated in 1.5 ml screwtop microfuge tubes (Sarstedt, USA) containing 750 w1
of N-HCL and 1.5 nmol of [*H4]dopamine. The samples were centrifuged at 4 °C
for 40 min at 25,000 x g. The supernatants were dried overnight in a Savant
concentrator. To the dried samples, 50 1 of ethyl acetate and 100 1 of pentaflu-
oropropionic anhydride were added and the samples heated at 80°C for 1h
samples were subsequently transferred to autosampler vials. Samples were ana-
lyzed using selected ion monitoring of the [M-147]~ ions for dopamine (443) and
for [2Hy]dopamine (447) as described previously [34], except that the reagent

(A)100 +
ONo Self-Stimulation n=15

o 90+
4 W Self-Stimulation n=32 Fedek
oD 80+
T
¥ 70+
o
w
o 60 +
@
S
2 50—
£
o i
o 40
ul
o 30T
£
g 20
P
[7]
8 10T
‘5
® o7

-10
(B) 12 1 Kk

10+ = O 'No Self-Stimulation n=15
—@— Self-Stimulation n=32

Mean 50-kHz USVs / 30 sec
()]

Electrical Brain Stimulation

Fig. 2. (A) Percentage of animals (Ss) showing repeatable electrical brain
stimulation-induced 50-kHz USVs that also show self-stimulation behavior.
P <.001, two-tailed between subject r-test. (B) Mean = S.E.M. rates of 50-
kHz USVs in response to electrical brain stimulation (120 pA, 10s, bipolar
stimulation) that has been shown to maximize dopamine release [23] in ani-
mals that showed self-stimulation or did not show self-stimulation. “** P < .003,
two-tailed within subject #-test.
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gas was ammonia. An Agilent bench-top GC-MSD (HP6890/MSD5973) system
was utilized: source (150 °C), quadrapole (150 °C), interface (320 °C), injector
(250°C), emission (150 wA) and eV (150). The injection port liner was packed
with 2% SP-2250 on 100/200 Supelcoport (Sigma, USA), serving as a precol-
umn. Aliquots of 1 pl were injected splitless. The HP-5 capillary column (25 m,
0.25mm i.d. and 0.25 pm thickness) was held at 130 °C for 1 min followed by

-0.30

30 °C gradient with a carrier gas (He) flow of 1.2 ml/min. The retention time for
dopamine was 4.2 min.

2.4.4. Pharmacological tests of tickled animals
After 3 days of habituation to tickling, animals that showed high levels
of 50-kHz USVs in response to tickling (greater then 50 USVs/2 min) were

Fig. 3. Anatomical location of electrode tips in the rat brain from experiment 1. Anatomical plates adapted from Paxinos and Watson [26]. All coordinates are mm
from bregma. Open circles represent placements that did not yield ESB-induced 50-kHz USVs. Gray circles represent placements that yielded repeatable ESB-induced
50-kHz USVs in response to more then one stimulation. Black circles represented placements that elicited ESB-induced 50-kHz consistently (at least 5 out of 6
consecutive stimulations and in most cases across test days) at a fixed stimulation threshold in which vocalizations were not consistently present below the threshold,

and were present above the threshold.
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used for these studies. Either flupenthixol, a D1/D2 antagonist (n=20; 0 or
0.8 mg/kg, i.p.; Sigma, USA) in DMSO vehicle were administered 2.5h as in
Ref. [18] or diphenhydramine, a H1 antagonist (n = 20; 0 or 40 mg/kg i.p.; Sigma,
USA) in 0.9% saline vehicle 15 min before the start of testing. Drug and vehicle
administration was counterbalanced within subjects. Drug and vehicle test days
were separated by a single test day where rats received 2 min of tickling without
injection.

2.4.5. Pharmacological tests with electrical brain stimulation-induced
vocalization

Animals were implanted with bipolar electrodes into the ventral tegmental
area (n=4), nucleus accumbens (n=3), or bed nucleus of the stria terminalis
(n=1)and were shown to have reliable and repeatable electrical brain stimulation
induced 50-kHz USVs. The optimal current threshold for eliciting 50-kHz USVs
was determined for each animal using 60 Hz sine wave current. Brain stimulation
sessions were conducted in a 34 cm x 23 cm x 32.5 cm translucent box using a
commutator (Plastics One, USA) and consisted of a single 2 min session each
day in which animals received 10 s of continuous brain stimulation 40 s and 80 s
into the session. 0.8 mg/kg flupenthixol or vehicle was administered i.p. 2.5h
before the start of the test session as in Ref. [18]. Drug and vehicle injections were
counterbalanced within animals, and all subjects received a single re-habituation
session between the two test days.

2.4.6. Ultrasonic vocalization recording and analysis

USVs were recorded from the high frequency output of a model D980 bat
detector (Pettersson Elektronik AB, Sweden) and recorded digitally with a Fos-
tex Fr-2 field recorder (USA). Sonographic analysis of USVs was done in a
blind manner with SAS lab Pro (Avisoft Bioacoustics, Germany) by a trained
observer. Ultrasonic USVs were divided into three separate categories for anal-
ysis (1) frequency modulated (FM) 50-kHz USVs containing trill and/or step
components, (2) flat 50-kHz USVs (Fig. 1), and (3) 22-kHz USVs.

2.4.7. Histological verification of electrode and cannulae placement

At the conclusion of behavioral testing, animals that had received surgery
were sacrificed with carbon dioxide and their brain was rapidly removed. Brains
were placed into a 30% sucrose—10% formaldehyde—0.9% saline solution (w/v),
and stored at 4 °C for at least 1 month before slicing. Brains were then frozen
and sliced into 50 wM coronal sections with a freezing microtome. Sections
containing the tips of the electrodes were mounted on microscope slides, and both
electrode and cannulae tips were localized by projecting the magnified slides
onto figures derived from the atlas of Paxinos and Watson [26]. Histological
reconstruction was done in a blind manner with respect to the behavioral effects
of ESB or chemical microinjections.

3. Results
3.1. Experiment 1

All animals tested that showed repeatable ESB-induced
50-kHz USVs also showed self-stimulation (n=26). The min-
imum self-stimulation rate was set at 3 bar presses/min, which
is significantly greater then the free operant bar-pressing
rate (mean &+ S.E.M.) of 0.4 £ 0.2 bar presses/min (#(9)=13.96,
P <.0001). All animals that showed bar pressing rates greater the
3 per min were categorized as self-stimulating animals, and sub-
sequent analysis treated self-stimulation as a dichotomous (self-
stimulators versus non-self-stimulators) variable as opposed to
a continuous variable (self-stimulation rate). Eighty-one percent
of all self-stimulating animals showed repeatable ESB-induced
50-kHz USVs, whereas none of the animals that failed to show
self-stimulation behavior exhibited repeatable ESB-induced 50-
kHz USVs ()(2 =27.28, P<.0001; Fig. 2A). Rates of 50-kHz
USVs were also different between these groups (#(14)=0.33,

P>.05; Fig. 2B). The distribution 50-kHz USVs in response to
electrical brain stimulation was not parametrically distributed
(i.e. many O values for the non-self-stimulation group, see
Fig. 2B), therefore the data underwent a square root transfor-
mation before analysis. Self-stimulating animals also showed a
significant increase in 50-kHz USV rates to experimenter deliv-
ered ESB compared to baseline, whereas non-self-stimulating
animals did not show this effect, as indicated by a signifi-
cant interaction between self-stimulation status (self-stimulator
or non-self-stimulator) and stimulation (on or off) conditions
(F(1,90)=5.63, P<.05). The increase in 50-kHz USV rates in
response to experimenter delivered stimulation was also greater
for self-stimulating rats compared to non-self-stimulating rats
(#(45)=3.72, P<.001; Fig. 2B). Histological reconstructions of
electrode placements are summarized in Fig. 3. USVs during
self-stimulation tests could not be quantified sonographically
due to electronic noise generated by the mechanical barpress
counter, the turning on and off of the brain stimulator, and the
mechanical noise generated by the lever presses (which for many
animals were sustained at a rate of ~1 per s).

3.2. Experiment 2

Animals were classified as DAMGO Vocalizers if they exhib-
ited twice as many 50-kHz USVs in response to DAMGO
administration in the first 5 min as compared to vehicle injec-
tions, or exhibited more 50-kHz USVs during both the first and
second 5 min blocks for the DAMGO compared to vehicle injec-
tion. The peak drug effect occurred within the first 5 min after
DAMGO injection, with 71% of all DAMGO-elicited vocal-
izations occurring during the first 10 min of each 25 min test
session. Animals that did not make this criterion were referred
to as DAMGO Non-Vocalizers. DAMGO Vocalizers animals
showed a greater increase in 50-kHz USVs in response to
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in response to drug injection (DAMGO Vocalizers) compared to DAMGO Non-
Vocalizers. P <.05 within subject r-test, two-tailed comparing pre- vs. post-
conditioning.
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DAMGO compared to vehicle injection during the first 10 min of
testing compared to DAMGO Non-Vocalizers (Mann—Whitney
U, P<.05). Using these grouping, DAMGO Vocalizers showed
significant place preference for the environment paired with drug
injection (#(5) =3.0, P <.05), whereas DAMGO Non-Vocalizers
showed no significant place preference for the environment
paired with drug injection (#(10)=0.2, P>.05; Fig. 4). Histo-
logical reconstruction of cannulae placements are summarized
in Fig. 5.

3.3. Experiment 3

3.3.1. Electrolytic VTA lesions

As depicted in Fig. 6, animals receiving electrolytic lesion of
the VTA showed a significant reduction in frequency modulated
50-kHz USVs compared to sham operated animals 1 month after
surgery (#(13)=2.5, P<.05), while flat 50-kHz USVs and 22-

-5.30

-5.20

kHz USVs did not significantly differ between lesion and sham
groups (all P’s>.05). Line crosses and weight loss were not
significantly different comparing lesion versus sham animals
(all P’s>.05; Fig. 7). Histological analysis of VTA lesions are
reported in Fig. 8. Dopamine levels (mean 4= S.E.M. as percent of
sham lesion levels) in VTA lesioned animals were significantly
reduced in the basal forebrain sample that included the nucleus
accumbens (65.9% £+ 11.0; #(13)=2.7, P<.05), but not in the
dorsal striatum (i.e. caudate nucleus (95.3% + 10.1; P>.05) or
the olfactory bulbs (77.5% =+ 6.6; P> .05).

3.3.2. 6-Hydroxydopamine lesions

As depicted in Fig. 9, 6-OHDA lesioned animals showed
a significant reduction in frequency-modulated (FM) 50-kHz
USVs compared to sham operated animals 1 week after surgery
(1(32)=2.8, P<.01), while flat 50-kHz USVs and 22-kHz US Vs
did not significantly differ between lesion and sham groups

-5.60

Fig. 5. Anatomical location of cannulae tips (circles) in the rat brain in experiment 2. All coordinates are mm from bregma. Anatomical plates adapted from Paxinos

and Watson [26].
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Fig. 8. Anatomical localization of bilateral ventral tegmental electrolytic lesions
based on the atlas of Paxinos and Watson [26]. Black shading represents lesion
area shared by all of the animals, and gray shadings represents area shared by
only a subset of the animals. All coordinates are mm from bregma.

(all P’s>.05). Line crosses were reduced in 6-OHDA lesioned
animals (#(32)=35.8, P<.001) and weight loss was greater in
6-OHDA lesioned animals (#(32)=4.2, P<.001) as compared
to sham lesioned control animals 1 week after surgery (Fig. 7).
Dopamine levels (mean £ S.E.M. as percent of sham lesion lev-
els) in 6-OHDA lesioned animals were significantly reduced
in the basal forebrain sample that included the nucleus accum-
bens (8.5% £ 2.4) and in the dorsal striatum (10.8% = 1.6; all
P’s<.0001).

3.3.3. Pharmacological analysis

As depicted in Fig. 10A, flupenthixol reduced FM 50-
kHz USVs compared to vehicle treatment during tickling
(1(17)=2.34, P<.05), but not flat 50-kHz or 22-kHz USVs (all
P’s>.05). Locomotor activity as measured by line crosses was
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Fig. 9. Mean number of (£S.E.M.) frequency modulated 50-kHz, flat 50-kHz
and 22-kHz USVs in response to 2 min of heterospecific play (i.e. “tickling”)
1 month after receiving either 6-hydroxydopamine (6-OHDA) lesions of the
medial forebrain bundle or sham lesions (Sham). “P < .01, between subjects
t-test, two-tailed.
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Fig. 10. (A) Mean (£S.E.M.) number of frequency modulated 50-kHz, flat 50-
kHz and 22-kHz USVs in response to 2 min of heterospecific play (i.e. “tickling”)
in response to pretreatment with the D1/D2 dopamine antagonist flupenthixol
(0.8 mg/kg, i.p.) or vehicle. (B) Mean (£S.E.M.) number of USVs in response
to 2 min of electrical brain stimulation for animals with electrode placements in
either the accumbens, bed nucleus of the stria terminalis or ventral tegmental area
in response to pretreatment with the D1/D2 dopamine antagonist flupenthixol
(0.8 mg/kg, i.p.) or vehicle. “P <.05, within subject #-test, two-tailed.
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Fig. 11. Mean (£S.E.M.) number of USVs in response to 2 min of heterospecific
play inresponse to pretreatment with the H1 histamine antagonist (i.e. “tickling”)
diphenhydramine (40 mg/kg, i.p.) or vehicle. P <.01, within subject t-test,
two-tailed.

also reduced by flupenthixol compared to vehicle treated animals
(#(17)=6.47, P<.0001; Fig. 7). Flupenthixol also reduced FM
50-kHz USVs compared to vehicle treatment during brain stim-
ulation (#(7) =2.4, P<.05), but not flat 50-kHz or 22-kHz USVs
(all P’s>.05; Fig. 10B) Compared to vehicle treatment, diphen-
hydramine reduced FM 50-kHz USVs (#(19) =3.19, P < .005), as
well as 22-kHz USVs (#(19)=3.11, P <.01), but not flat 50-kHz
USVs (P> .05; Fig. 11). Locomotor activity as measured by
line crosses was not significantly altered by diphenhydramine
(mean £ S.E.M.; 5.641.5) compared to vehicle (8.0 1.1)
treated animals (P >.05).

4. Discussion

These experiments demonstrated, that electrical or chemical
stimulation of the brain that elicits 50-kHz USVs is reward-
ing to rats. This provided further support that 50-kHz USVs
are positively related to reward, and that the neural circuit for
the generation of 50-kHz USVs closely overlaps that of elec-
trical brain self-stimulation and drug reward and hence may
be reflective of induction of positive affective states within
the brain [6,17,30]. The results of experiment 1 provided a
functional neuroanatomical substrate for 50-kHz USVs and con-
firmed that 50-kHz USVs are related to reward, given that all
electrode sites that elicited repeatable 50-kHz USVs supported
self-stimulation. These results are consistent with the results
of Jiirgens [13], who showed that the brain stimulation-elicited
trill vocalizations in squirrel monkeys are positively correlated
to self-stimulation in many of the same brain regions as tested
in this study. A common variant of 50-kHz USVs involves a
FM trill component, and both the rodent 50-kHz USV with trill
components and the squirrel monkey trill call are both related to
positive appetitive behavior [14,32].

The results of experiment 2 demonstrated that drugs with
rewarding properties that are focally injected into the VTA are
primarily rewarding in animals that exhibited elevated levels of
50-kHz USVsin association with these injections. Given that the
rewarding effect of opiates in the VTA, as well as electrical brain
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stimulation of this region, are thought to partially depend on
the mesolimbic dopamine system, we evaluated whether ESB-
induced 50-kHz USVs could be attenuated by the dopamine
receptor antagonist, flupenthixol. That proved to be the case, but
flupenthixol only decreased rates of FM 50-kHz USVs (which
includes trill USVs). These findings are consistent with previous
demonstrations that injections of amphetamine into the accum-
bens shell produce a dramatic ~35-fold elevation in rates of
50-kHz USVs [3,31].

These results also provide the first demonstration that dis-
ruption of the mesolimbic dopamine system either by lesions or
pharmacological blockade specifically reduced levels of FM 50-
kHz USVs that are commonly emitted in response to rewarding
and positive affective stimuli. The same manipulations do not
effect flat 50-kHz USVs nor aversive 22-kHz USVs [6]. We also
found that the locomotor and appetite deficits associated with
dopamine depletion were not the main causes of the decreases
in frequency modulated 50-kHz USVs seen in this study. This is
because electrolytic lesions of the ventral tegmental area reduced
frequency modulated 50-kHz USVs in a similar manner as 6-
OHDA lesions and D1/D2 receptor antagonist flupenthixol, but
did not disrupt locomotor activity or body weight at the time of
testing.

Histamine has been shown to increase rates of positive
affective vocalizations when injected directly into the squirrel
monkey brain [20]. Here, pharmacological antagonism of the
histamine H1 receptor by systemic diphenhydramine reduced
both reward related FM 50-kHz USVs and aversive 22-kHz
USVs, with the latter effect being consistent with the anxiolytic
actions of diphenhydramine [10]. This finding also demonstrates
that, despite the relatively low levels of 22-kHz USVs and flat
50-kHz USVs observed in our tickling procedure, 22-kHz US Vs
could still be significantly reduced from those already low levels.

Although all animals used in these studies were adult female
Long Evans rats, it is unlikely that variability in ultrasonic vocal-
ization rates and operant behavior due to estrous cycle changes
could explain the findings of this study. While levels of USVs
do vary during the estrous cycle, this effect is dependent on
to the presence of a hormonally intact male rat [21]. In the
experiments reported here, all females were virgins and were
not exposed to male odors during testing given that the equip-
ment used in these studies were used only by female rats. While
operant responding for ESB in some brain areas has been shown
to vary modestly across estrus cycle [29], the presence or absence
of self-stimulation behavior in the current study remained quite
stable across test days. Also, in the present studies the experi-
menter was blind to estrous condition of the animal. Therefore, it
is probable that any variability induced by the estrous state of the
animal would have been evenly distributed across conditions.

Future studies will examine the relationship between the
mesolimbic dopamine system and 50-kHz USVs by examining
the relationship between frequency modulated 50-kHz USVs
and the in vivo release of dopamine, and attempt to record ultra-
sonic vocalizations during self administration of both electrical
brain stimulation and drugs of abuse. These studies will fur-
ther elucidate the neurobiology of positive affect and addictive
rewards.

Acknowledgments

Supported by NIDA grant F32-DA014145-05 to JB and The
Falk Foundation (Chicago, IL) to JRM.

References

[1] Berridge KC, Robinson TE. What s the role of dopamine in reward: hedonic
impact, reward learning, or incentive salience? Brain Res Brain Res Rev
1998;28:309-69.

[2] Burgdorf J, Knutson B, Panksepp J. Anticipation of rewarding electrical
brain stimulation evokes ultrasonic vocalization in rats. Behav Neurosci
2000;114:320-7.

[3] Burgdorf J, Knutson B, Panksepp J, Ikemoto S. Nucleus accumbens
amphetamine microinjections unconditionally elicit 50-kHz ultrasonic
vocalizations in rats. Behav Neurosci 2001;115:940—4.

[4] Burgdorf J, Knutson B, Panksepp J, Shippenberg T. Evaluation of rat ultra-
sonic vocalizations as predictors of the conditioned aversive effects of
drugs. Psychopharmacology 2001;155:35-42.

[5] Burgdorf J, Panksepp J. Tickling induces reward in adolescent rats. Physiol
Behav 2001;72:167-73.

[6] Burgdorf J, Panksepp J. The neurobiology of positive emotions. Neurosci
Biobehav Rev 2006;30:173-87.

[7] Covington III HE, Miczek KA. Vocalizations during withdrawal from opi-
ates and cocaine: possible expressions of affective distress. Eur J Pharmacol
2003;467:1-13.

[8] Garris P, Kilpatrick M, Bunin M, Michael D, Walker Q, Wightman RM. Dis-
sociation of dopamine release in the nucleus accumbens from intracranial
self-stimulation. Nature 1999;398:67-9.

[9] Gallistel C, Shizgal P, Yeomans JS. A portrait of the substrate for self-
stimulation. Psychol Rev 1981;88:228-73.

[10] Halpert A, Olmstead M, Beninger RJ. Mechanisms and abuse liability of
the anti-histamine dimenhydrinate. Neurosci Biobehav Rev 2002;26:61-7.

[11] Ikemoto S, Panksepp J. The role of nucleus accumbens dopamine in
motivated behavior: a unifying interpretation with special reference to
reward-seeking. Brain Res Brain Res Rev 1999;31:6-41.

[12] Ikemoto S, Wise A. Mapping of chemical trigger zones for reward. Neu-
ropharmacology 2004;47:190-201.

[13] Jiirgens U. Reinforcing concomitants of electrically elicited vocalizations.
Exp Brain Res 1976;26:203-14.

[14] Jiirgens U. Vocalization as an emotional indicator A neuroethological study
in the squirrel monkey. Behaviour 1979;69:88-117.

[15] Knutson B, Burgdorf J, Panksepp J. Anticipation of play elicits high-
frequency ultrasonic vocalizations in young rats. J Comp Psychol
1998;112:65-73.

[16] Knutson B, Burgdorf J, Panksepp J. High-frequency ultrasonic vocaliza-
tions index conditioned pharmacological reward in rats. Physiol Behav
1999;66:639-43.

[17] Knutson B, Burgdorf J, Panksepp J. Ultrasonic vocalizations as indices of
affective states in rats. Psychol Bull 2002;128:961-77.

[18] Laviolette SR, van der Kooy D. GABA(A) receptors in the ventral
tegmental area control bidirectional reward signalling between dopamin-
ergic and non-dopaminergic neural motivational systems. Eur J Neurosci
2001;13:1009-15.

[19] LitvinY, Blanchard DC, Blanchard RJ. Rat 22-kHz ultrasonic vocalizations
as alarm cries. Behav Brain Res 2007;182:166-72.

[20] Lu CL, Jiirgens U. Effects of chemical stimulation in the periaque-
ductal gray on vocalization in the squirrel monkey. Brain Res Bull
1993;32:143-51.

[21] McGinnis MY, Vakulenko M. Characterization of 50-kHz ultrasonic vocal-
izations in male and female rats. Physiol Behav 2003;80:81-8.

[22] Miguelez M, Bielajew C. Mapping the neural substrate underlying brain
stimulation reward with the behavioral adaptation of double-pulse methods.
Rev Neurosci 2004;15:47-74.

[23] Montague PR, McClure S, Baldwin P, Phillips PE, Budygin E, Stuber G, et
al. Dynamic gain control of dopamine delivery in freely moving animals.
J Neurosci 2004;24:1754-9.



J. Burgdorf et al. / Behavioural Brain Research 182 (2007) 274-283 283

[24] Panksepp J. Affective neuroscience: the foundations of human and animal
emotions. New York: Oxford University Press; 1998.

[25] Panksepp J, Burgdorf J. “Laughing” rats and the evolutionary antecedents
of human joy? Physiol Behav 2003;79:533-47.

[26] Paxinos G, Watson C. The rat brain in stereotaxic coordinates. 4th ed. New
York: Academic Press; 1998.

[27] RossiJ, Panksepp J. Analysis of the relationships between self-stimulation
sniffing and brain-stimulation sniffing. Physiol Behav 1992;51:805-13.

[28] Shippenberg TS, Herz A. Place preference conditioning reveals the involve-
ment of D1-dopamine receptors in the motivational properties of mu- and
kappa-opioid agonists. Brain Res 1987;436:169-72.

[29] Stratmann JA, Craft M. Intracranial self-stimulation in female and male
rats: no sex differences using a rate-independent procedure. Drug Alcohol
Depend 1997;46:31-40.

[30] Swanson JM, Volkow D. Serum and brain concentrations of methyl-
phenidate: implications for use and abuse. Neurosci Biobehav Rev
2003;27:615-21.

[31] Thompson B, Leonard KC, Brudzynski SM. Amphetamine-induced 50 kHz
calls from rat nucleus accumbens: a quantitative mapping study and acous-
tic analysis. Behav Brain Res 2006;168:64—73.

[32] White N, Cagiano R, Moises A, Barfield RJ. Changes in mating vocaliza-
tions over the ejaculatory series in rats (Rattus norvegicus). J Comp Psychol
1990;104:255-62.

[33] Wise RA. Dopamine, learning and motivation. Nat Rev Neurosci
2004;5:483-94.

[34] Wood PL. A selected ion monitoring assay for dopamine and its metabo-
lites using negative chemical ionization. Biomed Mass Spectrom 1982;9:
302-6.



	Neurobiology of 50-kHz ultrasonic vocalizations in rats: Electrode mapping, lesion, and pharmacology studies
	Introduction
	Methods
	Surgery experiment 1
	Experiment 1: electrical brain stimulation testing
	Testing experiment 2: place conditioning procedure
	Experiment 3: lesions of the mesolimbic dopamine system and pharmacological tests
	Induction of USVs by heterospecific hand play (i.e. "tickling")
	Lesions
	Dopamine assay
	Pharmacological tests of tickled animals
	Pharmacological tests with electrical brain stimulation-induced vocalization
	Ultrasonic vocalization recording and analysis
	Histological verification of electrode and cannulae placement


	Results
	Experiment 1
	Experiment 2
	Experiment 3
	Electrolytic VTA lesions
	6-Hydroxydopamine lesions
	Pharmacological analysis


	Discussion
	Acknowledgments
	References


