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Abstract: Vocal communication is negatively affected by neurodegenerative diseases, such as
Parkinson disease, and by aging. The neurological and sensorimotor mechanisms underlying voice
deficits in Parkinson disease and aging are not well-understood. Rat ultrasonic vocalizations provide a
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unique behavioral model for studying communication deficits and the mechanisms underlying these deficits in these
conditions. The purpose of this review was to examine the existing literature for methods using rat ultrasonic vocalization
with regard to the primary disease pathology of Parkinson disease, dopamine denervation, and aging. Although only a
small amount of papers were found for each of these topics, results suggest that both shared and unique acoustic deficits in
ultrasonic vocalizations exist across conditions and that these acoustic deficits are due to changes in either dopamine
signaling or denervation and in aging models changes to the nucleus ambiguus, at the level of the neuromuscular junction,
and the composition of the vocal folds in the larynx. We conclude that ultrasonic vocalizations are a useful tool for
studying biologic mechanisms underlying vocal communication deficits in neurodegenerative diseases and aging.
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INTRODUCTION

Disorders of voice (dysphonia) and speech production
(dysarthria) can be related to developmental issues, neuro-
degeneration, structural defects, and/or advanced aging.
Neurodegeneration related to disease and aging causes
significant negative changes to vocal production and thus
affects communication ability and quality of life. For
example, dysarthria is an early-onset sign in individuals with
Parkinson disease typically starting with changes to vocal
loudness and quality [1-6]. As the disease progresses vocal
acoustic and auditory-perceptual features degrade and cause
reduced amplitude (loudness), decreased variation of intonation
(monopitch and monoloudness), and increased signal to
noise ratio (breathiness/harshness in vocal quality), which
significantly impair voice production and, therefore, speech
intelligibility and communication efficacy [7-11]. Although
the primary pathology of Parkinson disease is depletion of
nigrostriatal dopamine, there are many signs and symptoms
that do not fit with this model of the disease, including
dysarthria. Unfortunately, pharmacologic and surgical inter-
ventions aimed at modulating the nigrostriatal dopamine
system/circuits (deep brain stimulation, levodopa) do not
markedly improve and may even worsen voice production
[12-20]. Further, it is now understood that Parkinson disease
encompasses a widespread pathology [21], with changes to
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the autonomic nervous [22], peripheral nerves and muscles
[23-25] and dysregulation of norepinephrine and degeneration
of the locus coeruleus [26-29]. As such, how the complex
pathology of Parkinson disease contributes to vocal
dysfunction is unclear. To address this problem, a logical
first step in understanding how Parkinson disease affects
voice is to determine the effects of depleting nigrostriatal
dopamine on vocal production, as this is the primary feature
of disease pathology. Once this is defined, then systematically
studying degeneration of other neural structures and
neurotransmitters as they pertain to dysarthria will lead to a
more complete picture of vocal dysfunction in Parkinson
disease. For the purposes of this review, we will focus
on work that has been done in depleting nigrostriatal
dopamine.

Age-related voice disorders in older adults negatively
impact quality of life, present both physical and mental
health risks, and are common; the prevalence of voice
disorders in older adults has been estimated to be between
20-30% [30, 31]. Laryngeal neuromuscular decline is
associated with age-related voice problems and may also
contribute to difficulty swallowing through compromised
laryngeal closure [32-35]. Therefore, understanding the effects
of advanced age on laryngeal neuromuscular mechanisms
has important clinical implications.

Although considerable work has been done in humans,
much of our understanding of these problems comes from
animal models. Rat ultrasonic vocalizations (USVs) have been
extensively studied with regard to basic neurophysiologic
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mechanisms underlying production as well as affect and
reward/addiction [36-49]. USVs can also be useful to study
sensorimotor control for actions of the larynx, such as
vocalization, since USVs and human vocalizations share
similar mechanisms of production; specifically, both are
produced by rapidly constricting the laryngeal muscles to
modulate an egressive airflow [50, 51]. The primary
difference between human vocalizations and rat USVs is that
human vocalizations are created by vibrations of the vocal
folds, while USVs are thought to be produced using a
whistle mechanism [50, 52, 53]. It has been shown that rat
USVs share certain features with human speech
communication in that they have semiotic value [54] serve to
establish and maintain social contact [55], and consist of
modular vocal behavior [56]. That is not to say that USVs
are equivalent to human speech; rather, USVs, like speech,
require fine sensorimotor control of the larynx, have
meaning, and can change the behavior of the signal recipient.
Thus, USVs can be an appropriate model for studying
sensorimotor control in the context of communication.
Recently, rodent ultrasonic vocalizations have been used to
model aging and Parkinson disease. The purpose of this
paper for the special issue is to review the literature related
to rat 50-kHz USVs as it pertains to dopamine denervation as
a model for Parkinson disease and aging.

DOPAMINE DENERVATION

Dopamine denervation has been modeled extensively in
rats by infusing the neurotoxin 6-hydroxydopamine
(6-OHDA) into the medial forebrain bundle or striatum,
where it is taken up by the neuron causing a cascade of
events leading to dopaminergic and noradrenergic cell death
(for examples of literature out of thousands of papers
see Ungerstedt, 1968 [57] and more recently Johnson et al.,
1999 [58]). This has also been modeled less commonly with
pesticides/herbicides such as rotenone and paraquat.
Regardless of the mechanism, these methods attempt to
model the cardinal features of Parkinson disease; tremor,
postural instability, bradykinesia by causing striatal
dopamine depletion (for a review see Blesa, Phani, Jackson-
Lewis, Przedborski, 2012 [59]). However, the important
clinical features of Parkinson disease have expanded to
include other sensorimotor deficits such as freezing, dysarthria
and dysphagia (disordered swallowing) (for a review see
Ciucci et al.,, 2013 [60]) and non-motor deficits such as
hyposmia, sleep and mood disturbances, cognition and
autonomic dysfunction (see Natale er al., 2013 [22], and as
an example in the 6-OHDA rat model see Tadaiesky, ef al.,
2008 [61]). Thus, efforts have been made to define which
signs are attributed to dopamine depletion in nigrostriatal
pathways or other more recently identified extranigral and
non-dopaminergic mechanisms [21, 26, 62].

In our review of the literature, only two papers addressed
the effects of unilateral dopamine denervation on 50-kHz
vocalizations with 6-OHDA ([63, 64]); no studies were
found using other neurotoxin or pesticide/herbicide models.
The first study (Ciucci et al., 2007) [63] was preliminary,
thus results from the 2009 study are reported here [64].
Using a mating paradigm, the authors elicited 50-kHz USVs
in male Long-Evans rats by exposing sexually-experienced
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males to receptive females. The female rats were removed
and recording of vocalizations were from individual males
only. USV complexity (trill-like frequency modulated USV's
vs. flat USVs) was decreased relative to controls without a
decrease in the total number of USVs produced. Amplitude
(acoustic intensity measured in decibels) and bandwidth
(the frequency range of a vocalization, measured in Hertz as
the difference between the highest and lowest frequency)
were also significantly reduced compared to controls
(for representative spectrogram, see Fig. 1 reprinted with
permission from Ciucci, et al., 2008 [65]). Although it has
been established in adult USVs that acoustic features, such
as number of calls, intensity, and frequency range, carry
communicative value, it is unknown how changes in
these parameters change the semiotic content and/or the
response of the recipient [66]. Based on recent advances in
understanding the physiology of USV production [50, 56,
67], however, these acoustic changes suggest that rats, like
humans, have decreased control at the level of the larynx
with dopamine denervation. However, although denervation
with unilateral 6-OHDA infusion alters the acoustic structure
of rat USVs, certain features do not change or change to a
small degree. We calculated effect sizes from the Ciucci
2009 paper and there was a large effect on amplitude
(Cohen’s d 8.0, =0.97) but a smaller effect on maximum
frequency (Cohen’s d=2.6, r=0.79), while there was no
statistically significant difference in USV duration.

In another study, neurodegeneration was induced by
unilaterally injecting recombinant adeno-associated virus
(rAAV) serotype 2/5-expressing human wildtype a-synuclein,
a protein implicated in the neuropathology of Parkinson
disease, in the rat substantia nigra [68]. Functional
impairment in measures of forelimb use were observed in
rats with 8 week duration of a-synuclien (0-syn) expression
and these deficits were highly correlated with striatal
tyrosine hydroxylase loss. Rats in this cohort also
demonstrated decreased USV amplitude and rate, but there
were no significant differences in USV type, duration,
bandwidth, peak frequency or latency to call between naive
control and rAAV2/5-a-syn rats [68]. This suggests that
while dopamine denervation affects acoustic properties of
the USV, it does not affect all aspects of the USV, pointing
toward other mechanisms. This in part has been recently
addressed in a mouse model over-expressing human wildtype
a-syn. Mice showed a significant reduction in the duration
and amplitude of USVs with an altered USV profile [69].
These acoustic deficits occur in the absence of nigrostriatal
dopamine loss, although a-syn pathology was found in the
periaqueductal gray, a region important for vocal production
[70-72]. Thus, we can tentatively conclude that dopamine
denervation as well as other pathological mechanisms
associated with Parkinson disease contribute to vocal
dysfunction. In other words, like humans, vocal
communication in rats is susceptible to pathologies related to
Parkinson disease, exhibit acoustic changes that mimic those
seen in the human manifestation of the disease (reductions in
frequency bandwidth and amplitude), and can serve as useful
tool in understanding the behavioral and underlying
neurological complexities of Parkinson disease.



Changes in Rat 50-kHz Ultrasonic Vocalizations During Dopamine

Control

Current Neuropharmacology, 2015, Vol. 13, No. 2 213

6-OHDA

fa eibr g fis 45

50 ms dB

Frequency (kHz)
- N w H O (o] ~l
. .2.2.2.2.2.2.2

Fig. (1). Representative spectrograms of frequency modulated trill-type USVs demonstrating the reduced amplitude and bandwidth in
unilateral 6-OHDA infusion (dopamine denervation model of Parkinson disease) male rats compared with control. Averages and standard
errors of the maximum and minimum peak frequency are represented by the bar graphs. Solid color between the maximum and minimum
peak frequency indicates the bandwidth of the call. Reprinted with permission from Ciucci, et al., 2008 [65].

PHARMACOLOGICAL
DOPAMINE

MANIPULATIONS OF

Although it is beyond the scope of the current paper to
review all effects of pharmacologic manipulation on USVs, a
considerable amount of work has been done to characterize
dopaminergic mechanisms in the production of USVs [42,
73-75]. Specifically, manipulations of dopamine with drugs
such as amphetamine [40, 43, 48, 76, 77], cocaine [78, 79],
apomorphine [79], and methylphenidate [80] result in an
increase in the quantity of 50-kHz USVs. Likewise,
agonizing or antagonizing dopaminergic receptors affects
both the quantity and quality of 50-kHz vocalizations [81-
86]. For example, selective antagonism of the dopamine D,
receptor sub-type with haloperidol results in decreased
bandwidth, amplitude (loudness), and complexity of USVs,
similar to what is observed following unilateral infusions of
6-OHDA [63, 64]. Likewise, selective Dy, D,, or combined
D, + D, antagonism results in not only decreased call rate
and altered call profile [81, 82], but also reductions in
latency to call, duration, intensity, bandwidth and peak
frequency [82]. Given the role of dopamine in rewarding and
appetitive behaviors, there is also a body of literature
devoted to characterizing both direct manipulations of
the nucleus accumbens [40, 43, 46, 76, 87] and the 50-kHz
USV as an indicator of positive affect (for examples, see [54,
88, 89]). While not as well characterized as dopaminergic
mechanisms in USVs, manipulations of other neurotransmitters
such as norepinephrine [75, 90-96] and serotonin [97] have
also been shown to play a role in the production of 50-kHz
USVs. Although pharmacological manipulations do not
recapitulate dopaminergic denervation, as it relates to
Parkinson disease, these studies offer valuable insight into
the relationship between specific dopaminergic mechanisms

and qualitative aspects of USVs. This, in turn, may help to
better understand how and why voice deficits manifest in
Parkinson disease and inform future treatment approaches.

EFFECT OF ADVANCED AGE ON 50-kHz
VOCALIZATIONS

Only a handful of studies have looked at the effects of
advanced age on rat USVs [98-100]. Overall, age-related
acoustic changes in 50-kHz USVs are similar to those found
with unilateral dopamine denervation with 6-OHDA, with
aged rats demonstrating decreases in measures of frequency
(smaller bandwidth and decreased maximum and peak
frequency) and decreased amplitude of vocalizations relative
to young adult rats [98-100]. Different than the findings in
the 6-OHDA model, however, vocalization complexity and
rate do not appear to be influenced by advanced age.
Furthermore, aging does appear to impact the duration of
complex vocalizations, with longer mean durations of step
[98] and frequency modulated [99] USVs in old adult rats
compared to USVs of young adult rats. Peterson et al. (2013)
[100] did not report results on duration. Although few in
number, these studies indicate aging does have an impact on
the acoustics of rat 50-kHz USVs, and that the acoustic
deficits have some similarities with those found with
dopamine denervation.

These acoustic changes in USVs may be due to age-
related changes in laryngeal structure and/or central and
peripheral denervation-like neuromuscular adaptations. In
the aging rat larynx, senescence is associated with
neuromuscular deficits, including decreased laryngeal
kinematics during resting breathing, reduced capillary
surface area and branch points in the thyroarytenoid muscle
(the primary muscle of the vocal fold), and a shift to slower



214 Current Neuropharmacology, 2015, Vol. 13, No. 2

contracting muscle fiber types in the thyroarytenoid muscle
[101-103]. In both the human and rat larynx, aging impacts
laryngeal neuromuscular junction (NMJ) morphology in a
manner similar to denervation, but in ways unique from
NMJs found in the limb musculature [32, 104-106]. Peterson
et al. (2013) [100] reported age-related acoustic deficits of
USVs were correlated with structural changes in the
microarchitecture of the vocal folds, including an increase in
connective tissue and collagen and a decline in elastin and
hyaluronic acid, all of which may result in increased stiffness
of the vocal folds. Peripheral neuromuscular changes, such
as dispersion of the motor endplate within the NMJ [99], and
central changes, such as a decreased number of motoneurons
in the nucleus ambiguus [98], have also been associated with
acoustic deficits in 50-kHz USVs. Furthermore, other
unexplored mechanisms underlying USV production may be
impacted by advanced age and cause changes in acoustic
parameters. For example, frequency modulation of USVs is
related to respiratory patterns [67]; therefore, age-related
changes in respiratory capacity and function may also play a
role in acoustic deficits. No direct studies have been
performed, however, investigating USV production and
respiratory function in an aging model. Overall, these results
suggest advanced age negatively impacts the physiology of
the rat laryngeal neuromuscular system, and therefore, the
acoustic signal of 50-kHz USVs.

Age-related acoustic deficits in USVs correspond to
those found in the aging human voice. Typical age-related
acoustic changes in the human voice include alterations in
average fundamental frequency, decreased fundamental
frequency range, decreased vocal stability (increased
perturbation), and decreased volume (amplitude) (for review,
see Baken (2005) [107]). As with the rat, these acoustic
changes in the human voice are likely due to underlying age-
related changes in vocal fold microarchitecture and
biomechanics [108-110] and neuromuscular deficits [111].
Therefore, study of age-related changes in rat USVs and
laryngeal neuromuscular system can provide insight into
age-related changes in the human voice.

DISCUSSION

This paper reviewed the currently published literature on
male rat USVs as it pertains to dopamine denervation and
aging. There were only 2 papers published on dopamine
denervation with the neurotoxin 6-OHDA and one paper
using viral transfection of a-syn to deplete dopamine in the
substantia nigra; no other neurotoxin or herbicide/pesticide
studies examining USVs were found. Findings from these
papers show an altered USV profile (less complex and more
simple USVs) along with reduced bandwidth and amplitude
of USVs. Other acoustic parameters, such as duration, were
not affected. Thus, unilateral denervation of nigrostriatal
fibers in the medial forebrain bundle or substantia nigra is
associated with acoustic deficits in male rat USVs. However,
as vocal deficits appear early in humans and are refractory to
treatments aimed at nigrostriatal dopamine depletion, other
mechanisms in the complex pathology of Parkinson disease
are indicated with potential association to dopamine
pathways. Midbrain dopamine cells that die in the disease
appear particularly susceptible to abnormal alpha-synuclein
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protein deposits [26]. Transgenic mouse models that over-
express human wild type o-syn under the Thy-1 promoter
demonstrate early and progressive USV deficits accompanied
by a-syn pathology in the periaqueductal gray (PAG) which
happens prior to substantial dopamine cell loss [69].

As described in the seminal works by Braak [21, 26, 62],
dopamine neurons appear to be vulnerable to degeneration
and alpha-synuclein aggregation and the association between
alpha-synuclein and dopamine signaling pathways may be
mediated by molecular intermediaries. The forkhead family
of transcription factors including Foxpl and Foxp2 are likely
candidates. Knockout mice with a-syn deficiency and altered
USVs show downregulation of Foxp! mRNA in the striatum
during developmental and adult periods [112]. Recent
evidence from the zebra finch songbird suggests that
lentiviral-mediated knockdown of the speech-related gene
FoxP2 in the basal ganglia song nucleus, Area X, affects
dopamine modulation in cortico-striatal circuitry and
modification of the song [113]. In addition to these FoxP
molecules, a whole cascade of other behaviorally-driven
genes in zebra finches associate with dopamine-modulated
pathways in the basal ganglia [114, 115]. These molecular
interactions may be key mediators of vocal plasticity
necessary for song learning and on-going maintenance.
These examples from multiple species highlight the need to
leverage the advantages of genetic tools in mice and rats
with the well-characterized neural circuitry of songbirds in
order to move forward in the investigation of the onset,
progression, and pathology of vocalization deficits in motor
disorders, particularly ones associated with dopamine
denervation.

The results of the aging studies may indicate an age-
related decrease in fine motor control needed to accurately
produce these relatively short (<50 ms), rapidly-modulated
vocalizations. Loss of fine motor control may result from an
increase in the size of the motor unit seen with aging [116].
Indeed, age-related acoustic changes in rats are associated
with a decrease in the number of primary motoneurons in the
nucleus ambiguus [98] and pre-synaptic remodeling of the
NMIJ [99], suggesting motor unit remodeling with age. This
interpretation is supported by findings using electro-
myography in the human larynx that show longer motor unit
durations in older adults [117]. Additionally, age-related
changes at the NMJ may be a primary cause of motor unit
remodeling [118]. Evidence is limited, however, by the few
studies on age-related changes in USVs and related changes
in underlying neuromuscular mechanisms. Age-related changes
both within the larynx and throughout the body likely impact
USVs. For example, USVs are produced with an egressive
airflow and, therefore, age-related changes in breathing and
pulmonary function likely contribute to changes in USVs.
Studies of human speech breathing have shown older adults
use different respiratory mechanisms when producing speech,
likely due to changes in the strength of respiratory musculature,
compliance of the chest and lungs, and lung volume [119,
120]. Changes in rat pulmonary function with aging has been
identified [121], although subglottal pressure during USV
production has only been studied in young rats [50]. These
multiple neurological and physiological mechanisms involved
with USV production make USVs a unique behavioral
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biomarker of aging, and offer a relatively untapped area of
research.

One of the primary acoustic USV variables affected by
both dopamine denervation and aging is USV amplitude.
When measuring changes in amplitude, variations in distance
from the sound source to the microphone will result in
variations of amplitude. In the reviewed studies, rats were
allowed to roam freely while vocalizations were recorded.
Variability of individual rats was accounted for by taking an
average measurement of many vocalizations for each rat.
Therefore, the observed differences in USV amplitude were
likely due to true differences between groups and not
variations in mouth-to-microphone distance. A potential
solution to control for this variation in microphone distance
could be to use an array of microphones, allowing for
localizing of the animal and subsequent calculation of a
calibrated amplitude measure. Future investigations may
consider this or another controlled method of measuring
amplitude to provide further insight into USV amplitude
changes.

Many of the reported changes in USV acoustics differed
by vocalization subtype; however, there is no standard
method for classifying USVs and, therefore, different
methods of classification were used across studies. Although
one study analyzed all 50-kHz USVs together without
further classification [100], most of the studies discussed in
this review manually classified 50-kHz USVs into at least 2
subtypes by frequency, either “flat” (constant frequency) or
frequency modulated. The frequency modulated USVs are
often further divided into 2, 4, or as many 12 different sub-
classification [64, 77, 88]. Although automatic classification
schemes have been proposed for both rat [122, 123] and
mouse [124] USVs, none have been widely accepted.
Evidence for a reliable, automated, meaningful classification
scheme is critical for comparing results across studies.

Despite some methodological limitations, rat 50-kHz
USVs have been a useful tool for studying changes to vocal
production with regard to dopamine denervation and aging.
Additionally, USVs also offer an opportunity to study
behavioral interventions targeted at preventing and/or
reversing these changes in vocal production and the
underlying neurological and sensorimotor deficits [99, 125].
Although only a limited number of studies were identified by
this review, it is clear rat 50-kHz USVs are an emerging tool
to investigate many disorders of the nervous system and
genetic conditions that cause communication deficits.

CONFLICT OF INTEREST STATEMENT

The authors have no financial or non-financial conflict of
interest to declare.

ACKNOWLEDGEMENTS

The authors thank Cynthia A. Kelm-Nelson, PhD for
assistance with figure preparation and Julie E Miller, PhD
for critical comments regarding molecular intermediaries
and birdsong models of vocalization. This work was
supported by the National Institute on Deafness and Other
Communication Disorders at the National Institutes of
Health (T32 DC009401).

Current Neuropharmacology, 2015, Vol. 13, No. 2 215

REFERENCES

[1] Rusz, J.; Cmejla, R.; Ruzickova, H.; Klempir, J.; Majerova, V.;
Picmausova, J.; Roth, J.; Ruzicka, E. Acoustic assessment of voice
and speech disorders in Parkinson's disease through quick vocal
test. Mov. Disord., 2011, 26(10), 1951-1952. http://dx.doi.org/10.
1002/mds.23680

[2] Rusz, J.; Cmejla, R.; Ruzickova, H.; Ruzicka, E. Quantitative
acoustic measurements for characterization of speech and voice
disorders in early untreated Parkinson's disease. J. Acoust. Soc.
Am., 2011, 129(1), 350-367. http://dx.doi.org/10.1121/1.3514381

[3] Holmes, R.J.; Oates, J.M.; Phyland, D.J.; Hughes, A.J. Voice
characteristics in the progression of Parkinson's disease. Int. J.
Lang. Commun. Disord., 2000, 35(3), 407-418. http://dx.doi.org/
10.1080/136828200410654

[4] Harel, B.; Cannizzaro, M.; Snyder, P.J. Variability in fundamental
frequency during speech in prodromal and incipient Parkinson's
disease: a longitudinal case study. Brain Cogn., 2004, 56(1), 24-29.
http://dx.doi.org/10.1016/j.bandc.2004.05.002

[5] Stewart, C.; Winfield, L.; Hunt, A.; Bressman, S.B.; Fahn, S.;
Blitzer, A.; Brin, M.F. Speech dysfunction in early Parkinson's
disease. Mov. Disord., 1995, 10(5), 562-565. http://dx.doi.org/10.
1002/mds.870100506

[6] Sapir, S. Multiple factors are involved in the dysarthria associated
with Parkinson's disease: a review with implications for clinical
practice and research. J. Speech Lang Hear Res., 2014, 57(4),
1330-1343. http://dx.doi.org/10.1044/2014_JSLHR-S-13-0039

[7] Kim, Y.; Kent, R.D.; Weismer, G. An acoustic study of the
relationships among neurologic disease, dysarthria type, and
severity of dysarthria. J. Speech Lang Hear Res., 2011, 54(2), 417-429.
http://dx.doi.org/10.1044/1092-4388(2010/10-0020)

[8] Goberman, A.M.; Blomgren, M. Fundamental frequency change
during offset and onset of voicing in individuals with Parkinson
disease. J. Voice, 2008, 22(2), 178-191. http://dx.doi.org/10.1016/j.
jvoice.2006.07.006

[9] Baker, K.K.; Ramig, L.O.; Luschei, E.S.; Smith, M.E.
Thyroarytenoid muscle activity associated with hypophonia in
Parkinson disease and aging. Neurology, 1998, 51(6), 1592-1598.
http://dx.doi.org/10.1212/WNL.51.6.1592

[10] Logemann, J.A.; Fisher, H.B.; Boshes, B.; Blonsky, E.R. Frequency
and cooccurrence of vocal tract dysfunctions in the speech of a
large sample of Parkinson patients. J. Speech Hear Disord., 1978,
43(1),47-57. http://dx.doi.org/10.1044/jshd.4301.47

[11] Hanson, D.G.; Gerratt, B.R.; Ward, P.H. Cinegraphic observations
of laryngeal function in Parkinson's disease. Laryngoscope, 1984,
94(3), 348-353. http://dx.doi.org/10.1288/00005537-198403000-
00011

[12] Kompoliti, K.; Wang, Q.E.; Goetz, C.G.; Leurgans, S.; Raman, R.
Effects of central dopaminergic stimulation by apomorphine on
speech in Parkinson's disease. Neurology, 2000, 54(2), 458-462.
http://dx.doi.org/10.1212/WNL.54.2.458

[13] Pinto, S.; Ozsancak, C.; Tripoliti, E.; Thobois, S.; Limousin-
Dowsey, P.; Auzou, P. Treatments for dysarthria in Parkinson's
disease. Lancet Neurol., 2004, 3(9), 547-556. http://dx.doi.org/10.
1016/S1474-4422(04)00854-3

[14] D'Alatri, L.; Paludetti, G.; Contarino, M.F.; Galla, S.; Marchese,
M.R.; Bentivoglio, A.R. Effects of bilateral subthalamic nucleus
stimulation and medication on parkinsonian speech impairment. J.
Voice, 2008, 22(3), 365-372. http://dx.doi.org/10.1016/j.jvoice.
2006.10.010

[15] Dromey, C.; Kumar, R.; Lang, A.E.; Lozano, AM. An
investigation of the effects of subthalamic nucleus stimulation on
acoustic measures of voice. Mov. Disord., 2000, 15(6), 1132-1138.
http://dx.doi.org/10.1002/1531-8257(200011)15:6<1132::AID-
MDS1011>3.0.CO;2-O

[16] Gallena, S.; Smith, P.J.; Zeffiro, T.; Ludlow, C.L. Effects of levodopa
on laryngeal muscle activity for voice onset and offset in Parkinson
disease. J. Speech Lang Hear Res., 2001, 44(6), 1284-1299.
http://dx.doi.org/10.1044/1092-4388(2001/100)



216

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Current Neuropharmacology, 2015, Vol. 13, No. 2

Goberman, A.M.; Coelho, C. Acoustic analysis of parkinsonian
speech I: speech characteristics and L-Dopa therapy. Neuro-
Rehabilitation, 2002, 17(3), 237-246.

Jiang, J.; Lin, E.; Wang, J.; Hanson, D.G. Glottographic measures
before and after levodopa treatment in Parkinson's disease.
Laryngoscope, 1999, 109(8), 1287-1294. http://dx.doi.org/10.
1097/00005537-199908000-00019

Sanabria, J.; Ruiz, P.G.; Gutierrez, R.; Marquez, F.; Escobar, P.;
Gentil, M.; Cenjor, C. The effect of levodopa on vocal function in
Parkinson's disease. Clin. Neuropharmacol., 2001, 24(2), 99-102.
http://dx.doi.org/10.1097/00002826-200103000-00006
Klostermann, F.; Ehlen, F.; Vesper, J.; Nubel, K.; Gross, M.;
Marzinzik, F.; Curio, G.; Sappok, T. Effects of subthalamic deep
brain stimulation on dysarthrophonia in Parkinson's disease. J
Neurol — Neurosurg.  Psychiatry, 2008, 79(5), 522-529.
http://dx.doi.org/10.1136/jnnp.2007.123323

Braak, H.; Ghebremedhin, E.; Rub, U.; Bratzke, H.; Del Tredici, K.
Stages in the development of Parkinson's disease-related pathology.
Cell Tissue Res., 2004, 318(1), 121-134. http://dx.doi.org/10.1007/
s00441-004-0956-9

Natale, G.; Biagioni, F.; Vivacqua, G.; D'Este, L.; Fumagalli, L.;
Fornai, F. The neurobiology of dysautonomia in Parkinson's
disease. Arch. Ital. Biol., 2013, 151(4),203-218.

Mu, L.; Sobotka, S.; Chen, J.; Su, H.; Sanders, 1.; Adler, C.H.;
Shill, H.A.; Caviness, J.N.; Samanta, J.E.; Beach, T.G. Altered
pharyngeal muscles in Parkinson disease. J. Neuropathol. Exp.
Neurol., 2012, 71(6), 520-530. http://dx.doi.org/10.1097/NEN.
0b013e318258381b

Mu, L.; Sobotka, S.; Chen, J.; Su, H.; Sanders, 1.; Adler, C.H.;
Shill, H.A.; Caviness, J.N.; Samanta, J.E.; Beach, T.G. Alpha-
synuclein pathology and axonal degeneration of the peripheral
motor nerves innervating pharyngeal muscles in Parkinson disease.
J. Neuropathol. Exp. Neurol., 2013, 72(2), 119-129. http://dx.doi.
org/10.1097/NEN.0b013e3182801cde

Mu, L.; Sobotka, S.; Chen, J.; Su, H.; Sanders, I.; Nyirenda, T.;
Adler, C.H.; Shill, H.A.; Caviness, J.N.; Samanta, J.E.; Sue, L.1;
Beach, T.G. Parkinson Disease Affects Peripheral Sensory Nerves
in the Pharynx. J. Neuropathol. Exp. Neurol., 2013, 72, 614-623.
http://dx.doi.org/10.1097/NEN.0b013e3182965886

Braak, H.; Del Tredici, K.; Rub, U.; de Vos, R.A.; Jansen Steur,
E.N.; Braak, E. Staging of brain pathology related to sporadic
Parkinson's disease. Neurobiol. Aging, 2003, 24(2), 197-211.
http://dx.doi.org/10.1016/S0197-4580(02)00065-9

Zarow, C.; Lyness, S.A.; Mortimer, J.A.; Chui, H.C. Neuronal loss
is greater in the locus coeruleus than nucleus basalis and substantia
nigra in Alzheimer and Parkinson diseases. Arch. Neurol., 2003,
60(3), 337-341. http://dx.doi.org/10.1001/archneur.60.3.337
Goldstein, D.S.; Sullivan, P.; Holmes, C.; Kopin, 1.J.; Basile, M.J.;
Mash, D.C. Catechols in post-mortem brain of patients with
Parkinson disease. Eur. J. Neurol., 2011, 18(5), 703-710. http:/dx.
doi.org/10.1111/j.1468-1331.2010.03246.x

Goldstein, D.S. Biomarkers, mechanisms, and potential prevention
of catecholamine neuron loss in Parkinson disease. Adv.
Pharmacol., 2013, 68, 235-272. http://dx.doi.org/10.1016/B978-0-
12-411512-5.00012-9

Roy, N.; Stemple, J.; Merrill, R.M.; Thomas, L. Epidemiology
of voice disorders in the elderly: preliminary findings.
Laryngoscope, 2007, 117(4), 628-633. http://dx.doi.org/10.1097/
MLG.0b013¢3180306dal

Golub, J.S.; Chen, P.H.; Otto, K.J.; Hapner, E.; Johns, M.M., 3rd.
Prevalence of perceived dysphonia in a geriatric population. J. Am.
Geriatr. Soc., 2006, 54(11), 1736-1739. http://dx.doi.org/10.1111/
j-1532-5415.2006.00915.x

Malmgren, L.T.; Fisher, P.J.; Bookman, L.M.; Uno, T. Age-related
changes in muscle fiber types in the human thyroarytenoid muscle:
An immunohistochemical and stereological study using confocal
laser scanning microscopy. Otolaryngol. Head Neck Surg., 1999,
121(4), 441-451. http://dx.doi.org/10.1016/S0194-5998(99)70235-
4

Rodeno, M.T.; Sanchez-Fernandez, J.M.; Rivera-Pomar, J.M.
Histochemical and morphometrical ageing changes in human vocal

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

Johnson et al.

cord muscles. Acta Otolaryngol., 1993,
http://dx.doi.org/10.3109/00016489309135842
Sato, T.; Tauchi, H. Age changes in human vocal muscle. Mech.
Ageing Dev., 1982, 18(1), 67-74. http://dx.doi.org/10.1016/0047-
6374(82)90031-8

Tiago, R.; Pontes, P.; do Brasil, O.C. Age-related changes in
human laryngeal nerves. Otolaryngol. Head Neck Surg., 2007,
136(5), 747-751. http://dx.doi.org/10.1016/j.0tohns.2006.11.054
Seffer, D.; Schwarting, R.K.; Wohr, M. Pro-social ultrasonic
communication in rats: Insights from playback studies. J. Neurosci.
Methods, 2014, 234, 73-81. http://dx.doi.org/10.1016/j.jneumeth.
2014.01.023

Willadsen, M.; Seffer, D.; Schwarting, R.K.; Wohr, M. Rodent
ultrasonic communication: Male prosocial 50-kHz ultrasonic
vocalizations elicit social approach behavior in female rats (Rattus
norvegicus). J. Comp. Psychol., 2014, 128(1), 56-64. http://dx.doi.
org/10.1037/a0034778

Wohr, M.; Schwarting, R.K. Affective communication in rodents:
ultrasonic vocalizations as a tool for research on emotion and
motivation. Cell Tissue Res., 2013, 354(1), 81-97. http://dx.doi.org/
10.1007/s00441-013-1607-9

Panksepp, J. Neuroevolutionary sources of laughter and social joy:
modeling primal human laughter in laboratory rats. Behav. Brain
Res., 2007, 182(2), 231-244. http://dx.doi.org/10.1016/j.bbr.2007.
02.015

Brudzynski, S.M.; Silkstone, M.; Komadoski, M.; Scullion, K.;
Duffus, S.; Burgdorf, J.; Kroes, R.A.; Moskal, J.R.; Panksepp, J.
Effects of intraaccumbens amphetamine on production of 50 kHz
vocalizations in three lines of selectively bred Long-Evans rats.
Behav. Brain Res., 2011, 217(1), 32-40. http://dx.doi.org/10.1016/
j-bbr.2010.10.006

Burgdorf, J.; Panksepp, J.; Moskal, J.R. Frequency-modulated 50
kHz ultrasonic vocalizations: a tool for uncovering the molecular
substrates of positive affect. Neurosci. Biobehav. Rev, 2011, 35(9),
1831-1836. http://dx.doi.org/10.1016/j.neubiorev.2010.11.011
Burgdorf, J.; Wood, P.L.; Kroes, R.A.; Moskal, J.R.; Panksepp, J.
Neurobiology of 50-kHz ultrasonic vocalizations in rats: electrode
mapping, lesion, and pharmacology studies. Behav. Brain Res,
2007, 182(2), 274-283. http://dx.doi.org/10.1016/.bbr.2007.03.010
Burgdorf, J.; Knutson, B.; Panksepp, J.; Ikemoto, S. Nucleus
accumbens amphetamine microinjections unconditionally elicit 50-
kHz ultrasonic vocalizations in rats. Behav. Neurosci., 2001,
115(4), 940-944. http://dx.doi.org/10.1037/0735-7044.115.4.940
Browning, J.R.; Browning, D.A.; Maxwell, A.O.; Dong, Y.
Jansen, H.T.; Panksepp, J.; Sorg, B.A. Positive affective
vocalizations during cocaine and sucrose self-administration: a
model for spontaneous drug desire in rats. Neuropharmacology,
2011, 61(1-2), 268-275. http://dx.doi.org/10.1016/j.neuropharm.
2011.04.012

Hori, M.; Hayashi, T.; Nakagawa, Y.; Sakamoto, S.; Urayama, O.;
Murakami, K. Positive emotion-specific changes in the gene
expression profile of tickled rats. Mol. Med. Rep., 2009, 2(2), 157-
161.

Hori, M.; Shimoju, R.; Tokunaga, R.; Ohkubo, M.; Miyabe, S.;
Ohnishi, J.; Murakami, K.; Kurosawa, M. Tickling increases
dopamine release in the nucleus accumbens and 50 kHz ultrasonic
vocalizations in adolescent rats. Neuroreport, 2013, 24(5), 241-
245. http://dx.doi.org/10.1097/WNR.0b013e32835edbfa

Ahrens, A.M.; Nobile, C.W.; Page, L.E.; Maier, E.Y.; Duvauchelle,
C.L.; Schallert, T. Individual differences in the conditioned and
unconditioned rat 50-kHz ultrasonic vocalizations elicited by
repeated amphetamine exposure. Psychopharmacology (Berl),
2013, 229(4), 687-700. http://dx.doi.org/10.1007/s00213-013-
3130-9

Ahrens, AM.; Ma, S.T.; Maier, E.Y.; Duvauchelle, C.L.; Schallert,
T. Repeated intravenous amphetamine exposure: rapid and persistent
sensitization of 50-kHz ultrasonic trill calls in rats. Behav. Brain
Res., 2009, 197(1), 205-209. http://dx.doi.org/10.1016/j.bbr.2008.
08.037

Maier, E.Y.; Abdalla, M.; Ahrens, A.M.; Schallert, T.;
Duvauchelle, C.L. The missing variable: ultrasonic vocalizations

113(3), 445-449.



Changes in Rat 50-kHz Ultrasonic Vocalizations During Dopamine

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

reveal hidden sensitization and tolerance-like effects during
long-term cocaine administration. Psychopharmacology (Berl),
2012, 219(4), 1141-1152. http://dx.doi.org/10.1007/s00213-011-
2445-7

Riede, T. Subglottal pressure, tracheal airflow, and intrinsic
laryngeal muscle activity during rat ultrasound vocalization. J.
Neurophysiol., 2011, 106(5), 2580-2592. http://dx.doi.org/10.1152/
jn.00478.2011

Titze, I.R. The Myoelastic Aerodynamic Theory of Phonation.
National Center for Voice and Speech: Denver, 2006.

Johnson, A.M.; Ciucci, M.R.; Russell, J.A.; Hammer, M.J;
Connor, N.P. Ultrasonic output from the excised rat larynx. J
Acoust. Soc. Am., 2010, 128(2), EL75-79. http://dx.doi.org/10.
1121/1.3462234

Roberts, L.H. The rodent ultrasound production mechanism.
Ultrasonics, 1975, 13(2), 83-88. http://dx.doi.org/10.1016/0041-
624X(75)90052-9

Brudzynski, S.M. Communication of adult rats by ultrasonic
vocalization: biological, sociobiological, and neuroscience
approaches. ILAR J., 2009, 50(1), 43-50. http://dx.doi.org/10.
1093/ilar.50.1.43

Wohr, M.; Schwarting, R.K. Ultrasonic communication in rats: can
playback of 50-kHz calls induce approach behavior? PLoS One,
2007, 2(12), e1365. http://dx.doi.org/10.1371/journal.pone.0001365
Riede, T. Rat ultrasonic vocalization shows features of a modular
behavior. J. Neurosci., 2014, 34(20), 6874-6878. http://dx.doi.
org/10.1523/JNEUROSCI.0262-14.2014

Ungerstedt, U. 6-Hydroxy-dopamine induced degeneration of
central monoamine neurons. Eur. J. Pharmacol., 1968, 5(1), 107-
110. http://dx.doi.org/10.1016/0014-2999(68)90164-7

Johnson, R.E.; Schallert, T.; Becker, J.B. Akinesia and postural
abnormality after unilateral dopamine depletion. Behav. Brain
Res., 1999, 104(1-2), 189-196. http://dx.doi.org/10.1016/S0166-
4328(99)00068-6

Blesa, J.; Phani, S.; Jackson-Lewis, V.; Przedborski, S. Classic and
new animal models of Parkinson's disease. J. Biomed. Biotechnol.,
2012, 2012, 845618.

Ciucci, M.R.; Grant, L.M.; Rajamanickam, E.S.; Hilby, B.L.; Blue,
K.V.; Jones, C.A.; Kelm-Nelson, C.A. Early identification and
treatment of communication and swallowing deficits in Parkinson
disease. Semin. Speech Lang, 2013, 34(3), 185-202. http://dx.doi.
org/10.1055/s-0033-1358367

Tadaiesky, M.T.; Dombrowski, P.A.; Figueiredo, C.P.; Cargnin-
Ferreira, E.; Da Cunha, C.; Takahashi, R.N. Emotional, cognitive
and neurochemical alterations in a premotor stage model of
Parkinson's disease. Neuroscience, 2008, 156(4), 830-840.
http://dx.doi.org/10.1016/j.neuroscience.2008.08.035

Braak, H.; Rub, U.; Gai, W.P.; Del Tredici, K. Idiopathic
Parkinson's disease: possible routes by which vulnerable neuronal
types may be subject to neuroinvasion by an unknown pathogen. J.
Neural Transm., 2003, 110(5), 517-536. http://dx.doi.org/10.
1007/s00702-002-0808-2

Ciucci, M.R.; Ma, S.T.; Fox, C.; Kane, J.R.; Ramig, L.O;
Schallert, T. Qualitative changes in ultrasonic vocalization in rats
after unilateral dopamine depletion or haloperidol: a preliminary
study. Behav Brain Res, 2007, 182(2), 284-289. http://dx.doi.org/
10.1016/j.bbr.2007.02.020

Ciucci, M.R.; Ahrens, AM.; Ma, S.T.; Kane, J.R.; Windham, EB.;
Woodlee, M.T.; Schallert, T. Reduction of dopamine synaptic
activity: degradation of 50-kHz ultrasonic vocalization in rats.
Behav. Neurosci., 2009, 123(2), 328-336. http://dx.doi.org/10.1037/
20014593

Ciucci, M.R.; Ma, S.T.; Kane, J.R.; Ahrens, A.M.; Schallert, T.
Limb use and complex ultrasonic vocalization in a rat model of
Parkinson's disease: deficit-targeted training. Parkinsonism Relat.
Disord., 2008, 14 Suppl 2, S172-175. http://dx.doi.org/10.1016/j.
parkreldis.2008.04.027

Brudzynski, S.M. Principles of rat communication: quantitative
parameters of ultrasonic calls in rats. Behav. Genet., 2005, 35(1),
85-92. http://dx.doi.org/10.1007/s10519-004-0858-3

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

(81]

(82]

Current Neuropharmacology, 2015, Vol. 13, No. 2 217

Riede, T. Stereotypic laryngeal and respiratory motor patterns
generate different call types in rat ultrasound vocalization. J Exp
Zool. A Ecol Genet. Physiol., 2013, 319(4),213-224.

Gombash, S.E.; Manfredsson, F.P.; Kemp, C.J.; Kuhn, N.C;
Fleming, S.M.; Egan, A.E.; Grant, L.M.; Ciucci, M.R.; MacKeigan,
J.P.; Sortwell, C.E. Morphological and behavioral impact of
AAV2/5-mediated overexpression of human wildtype alpha-
synuclein in the rat nigrostriatal system. PLoS One, 2013, 8(11),
€81426. http://dx.doi.org/10.1371/journal.pone.0081426

Grant, L.M.; Richter, F.; Miller, J.E.; White, S.A.; Fox, C.M.; Zhu,
C.; Chesselet, M.F.; Ciucci, M.R. Vocalization deficits in mice
over-expressing alpha-synuclein, a model of pre-manifest
Parkinson's disease. Behav. Neurosci., 2014, 128(2), 110-121.
http://dx.doi.org/10.1037/a0035965

Bianchi, A.L.; Gestreau, C. The brainstem respiratory network: an
overview of a half century of research. Respir. Physiol. Neurobiol.,
2009, 168(1-2), 4-12. http://dx.doi.org/10.1016/j.resp.2009.04.019
Jurgens, U. Neural pathways underlying vocal control. Neurosci.
Biobehav. Rev., 2002, 26(2), 235-258. http://dx.doi.org/10.1016/
S0149-7634(01)00068-9

Larson, C.R.; Kistler, M.K. The relationship of periaqueductal gray
neurons to vocalization and laryngeal EMG in the behaving
monkey. Exp. Brain Res., 1986, 63(3), 596-606. http://dx.doi.org/
10.1007/BF00237482

Dastur, F.N.; McGregor, 1.S.; Brown, R.E. Dopaminergic
modulation of rat pup ultrasonic vocalizations. Eur. J. Pharmacol,
1999, 382(2), 53-67. http://dx.doi.org/10.1016/S0014-2999(99)
00590-7

Wintink, A.J.; Brudzynski, S.M. The related roles of dopamine and
glutamate in the initiation of 50-kHz ultrasonic calls in adult rats.
Pharmacol. Biochem. Behav., 2001, 70(2-3), 317-323. http://dx.
doi.org/10.1016/S0091-3057(01)00615-3

Nazarian, A.; Krall, C.M.; Osburn, J.R.; McDougall, S.A.
Ultrasonic vocalizations of preweanling rats: involvement of both
alpha(2)-adrenoceptor and kappa-opioid receptor systems. Eur. J.
Pharmacol., 2001, 415(2-3), 165-171. http://dx.doi.org/10.1016/
S0014-2999(01)00849-4

Thompson, B.; Leonard, K.C.; Brudzynski, S.M. Amphetamine-
induced 50 kHz calls from rat nucleus accumbens: a quantitative
mapping study and acoustic analysis. Behav. Brain Res., 2006,
168(1), 64-73. http://dx.doi.org/10.1016/j.bbr.2005.10.012

Wright, J.M.; Gourdon, J.C.; Clarke, P.B. Identification of multiple
call categories within the rich repertoire of adult rat 50-kHz
ultrasonic vocalizations: effects of amphetamine and social context.
Psychopharmacology, 2010, 211(1), 1. http://dx.doi.org/10.1007/
s00213-010-1859-y

Barker, D.J.; Root, D.H.; Ma, S.; Jha, S.; Megehee, L.; Pawlak,
A.P.; West, M.O. Dose-dependent differences in short ultrasonic
vocalizations emitted by rats during cocaine self-administration.
Psychopharmacology (Berl), 2010, 211(4), 435-442. http://dx.doi.
org/10.1007/s00213-010-1913-9

Williams, S.N.; Undieh, A.S. Brain-derived neurotrophic factor
signaling modulates cocaine induction of reward-associated
ultrasonic vocalization in rats. J. Pharmacol. Exp. Ther., 2010,
332(2), 463-468. http://dx.doi.org/10.1124/jpet.109.158535

Simola, N.; Fenu, S.; Costa, G.; Pinna, A.; Plumitallo, A.; Morelli,
M. Pharmacological characterization of 50-kHz ultrasonic
vocalizations in rats: comparison of the effects of different
psychoactive drugs and relevance in drug-induced reward.
Neuropharmacology, 2012, 63(2), 224-234. http://dx.doi.org/
10.1016/j.neuropharm.2012.03.013

Wright, J.M.; Dobosiewicz, M.R.; Clarke, P.B. The role of
dopaminergic transmission through DI1-like and D2-like receptors
in amphetamine-induced rat ultrasonic vocalizations. Psycho-
pharmacology, 2013, 225(4), 853. http://dx.doi.org/10.1007/
s00213-012-2871-1

Ringel, L.E.; Basken, J.N.; Grant, L.M.; Ciucci, M.R. Dopamine
D1 and D2 receptor antagonism effects on rat ultrasonic
vocalizations. Behav. Brain Res., 2013, 252, 252-259. http://dx.doi.
0rg/10.1016/j.bbr.2013.06.006



218 Current Neuropharmacology, 2015, Vol. 13, No. 2

(83]

[84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

Brudzynski, S.M.; Komadoski, M.; St Pierre, J. Quinpirole-induced
50 kHz ultrasonic vocalization in the rat: role of D2 and D3
dopamine receptors. Behav. Brain Res., 2012, 226(2), 511-518.
http://dx.doi.org/10.1016/j.bbr.2011.10.004

Cagiano, R.; Barfield, R.J.; White, N.R.; Pleim, E.T.; Weinstein,
M.; Cuomo, V. Subtle behavioural changes produced in rat pups by
in utero exposure to haloperidol. Eur. J. Pharmacol., 1988, 157(1),
45-50. http://dx.doi.org/10.1016/0014-2999(88)90469-4

Cuomo, V.; Cagiano, R.; Renna, G.; De Salvia, M.A.; Racagni, G.
Ultrasonic vocalization in rat pups: effects of early postnatal
exposure to SCH 23390 (a DA1-receptor antagonist) and sulpiride
(a DA2-receptor antagonist). Neuropharmacology, 1987, 26(7A),
701-705. http://dx.doi.org/10.1016/0028-3908(87)90230-9
Cagiano, R.; Sales, G.D.; Renna, G.; Racagni, G.; Cuomo, V.
Ultrasonic vocalization in rat pups: effects of early postnatal
exposure to haloperidol. Life Sci., 1986, 38(15), 1417-1423.
http://dx.doi.org/10.1016/0024-3205(86)90475-3

Fendt, M.; Schwienbacher, I.; Schnitzler, H.U. Carbachol injections
into the nucleus accumbens induce 50 kHz calls in rats. Neurosci.
Lett., 2006, 401(1-2), 10-15. http://dx.doi.org/10.1016/j.neulet.
2006.02.069

Brudzynski, S.M. Ethotransmission: communication of emotional
states through ultrasonic vocalization in rats. Curr. Opin.
Neurobiol., 2013, 23(3), 310-317. http://dx.doi.org/10.1016/j.conb.
2013.01.014

Brudzynski, S.M. Ultrasonic calls of rats as indicator variables of
negative or positive states: acetylcholine-dopamine interaction and
acoustic coding. Behav. Brain Res., 2007, 182(2), 261-273.
http://dx.doi.org/10.1016/j.bbr.2007.03.004

Millan, M.J.; Lejeune, F.; Gobert, A.; Brocco, M.; Auclair, A.;
Bosc, C.; Rivet, J.M.; Lacoste, J.M.; Cordi, A.; Dekeyne, A.
S18616, a highly potent spiroimidazoline agonist at alpha(2)-
adrenoceptors: II. Influence on monoaminergic transmission, motor
function, and anxiety in comparison with dexmedetomidine and
clonidine. J. Pharmacol. Exp. Ther.,2000, 295(3), 1206-1222.
Blumberg, M.S.; Johnson, E.D.; Middlemis-Brown, J.E. Inhibition
of ultrasonic vocalizations by beta-adrenoceptor agonists. Dev
Psychobiol, 2005, 47(1), 66-76. http://dx.doi.org/10.1002/dev.20070
Wright, J.M.; Dobosiewicz, M.R.; Clarke, P.B. alpha- and beta-
Adrenergic receptors differentially modulate the emission of
spontaneous and amphetamine-induced 50-kHz ultrasonic vocalizations
in adult rats. Neuropsychopharmacology, 2012, 37(3), 808-821.
http://dx.doi.org/10.1038/npp.2011.258

Hard, E.; Engel, J.; Lindh, A.S. Effect of clonidine on ultrasonic
vocalization in preweaning rats. J. Neural Transm., 1988, 73(3),
217-237. http://dx.doi.org/10.1007/BF01250138

Kehoe, P.; Harris, J.C. Ontogeny of noradrenergic effects on
ultrasonic vocalizations in rat pups. Behav. Neurosci., 1989, 103(5),
1099-1107. http://dx.doi.org/10.1037/0735-7044.103.5.1099

Krall, C.M.; Andicochea, C.T.; McDougall, S.A. Ultrasonic
vocalization production of preweanling rats: effects of central and
peripheral administration of alpha2-adrenoceptor agonists. Eur. J.
Pharmacol., 2005, 517(3), 200-207. http://dx.doi.org/10.1016/j.
ejphar.2005.05.021

Mos, J.; Van Logten, J.; Bloetjes, K.; Olivier, B. The effects of
idazoxan and 8-OH-DPAT on sexual behaviour and associated
ultrasonic vocalizations in the rat. Neurosci. Biobehav. Rev., 1991,
15(4), 505-515. http://dx.doi.org/10.1016/S0149-7634(05)80140-X
Winslow, J.T.; Insel, T.R. Serotonergic and catecholaminergic
reuptake inhibitors have opposite effects on the ultrasonic isolation
calls of rat pups. Neuropsychopharmacology, 1990, 3(1), 51-59.
Basken, J.N.; Connor, N.P.; Ciucci, M.R. Effect of aging on
ultrasonic vocalizations and laryngeal sensorimotor neurons in rats.
Exp. Brain Res., 2012, 219(3), 351-361. http://dx.doi.org/10.1007/
500221-012-3096-6

Johnson, A.M.; Ciucci, M.R.; Connor, N.P. Vocal training
mitigates age-related changes within the vocal mechanism in old
rats. J. Gerontol. A. Biol. Sci. Med. Sci., 2013, 68(12), 1458-1468.
http://dx.doi.org/10.1093/gerona/glt044

Peterson, J.R.; Watts, C.R.; Morris, J.A.; Shelton, J.M.; Cooper,
B.G. Laryngeal aging and acoustic changes in male rat ultrasonic

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

Johnson et al.

vocalizations. Dev.  Psychobiol., 2013, 818-828.
http://dx.doi.org/10.1002/dev.21072

Russell, J.A.; Nagai, H.; Connor, N.P. Effect of aging on blood
flow in rat larynx. Laryngoscope, 2008, 118(3), 559-563.
http://dx.doi.org/10.1097/MLG.0b013e31815bacl7

Suzuki, T.; Connor, N.P.; Lee, K.; Bless, D.M.; Ford, C.N.; Inagi,
K. Age-related alterations in myosin heavy chain isoforms in rat
intrinsic laryngeal muscles. Ann. Otol. Rhinol. Laryngol., 2002,
111(11),962-967. http://dx.doi.org/10.1177/000348940211101102
Suzuki, T.; Connor, N.P.; Lee, K.; Leverson, G.; Ford, C.N.
Laryngeal-respiratory kinematics are impaired in aged rats. Ann
Otol. Rhinol. Laryngol., 2002, 111(8), 684-689. http://dx.doi.org/
10.1177/000348940211100805

Connor, N.P.; Suzuki, T.; Lee, K.; Sewall, G.K.; Heisey, D.M.
Neuromuscular junction changes in aged rat thyroarytenoid muscle.
Ann. Oto Rhinol. Laryn., 2002, 111(7), 579-586. http://dx.doi.org/
10.1177/000348940211100703

Feng, X.; Zhang, T.; Ralston, E.; Ludlow, C.L. Differences in
neuromuscular junctions of laryngeal and limb muscles in rats.
Laryngoscope, 2012, 122(5), 1093-1098. http://dx.doi.org/10.1002/
lary.23218

Gambino, D.R.; Malmgren, L.T.; Gacek, R.R. Age-related changes
in the neuromuscular junctions in the human posterior
cricoarytenoid muscles: a quantitative study. Laryngoscope, 1990,
100(3), 262-268. http://dx.doi.org/10.1288/00005537-199003000-
00010

Baken, R.J. The aged voice: a new hypothesis. J. Voice, 2005,
19(3), 317-325. http://dx.doi.org/10.1016/j.jvoice.2004.07.005
Gray, S.D.; Titze, L.R.; Alipour, F.; Hammond, T.H. Biomechanical
and histologic observations of vocal fold fibrous proteins. Ann.
Otol. Rhinol. Laryngol, 2000, 109(1), 77-85. http://dx.doi.org/10.
1177/000348940010900115

Sato, K.; Hirano, M. Age-related changes of elastic fibers in the
superficial layer of the lamina propria of vocal folds. Ann. Otol.
Rhinol.  Laryngol, 1997, 106(1), 44-48. http://dx.doi.org/10.
1177/000348949710600109

Sato, K.; Hirano, M.; Nakashima, T. Age-related changes of
collagenous fibers in the human vocal fold mucosa. Ann. Otol.
Rhinol. Laryngol., 2002, 111(1), 15-20. http://dx.doi.org/10.1177/
000348940211100103

Thomas, L.B.; Harrison, A.L.; Stemple, J.C. A. Voice, 2008, 22(4),
430-450. http://dx.doi.org/10.1016/j.jvoice.2006.11.006

Kurz, A.; Wohr, M.; Walter, M.; Bonin, M.; Auburger, G.; Gispert,
S.; Schwarting, R.K. Alpha-synuclein deficiency affects brain
Foxpl expression and ultrasonic vocalization. Neuroscience, 2010,
166(3), 785-795. http://dx.doi.org/10.1016/j.neuroscience.2009.
12.054

Murugan, M.; Harward, S.; Scharff, C.; Mooney, R. Diminished
FoxP2 levels affect dopaminergic modulation of corticostriatal
signaling important to song variability. Neuron, 2013, 80(6), 1464-
1476. http://dx.doi.org/10.1016/j.neuron.2013.09.021

Hilliard, A.T.; Miller, J.E.; Fraley, E.R.; Horvath, S.; White, S.A.
Molecular microcircuitry underlies functional specification in a
basal ganglia circuit dedicated to vocal learning. Neuron, 2012,
73(3), 537-552. http://dx.doi.org/10.1016/j.neuron.2012.01.005
Hilliard, A.T.; Miller, J.E.; Horvath, S.; White, S.A. Distinct
neurogenomic states in basal ganglia subregions relate differently
to singing behavior in songbirds. PLoS Comput. Biol., 2012, 8(11),
€1002773. http://dx.doi.org/10.1371/journal.pcbi. 1002773

Larsson, L. Motor units: remodeling in aged animals. J. Gerontol.
A. Biol. Sci. Med. Sci., 1995, 50 Spec No, 91-95.

Takeda, N.; Thomas, G.R.; Ludlow, C.L. Aging effects on motor
units in the human thyroarytenoid muscle. Laryngoscope, 2000,
110(6), 1018-1025. http://dx.doi.org/10.1097/00005537-200006000-
00025

Santo Neto, H.; Marques, M.J. Estimation of the number and size
of motor units in intrinsic laryngeal muscles using morphometric
methods. Clin. Anat., 2008, 21(4), 301-306. http://dx.doi.org/10.
1002/ca.20624

Hoit, J.D.; Hixon, T.J. Age and speech breathing. J. Speech Hear
Res., 1987, 30(3), 351-366. http://dx.doi.org/10.1044/jshr.3003.351

55(8),



Changes in Rat 50-kHz Ultrasonic Vocalizations During Dopamine

[120]

[121]

[122]

Huber, J.E.; Spruill, J., 3rd. Age-related changes to speech
breathing with increased vocal loudness. J. Speech Lang Hear
Res, 2008, 51(3), 651-668. http://dx.doi.org/10.1044/1092-4388
(2008/047)

Johanson, W.G., Jr.; Pierce, A.K. Lung structure and function with
age in normal rats and rats with papain emphysema. J. Clin Invest.,
1973, 52(11), 2921-2927. http://dx.doi.org/10.1172/JC1107488
Reno, J.M.; Marker, B.; Cormack, L.K.; Schallert, T.; Duvauchelle,
C.L. Automating ultrasonic vocalization analyses: the WAAVES
program. J. Neurosci. Methods, 2013, 219(1), 155-161. http://dx.
doi.org/10.1016/j.jneumeth.2013.06.006

[123]

[124]

[125]

Current Neuropharmacology, 2015, Vol. 13, No. 2 219

Barker, D.J.; Herrera, C.; West, M.O. Automated detection of 50-
kHz ultrasonic vocalizations using template matching in XBAT. J.
Neurosci. Methods, 2014, 236(0), 68-75. http://dx.doi.org/10.1016/
jjneumeth.2014.08.007

Holy, T.E.; Guo, Z. Ultrasonic songs of male mice. PLoS Biol.,
2005, 3(12), e386. http://dx.doi.org/10.1371/journal.pbio.0030386
Ciucci, M.R.; Vinney, L.; Wahoske, E.J.; Connor, N.P. A
translational approach to vocalization deficits and neural recovery
after behavioral treatment in Parkinson disease. J. Commun. Disord.,
2010, 43(4), 319-326. http://dx.doi.org/10.1016/j. jcomdis.2010.04.004

Received: August 01, 2014

Revised: October 13, 2014

Accepted: October 16, 2014



