Experimental Neurology 381 (2024) 114939

Contents lists available at ScienceDirect
Experimental Neurology

journal homepage: www.elsevier.com/locate/yexnr

Research paper ' :.)

Check for

Emission of 50-kHz ultrasonic vocalizations stimulated by antiparkinsonian &=
dopaminomimetic drugs in hemiparkinsonian rats is associated with
neuronal activation in subcortical regions that regulate the affective state

Marcello Serra, Jacopo Marongiu, Nicola Simola ', Giulia Costa

Department of Biomedical Sciences, University of Cagliari, Cagliari, Italy

ARTICLE INFO ABSTRACT

Keywords: Dopamine replacement therapy (DRT) of Parkinson's disease (PD) may trigger non-motor complications, some of
6-OHDA which affect hedonic homeostatic regulation. Management of iatrogenic alterations in the affective state in PD is
Apomorphine unsatisfactory, partly because of the limitations in the experimental models that are used in the preclinical
L-DOPA . P . . . .

Positive affect investigation of the neurobiology and therapy of these alterations. In this connection, we recently employed a
Reward new experimental approach consisting in measuring the emission of 50-kHz ultrasonic vocalizations (USVs), a

marker of positive affect, in hemiparkinsonian rats treated with drugs used in the DRT of PD. To further
strengthen our approach, we here evaluated how the acute and repeated (x 5, on alternate days) administration
of apomorphine (2 mg/kg, i.p.) or L-3,4-dihydroxyphenilalanine (L-DOPA, 12 mg/kg, i.p.) modified the
immunoreactivity for Zif-268, a marker of neuronal activation, in the nucleus accumbens (NAc), caudate-
putamen (CPu) and medial prefrontal cortex (mPFC), which are brain regions that regulate emotional states
and drugs' affective properties. Acute and repeated treatment with either apomorphine or L-DOPA stimulated the
emission of 50-kHz USVs in hemiparkinsonian rats, and this effect was paired with increased Zif-268 immuno-
reactivity in the NAc and CPu, but not mPFC. These findings indicate that subcortical and cortical regions may
differently regulate the emission of 50-kHz USVs in hemiparkinsonian rats treated with dopaminergic drugs used
in the DRT of PD. Moreover, they provide further evidence that measuring 50-kHz USV emissions in hemi-
parkinsonian rats may be a relevant approach to investigate at the preclinical level the affective properties of
antiparkinsonian drugs.

1. Introduction

Dopamine replacement therapy (DRT) is the standard medication for
Parkinson's disease (PD) and utilizes L-3,4-dihydroxyphenilalanine (L-
DOPA), the metabolic precursor of dopamine, and agonists of dopamine
receptors to restore the deficient nigrostriatal dopaminergic tone.
Although effective on motor disabilities, DRT may elicit motor and non-
motor untoward effects. The typical motor untoward effects caused by
DRT are dyskinesias, that are associated with a significant deterioration
of therapeutic efficacy (Bastide et al., 2015). Non-motor untoward ef-
fects of DRT can be manifested at the autonomic level, consisting in
symptoms like nausea and orthostatic hypotension, and at the central
level, consisting in various manifestations like daytime sleepiness, de-
lusions, hallucinations, and behavioral addictions (Bastide et al., 2015).

Iatrogenic behavioral addictions in PD include impulse control disorders
(ICDs) (e.g., hypersexuality, pathological gambling, pathological shop-
ping) and dopamine dysregulation syndrome (DDS), consisting in the
compulsive use of dopamine-replacing medications (Voon et al., 2017;
Kelly et al., 2020). Although there is still debate on the existence of a
causal link between the use of DRT and certain non-motor manifesta-
tions in PD patients (e.g., nausea, sleepiness, see Bastide et al., 2015),
several lines of evidence suggest that the use of DRT could be a causal
factor for the manifestation of hedonic homeostatic dysregulation and
behavioral addictions in PD patients (Giovannoni et al., 2000; Wein-
traub et al., 2015; Voon et al., 2017; Kelly et al., 2020). Limited thera-
peutic options are available to manage hedonic homeostatic
dysregulation and behavioral addictions in patients with PD medicated
with DRT. A factor that may contribute to such a deficit situation is that
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the experimental models employed in the preclinical investigation of the
affective/motivational properties of drugs used in the DRT of PD may
display some limitations, such as the possible influence of the motor-
stimulating effects of drugs on the behavioral readouts that are
measured (Rokosik and Napier, 2012; Campbell et al., 2014; Floris et al.,
2022). A new possibility for improving the preclinical study of hedonic
homeostatic dysregulation elicited by drugs used in the DRT of PD may
come from measuring the emission of ultrasonic vocalizations (USVs), a
behavioral marker of arousal, affect and motivation, in dopamine-
denervated rats treated with antiparkinsonian drugs (Simola et al.,
2021).

Stimuli that bear affective valence may trigger the emission of USVs
in rats (Simola and Granon, 2019). When exposed to pleasurable stimuli,
rats emit the so-called “50-kHz USVs”. These calls, which have high
maximum frequency (up to 120 kHz) and short duration (less than 150
ms) and may display substantial frequency modulation (Simola and
Brudzynski, 2018a; Lenell et al., 2021), are considered a marker of
arousal and positive affect in rats (Pereira et al., 2014; Burgdorf et al.,
2020; Premoli et al., 2023). Previous studies have found enduring ele-
vations in the emission of 50-kHz USVs in rats repeatedly treated with
addictive drugs and have suggested that this phenomenon may stem
from a persistent elevation in affectivity triggered by repeated drug
experience (Ahrens et al., 2009; Mu et al., 2009; Ma et al., 2010; Simola
et al., 2014). Moreover, we have demonstrated that the repeated treat-
ment with either apomorphine or L-DOPA persistently elevates the
emission of 50-kHz USVs in hemiparkinsonian but not sham-operated
rats (Simola et al., 2021), which may be consistent with earlier evi-
dence indicating that denervation of the dopaminergic nigrostriatal
system amplifies the affective properties of antiparkinsonian drugs
(Riddle et al., 2012; Campbell et al., 2014; Zengin-Toktas et al., 2013).
Accordingly, we suggest that measuring the emission of 50-kHz USVs
may be a valuable approach to disclose how drugs used in the DRT of PD
modify the affective state in hemiparkinsonian rats. This approach could
also be relevant to gain further insight into the neurobiological un-
derpinnings of the behavioral addictions that may be induced by anti-
parkinsonian drugs, which may depend on the presence of a iatrogenic
hedonic homeostatic dysregulation (Giovannoni et al., 2000; Delpont
et al., 2017; Terenzi et al., 2018).

The present study aimed at further elucidating the significance of the
50-kHz USVs emitted by hemiparkinsonian rats treated with drugs used
in the DRT of PD. To this end, hemiparkinsonian rats received an acute
or repeated (x5, every other day) administration of either apomorphine
or L-DOPA and were assessed for calling behavior, rotational behavior,
and Zif-268 immunoreactivity in the nucleus accumbens (NAc; shell,
core), caudate-putamen (CPu; dorsolateral, ventromedial) and medial
prefrontal cortex (mPFC). These brain regions were evaluated since they
all regulate the emotional state and mediate the affective/motivational
properties of drugs, and because we previously found that increased Zif-
268 immunoreactivity occurred in the NAc, CPu and mPFC of neuro-
logically intact rats that were repeatedly treated with amphetamine, a
dopaminergic psychostimulant of abuse (Costa et al., 2015, 2020).
Accordingly, we wanted to ascertain whether calling behavior elicited
by apomorphine or L-DOPA in hemiparkinsonian rats was associated
with patterns of neuronal activation similar to those previously observed
in neurologically intact rats treated with a drug that markedly elevates
the affective state and enduringly increases the emission of 50-kHz
USVs.

2. Materials and methods
2.1. Animals

A total of 114 male Sprague-Dawley rats (Envigo, Italy) were
included in the present study. Rats weighed 275-300 g (age 75-80 days)

at the beginning of the experiments (i.e., on the day of surgeries) and
were housed in groups of 4 under a 12-h light/dark cycle (lights on at
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7:00 am) with ad libitum access to water and food, except during re-
cordings (performed between 10:00 am and 4:00 pm). This study was
conducted according to the EU directives for animal experimentation
(2010/63/EU, L.276; 22/09/2010), and the guidelines issued by the
Organization for Animal Welfare of the University of Cagliari (prot:
1236/2015-PR). All the appropriate procedures were followed to
minimize animal discomfort and numbers of animals used.

2.2. Drugs

Different groups of hemiparkinsonian or sham-operated rats were
treated with apomorphine (2 mg/kg), L-DOPA (12 mg/kg), or vehicle
(distilled water). Rats that received L-DOPA were pretreated with ben-
serazide, an inhibitor of peripheral decarboxylases (3 mg/kg, 30 min
before L-DOPA), to maximize L-DOPA brain levels. All the rats that
received 6-OHDA were pretreated with the noradrenaline transporter
inhibitor desipramine (10 mg/kg), to reduce damage to noradrenergic
neurons. 6-OHDA, apomorphine, benserazide, desipramine (all hydro-
chlorides) and L-DOPA (free base) were purchased from Sigma Aldrich/
Merck Life Science (Milan, Italy). Apomorphine, benserazide, desipra-
mine and L-DOPA were solubilized in distilled water and administered
by the intraperitoneal (i.p.) route in a volume of 3 ml/kg. Vehicle was
administered by the i.p. route (3 ml/kg). 6-OHDA (2 pg/pl) was solu-
bilized in saline solution (0.9 % NaCl) + 0.05 % ascorbic acid (to prevent
6-OHDA autoxidation) and administered intracranially. The drug doses
used in the present study were selected based on our previous investi-
gation that evaluated the emission of 50-kHz USVs in hemiparkinsonian
rats after acute and repeated administration of apomorphine or L-DOPA
(Simola et al., 2021).

2.3. Dopaminergic nigrostriatal denervation

Denervation of the dopaminergic nigrostriatal system was performed
according to Frau et al. (2013). Rats were anaesthetized with Equithesin
(pentobarbital 0.97 g, MgSO4 2.1 g, chloral hydrate 4.25 g, propylene
glycol 42.8 ml, ethanol 90 % 11.5 ml, to 100 ml with distilled water;
administration volume: 5 ml/kg, i.p.). Afterwards, each rat was indi-
vidually placed in a David-Kopf stereotaxic apparatus (Tujunga, CA,
USA) and received a unilateral injection of 6-OHDA (2 pg/pl, total
volume 4 pl) in the left medial forebrain bundle (MFB). The injection
was performed by means of a stainless-steel cannula connected to a
peristaltic pump by polyethylene tubing. The stereotaxic coordinates
used were: anterior-posterior (AP) = —2.2, lateral, (L) = +1.5, relative
to bregma, and vertical (V) = —7.8, relative to dura; the incisor bar was
set at +5.0, according to the rat brain atlas of Pellegrino et al., 1979. A
flow rate of 1 pl/min was used. Moreover, the cannula was left in place
for 2 min after injection was completed, to ensure diffusion of 6-OHDA
in the surrounding tissue. After surgical procedures were completed, rats
were monitored until they completely recovered and were then returned
to their home cages. Sham-operated rats underwent the same procedures
described above, except that they received 0.9 % NaCl +0.05 % ascorbic
acid instead of 6-OHDA.

2.4. Experimental plan

Fig. 1 shows the experimental plan, which was conceived based on
our previous study that evaluated the emission of 50-kHz USVs in
hemiparkinsonian rats repeatedly treated with apomorphine or L-DOPA
(Simola et al., 2021). Rats received 5 min of handling for 2 days before
surgical procedures. Fourteen days after the completion of surgeries, rats
were evaluated in the cylinder test to score forelimb asymmetry as a
parameter that estimates the magnitude of dopaminergic nigrostriatal
denervation. Afterwards, 6-OHDA-lesioned rats were homogeneously
distributed among the experimental groups according to the extent of
forelimb asymmetry. Conversely, sham-operated rats were randomly
distributed among the experimental groups, since they did not display
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Fig. 1. Experimental protocol. Rats were subjected to either unilateral denervation of the nigrostriatal dopaminergic system with 6-hydroxydopamine or sham
surgery. Fourteen days later, rats were first assessed for forelimb asymmetry in the cylinder test and then habituated to test cages for two consecutive days. Af-
terwards, hemiparkinsonian and sham-operated rats received apomorphine (2 mg/kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.) in either acute or repeated (x5,
on alternate days) administration. Emission of ultrasonic vocalizations and performance of rotational behavior were scored on days 1 of the experimental protocol in
rats that received acute treatment, and on days 1 and 9 of the experimental protocol in rats that received repeated treatment. Rats were sacrificed 90 min after
treatment on day 1 (acute treatment) or 9 (repeated treatment) of the experimental protocol, to evaluate immunoreactivity for tyrosine hydroxylase or Zif-268. 6-
OHDA = 6-hydroxydopamine; A = administration; APO = apomorphine; C = cylinder test; H = test cage habituation; L-DOPA = L-3,4-dihydroxyphenylalanine; R =
rotational behavior; S = sacrifice; USVs = ultrasonic vocalizations; VEH = vehicle. Image partly created with Biorender.com.

overt forelimb asymmetry. Experiments were made in 2 phases: 1)
habituation to the test cage (15 min), twice a day x 2 days (total: 4
sessions); 2) acute or repeated (x 5, every other day) administration of
either apomorphine or L-DOPA in the test cage. Two groups of hemi-
parkinsonian rats and two groups of sham-operated rats received vehicle
in either acute or repeated administration and were used as controls in
the respective experiments, to reduce the number of animals used.

2.5. Estimation of the magnitude of dopaminergic nigrostriatal
denervation with the cylinder test

Rats were individually placed in transparent Plexiglas cylinders
(height: 45 cm, diameter: 20 cm) and then videotaped for 3 min. Rats'
behavior inside the cylinder consisted in rearing and vertical/lateral
exploration of walls. To evaluate forelimb use, wall contacts made with
the contralateral/homolateral forelimb and with both forelimbs were
scored. Thereafter, the percentage of use of the contralateral to injection
forelimb (i.e., the one impacted by the 6-OHDA lesion) was calculated
by dividing the number of wall contacts made with the contralateral
forelimb by the total number of wall contacts, according to Schallert
etal. (2000). Rats lesioned with 6-OHDA were included in the study only
if they showed a percentage of contralateral to injection forelimb use of
no more than 20 %, indicative of a substantial depletion of dopamine
(85 % or greater) in the nigrostriatal pathway (Schallert et al., 2000). Of
a total of 60 rats that received 6-OHDA, 56 met the criterion for inclu-
sion in the cylinder tests, and 4 were excluded from the study. The
numbers of rats in each experimental group were as follows: 6-OHDA +
vehicle, acute administration n = 9, repeated administration n = 8; 6-
OHDA + apomorphine, acute administration n = 10, repeated admin-
istration n = 9; 6-OHDA + L-DOPA, acute administration n = 9, repeated
administration n = 11; sham + vehicle, acute administration n = 9,
repeated administration n = 10; sham + apomorphine, acute

administration n = 11, repeated administration n = 9; sham + L-DOPA,
acute administration n = 11, repeated administration n = 8.

2.6. Recording and analysis of ultrasonic vocalizations and recording of
rotational behavior

Rats were individually placed in test cages that consisted of Plexiglas
cylinders (height: 30 cm, diameter: 30 cm) and had one half totally
painted black and the other half partially painted black to form alter-
nating horizontal black and transparent stripes (Supplementary Mate-
rial, Fig. S1). Cylinders were topped with lids endowed with ultrasonic
microphones (CM16/CMPA, Avisoft, Berlin, Germany) that were con-
nected to ultrasonic recorders (Ultrasound Gate 116 Hb, Avisoft). Mi-
crophones were located at an average distance of 27 cm from rats and
intensity gain was kept at a constant level throughout recordings.
Moreover, the bottom of cylinders was covered with sawdust, part of
which coming from the home cage of each specific rat evaluated, in the
attempt to facilitate the emission of 50-kHz USVs (Natusch and
Schwarting, 2010). Calling behavior was recorded for 90 min after each
administration of apomorphine, L-DOPA, or vehicle, starting immedi-
ately after injections. Moreover, the 50-kHz USVs recorded were cate-
gorized in flat, trill, and frequency modulated (FM). Categorization was
done according to the criteria proposed by Wright et al. (2010) and to
the procedure previously described (Simola et al., 2012). In the present
study, the category of FM calls comprises all the categories of 50-kHz
USVs other than flat and trill calls, as defined by Wright et al. (2010).
Fig. 2 demonstrates examples of USVs recorded during the present
study. The software SASLab Pro (Avisoft, Berlin, Germany) was used to
convert the recordings of USVs into spectrograms and to count the
number of USVs in each spectrogram. The numbers of 50-kHz USVs were
scored in all the rats included in the study, and scoring was performed
for all the 90 min of recording. Moreover, the acoustic parameters of
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Fig. 2. Examples of ultrasonic vocalizations recorded during the present study. The figure demonstrates independent vocalizations emitted by different rats. FM =

frequency modulated; USV = ultrasonic vocalization.

calls (i.e., bandwidth, duration and maximum frequency) were scored in
a subset of rats (2 rats per experimental group) by analyzing the calls
emitted during 1-min intervals every 10 min of recording. This addi-
tional analysis aimed at confirming that the calls recorded in the present
study exhibited acoustic characteristics of authentic 50-kHz USVs.

Rotational behavior was recorded simultaneously with USVs in
hemiparkinsonian rats. For that purpose, rats were videotaped, and the
numbers of rotations (360°) directed towards the intact (contralateral
rotational behavior) or dopamine-denervated (homolateral rotational
behavior) brain hemisphere were subsequently scored for 90 min by an
experimenter unaware of the treatment groups.

2.7. Quantification of dopaminergic denervation and Zif-268
immunoreactivity

2.7.1. Tissue preparation

Ninety minutes after the first (acute treatment, day 1) or the fifth
(repeated treatment, day 9) administration of apomorphine, L-DOPA, or
vehicle, rats were deeply anaesthetized with equithesin and trans-
cardially perfused with saline, followed by 4 % paraformaldehyde in 0.1
M phosphate buffer (PB; pH = 7.4). Afterwards, brains were removed,
postfixed overnight in the same solution at 4 °C and preserved in PB
saline 1x (PBS) at 4 °C. The next day, brains were coronally cut on a
vibratome (VT1000S, Leica Biosystems) to yield sections (thickness, 40
pm) suited for immunohistochemistry (IHC) processing. Three coronal
sections were obtained for each rat, according to the following stereo-
taxic coordinates: 1) 2.70 mm to 2.20 mm, mPFC and NAc (core and
shell); 2) 1.70 mm to 0.20 mm, CPu (dorsolateral and ventromedial); 3)
4.80 mm to —5.80 mm, SNc and VTA. All stereotaxic coordinates were
relative to bregma, according to the rat brain atlas of Paxinos and
Watson (1998). A set of sections from the CPu, mPFC, NAc, SN¢, and
VTA was processed to quantify the levels of tyrosine hydroxylase (TH),
as marker of dopaminergic denervation. Another set of sections from the
CPu, mPFC, and NAc was processed to quantify the levels of Zif-268, as
marker of neuronal activation.

2.7.2. Reaction protocol

Free-floating sections were rinsed in 0.1 M PB, blocked in a solution
containing 3 % normal goat serum (NGS, Vector, UK) and 0.3 % Triton
X-100 in 0.1 M PB at room temperature (2 h). The diaminobenzidine
(DAB) technique was used for the visualization of TH. To this end,
sections were incubated overnight at 4 °C with the mouse monoclonal
primary antibody anti-TH (1:1000, Merck, Italy, T1299). Thereafter, the
biotinylated secondary antibody (goat anti-mouse IgG, Vector, UK, BA-
9200) was added, followed by the avidin-biotin—peroxidase complex
protocol (ABC, Vector, UK, PK-6100). Finally, sections were mounted
onto glass slides coated with gelatine in Eukitt mounting medium for
visualization. The immunofluorescence technique was used for the
visualization of Zif-268. To this end, sections were incubated at 4 °C (48
h) with the rabbit monoclonal primary antibody anti-Zif-268 (1:1000,
Cell Signaling, U.S.A., #4153), rinsed three times in 0.1 M PB, and then
incubated with the secondary antibody, AlexaFluor® 594-labeled goat
anti-rabbit IgG (1:400, Jackson ImmunoResearch Europe, UK, 111-585-
003) in 0.1 M PB at room temperature (2 h). Afterwards, sections were
rinsed and immediately mounted onto glass slides coated with gelatine
in Mowiol mounting medium (Costa et al., 2019). The omission of the
primary/secondary antibodies served as negative control in each reac-
tion protocol and produced no labelling (data not shown).

2.7.3. Image acquisition and analysis

Images of single wavelength (14-bit depth) were obtained with a
ZEISS Axio Scan Z1 slide scanner (Zeiss, Germany), as previously
described (Tassan Mazzocco et al., 2024). Brain sections immunostained
for TH or Zif-268 were captured at 20 x magnification (Objective: Plan-
Apochromat 20x/0.8 M27) to acquire: i) the whole prelimbic/infra-
limbic area of the mPFC; ii) the shell and core portions of the NAc; iii)
two portions from the CPu (dorsolateral and ventromedial); iv) the
whole SNc and VTA. Both hemispheres were acquired for each brain
area analyzed. The ImageJ software (National Institutes of Health, USA)
was used to quantify: i) the number of TH-positive neurons in the SNc
and VTA; ii) the mean intensity of TH-positive fibers in the mPFC, NAc
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(core and shell), and CPu; iii) the mean intensity of Zif-268-positive
neurons in the mPFC, NAc (core and shell), and CPu (dorsolateral and
ventromedial). The unilateral injection of 6-OHDA in the MFB leads to
highly reproducible results in terms of denervation of the nigrostriatal
dopaminergic system (Simola et al., 2007). Accordingly, the analysis of
IHC for TH in hemiparkinsonian rats involved a within-group compar-
ison of the signals obtained in the dopamine-denervated brain hemi-
sphere and in the intact brain hemisphere. This approach was followed
to minimize the use of antibodies and rat tissues. Conversely, the anal-
ysis of IHC for Zif-268 involved a between-group comparison in hemi-
parkinsonian and sham-operated rats. To quantify the number of TH-
positive neurons, images were first converted to 8-bit, background
adjusted using a constant value across all sections, and then neurons
were manually counted by using the ImageJ multi-point tool. To
quantify the mean intensity of TH- and Zif-268-immunostained sections,
images were background adjusted using a constant value across all
sections. Then, the pixels were converted into square micrometres using
a suited calibration, to obtain the area occupied by a specific immuno-
reaction product. Analyses were always performed in a blinded manner
in the three sections. No significant differences in TH and Zif-268
immunoreactivity were found among the three sections of a given area
in each rat. Accordingly, for each area analyzed values from different
levels were averaged, normalized with respect to the sham-operated rats
treated with vehicle, and expressed as percentages.

2.8. Statistical analysis

Means + S.E.M. were calculated for: i) the percentages of use of the
limb contralateral to 6-OHDA injection in the cylinder test; ii) the
numbers of 50-kHz USVs (total and categorized) and rotations recorded
on days 1 (acute treatment, repeated treatment) and 9 (repeated treat-
ment) of the experimental protocol; iii) the values of TH-positive neu-
rons, TH-positive fibers and Zif-268-positive neurons. Behavioral results
obtained on day 1 of repeated treatment were not included in the sta-
tistical analysis. D'Agostino-Pearson, Kolmogorov-Smirnov and Levene
tests were performed to check for normality and homoscedasticity of
data. When homoscedasticity was not present, data were log-
transformed and a constant (+1) was added to all datasets subjected
to transformation, to correct for null values. Group differences in the
percentage of use of forelimbs during the cylinder test were analyzed by
Mann Whitney test. Group differences in the values of TH-positive
neurons and TH-positive fibers were analyzed by one-way ANOVA fol-
lowed by Tukey's post-hoc test when data displayed homoscedasticity.
In the case data did not display homoscedasticity after transformation,
analysis was performed with Brown-Forsythe ANOVA followed by
Dunnet's test or with Kruskal-Wallis test followed by Dunn's test. Group
differences in the numbers of 50-kHz USVs emitted after acute or
repeated pharmacological treatment were analyzed with Kruskal-Wallis
test followed by Dunn's test. Due to the substantial lack of 50-kHz USV
emissions observed from 40 to 90 min of recording, analysis of the time-
course of calling behavior was limited to the first 30 min of recording.
Group differences in the intensity of Zif-268 immunoreactivity after
acute or repeated treatment were analyzed by one-way ANOVA followed
by Tukey's post-hoc test, or by Brown-Forsythe ANOVA followed by
Dunnet's test in the case data did not display homoscedasticity after
transformation. Group differences in the numbers of contralateral ro-
tations performed by hemiparkinsonian rats after acute or repeated
treatment were analyzed by Mann-Whitney test. Spearman's test was
used to test for correlations in hemiparkinsonian rats between: i) the
numbers of 50-kHz USVs emitted and of contralateral rotations per-
formed; ii) the numbers of 50-kHz USVs emitted and the levels of TH or
Zif-268 immunoreactivity in each brain area analyzed in the dopamine-
denervated hemisphere; and iii) the levels of Zif-268 immunoreactivity
in each brain area analyzed in the dopamine-denervated hemisphere.
For the sake of clarity and conciseness, figures show raw data and sta-
tistical main effects are reported only for statistically significant results.
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Statistical analyses were performed with Statistica (StatSoft, Tulsa, OK,
USA), Prism (GraphPad, La Jolla, CA, USA), and QI Macros (KnowWare
International, Denver, CO, USA) for Windows. Significance was set at p
< 0.05 for all analyses.

3. Results
3.1. Dopaminergic denervation

Unilateral injection of 6-OHDA (8 pg) in the left MFB led to a near
complete depletion of TH-positive neurons in the left SNc and of TH-
positive fibers in the left NAc and CPu, homolateral to the injection
(Figs. 3 and 4). Moreover, unilateral injection of 6-OHDA in the left MFB
caused a partial, albeit significant, depletion of TH-positive neurons in
the left VTA and of TH-positive fibers in the left mPFC, homolateral to
the injection (Figs. 3 and 4). Supplementary material reports further
details on the magnitude of dopaminergic denervation in the different
brain regions analyzed.

3.2. Emission of 50-kHz ultrasonic vocalizations

Acute treatment with apomorphine significantly stimulated the
emission of 50-kHz USVs in both hemiparkinsonian and sham-operated
rats, although the former emitted higher numbers of calls. Conversely,
repeated treatment with apomorphine, acute treatment with L-DOPA
and repeated treatment with L-DOPA all significantly stimulated the
emission of 50-kHz USVs in hemiparkinsonian rats only.

Kruskal-Wallis test revealed a significant effect of treatment on the
total number of 50-kHz USVs emitted in rats that received apomorphine
(2 mg/kg, i.p.) or L-DOPA (12 mg/kg, i.p.) in acute (apomorphine, H =
23.17, p < 0.01; L-DOPA, H = 20.19, p < 0.01) or repeated (apomor-
phine, H = 21.66, p < 0.01; L-DOPA, H = 23.64, p < 0.01) adminis-
tration. Dunn's test showed that hemiparkinsonian rats treated with
either apomorphine or L-DOPA emitted higher numbers of 50-kHz USVs
after acute and repeated administration, compared with vehicle-treated
hemiparkinsonian rats (acute apomorphine, p = 0.0003; acute L-DOPA,
p = 0.0094; repeated apomorphine and repeated L-DOPA, p < 0.0001)
(Fig. 5A, C, E, G). Moreover, Dunn's test showed that hemiparkinsonian
rats acutely treated with L-DOPA emitted higher numbers of 50-kHz
USVs compared with sham-operated rats acutely treated with L-DOPA
(p =0.0001) (Fig. 5C) and that hemiparkinsonian rats repeatedly treated
with either apomorphine (p = 0.0151) or L-DOPA (p = 0.0051) emitted
higher numbers of 50-kHz USVs compared with sham-operated rats
repeatedly treated with apomorphine or L-DOPA, respectively (Fig. 5E,
G). Furthermore, Dunn's test revealed that sham-operated rats acutely
treated with apomorphine emitted higher numbers of 50-kHz USVs,
compared with sham-operated rats acutely treated with vehicle (p =
0.042) (Fig. 5A). Finally, multiple Kruskal-Wallis tests followed by
Dunn's test performed for each 5-min time bin within the first 30 min
after treatment revealed significant increases in the emission of 50-kHz
USVs in hemiparkinsonian rats: i) at 5-30 min after treatment, in rats
that received acute apomorphine (Fig. 5B); ii) at 10 and 15 min after
treatment, in rats that received acute L-DOPA (Fig. 5D); iii) at 5-30 min
after the last (fifth) drug administration, in rats that received repeated
apomorphine (Fig. 5F); iv) at 10-25 min after the last (fifth) drug
administration, in rats that received repeated L-DOPA (Fig. 5H). Sta-
tistical values of Kruskal-Wallis and Dunn's test for the time course
analysis of the emission of 50-kHz USVs are demonstrated in Tables S1
and S2.

3.2.1. Emission of categorized ultrasonic vocalizations and acoustic
parameters of calls

Acute treatment with apomorphine significantly stimulated the
emission of flat and FM 50-kHz USVs in both hemiparkinsonian and
sham-operated rats. Conversely, acute treatment with L-DOPA signifi-
cantly stimulated the emission of FM 50-kHz USVs in hemiparkinsonian
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Fig. 3. Immunoreactivity for tyrosine hydroxylase in the substantia nigra pars compacta and ventral tegmental area of rats subjected to unilateral injection of 6-
hydroxydopamine in the medial forebrain bundle and to subsequent acute or repeated (x5) treatment with apomorphine, L-DOPA, or vehicle. Upper panel (A):
representative coronal section immunostained for tyrosine hydroxylase taken from a hemiparkinsonian rat acutely treated with vehicle. Lower panels (B-C): his-
tograms showing the mean numbers of neurons positive to tyrosine hydroxylase in the substantia nigra pars compacta (B) and ventral tegmental area (C) in the brain
hemispheres contralateral and homolateral to 6-hydroxydopamine injection of rats subjected to acute or repeated treatment with apomorphine (2 mg/kg, i.p.), L-
DOPA (12 mg/kg, i.p.), or vehicle (i.p.). **** p < 0.0001 compared with the contralateral brain hemisphere within the respective experimental group. Values are
expressed as a percentage of the contralateral/VEH group. Symbols within each bar indicate the values of individual rats (N = 8-11 per group). Scale bar: 1000 pm
(composed image), 50 pm (zoomed images). APO = apomorphine; DOPA = L-3,4- dihydroxyphenylalanine; SNc¢ = substantia nigra pars compacta; TH = tyrosine
hydroxylase; VEH = vehicle; VTA = ventral tegmental area.
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Fig. 4. Immunoreactivity for tyrosine hydroxylase in the shell and core of the nucleus accumbens, medial prefrontal cortex, and caudate-putamen of rats subjected to
unilateral injection of 6-hydroxydopamine in the medial forebrain bundle and to subsequent acute or repeated (x5) treatment with apomorphine, L-DOPA , or
vehicle. Upper panel (A): representative coronal section immunostained for tyrosine hydroxylase taken from a hemiparkinsonian rat acutely treated with vehicle.
Lower panels (B-E): histograms showing the mean intensities of fibers positive to tyrosine hydroxylase in the shell (B) and core (C) portions of the nucleus accumbens,
medial prefrontal cortex (D), and caudate-putamen (E, representative coronal section not shown) in the brain hemispheres contralateral and homolateral to 6-hydrox-
ydopamine injection of rats subjected to acute or repeated treatment with apomorphine (2 mg/kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.). * p < 0.05, **** p
< 0.0001, compared with the contralateral brain hemisphere within the respective experimental group. Values are expressed as a percentage of the contralateral/
VEH group. Symbols within each bar indicate the values of individual rats (N = 8-11 per group). Scale bar: 1000 pm (composed image), 50 pm (zoomed images).
APO = apomorphine; DOPA = L-3,4-dihydroxyphenylalanine; CPu = caudate-putamen nucleus; mPFC = medial prefrontal cortex; NAc = nucleus accumbens; VEH

= vehicle.

<

rats only. Moreover, repeated treatment with either apomorphine or L-
DOPA significantly stimulated the emission of flat, trill and FM 50-kHz
USVs in hemiparkinsonian rats only. The analysis of the acoustic pa-
rameters of a subset of calls yielded values of duration, maximum fre-
quency, and bandwidth in the range of those previously reported for 50-
kHz USVs (Simola and Brudzynski, 2018a). Supplementary material
reports further details on the emission of categorized 50-kHz USVs and
on the acoustic parameters of calls (Figs. S2-S4, Table S3).

3.3. Rotational behavior in hemiparkinsonian rats

Both apomorphine and L-DOPA significantly stimulated the perfor-
mance of contralateral rotational behavior in hemiparkinsonian rats
after acute and repeated administration (Supplementary Material,
Fig. S5). Neither apomorphine nor L-DOPA elicited homolateral rota-
tional behavior in hemiparkinsonian rats (data not shown).

3.4. Effects of apomorphine and L-DOPA on Zif-268 immunoreactivity

Apomorphine and L-DOPA significantly elevated Zif-268 immuno-
reactivity in the brain hemisphere homolateral to 6-OHDA injection of
hemiparkinsonian rats, after acute (Figs. 6, 7) and repeated adminis-
tration (Figs. 8, 9). Specifically, increased Zif-268 immunoreactivity was
detected in the shell and core of the NAc, in the dorsolateral and
ventromedial CPu, but not in the mPFC. Apomorphine and L-DOPA did
not modify Zif-268 immunoreactivity in the brain of sham-operated rats
(Supplementary Material, Fig. S6).

3.4.1. Nucleus accumbens shell

Kruskal-Wallis test revealed a significant effect of treatment on Zif-
268 immunoreactivity in the NAc shell of rats that received the acute
administration of apomorphine (2 mg/kg, i.p., H = 13.76; p = 0.0032).
Dunn's test showed higher Zif-268 immunoreactivity in the dopamine-
denervated NAc shell in hemiparkinsonian rats acutely treated with
apomorphine compared with hemiparkinsonian rats acutely treated
with vehicle (p = 0.0359), and compared with the NAc shell of sham-
operated rats acutely treated with apomorphine (p = 0.043) (Fig. 6,
10A). Brown-Forsythe ANOVA revealed a significant effect of treatment
on Zif-268 immunoreactivity in the NAc shell of rats that received acute
L-DOPA (12 mg/kg, i.p., F3.0,12.80 = 4.6; p = 0.021). However, Dunnet's
test showed no significant group differences in Zif-268 immunoreac-
tivity, although a trend towards an increase was observed in the
dopamine-denervated NAc shell of hemiparkinsonian rats acutely
treated with L-DOPA (Fig. 6, 10A).

One-way ANOVA for the repeated administration of either apomor-
phine (2 mg/kg, i.p., F3 31 = 11.95; p < 0.001) or L-DOPA (12 mg/kg, i.
p., F3,30 = 26.61; p < 0.001) revealed a significant effect of treatment on
Zif-268 immunoreactivity in the NAc shell. Tukey's test showed a sig-
nificant increase in Zif-268 immunoreactivity in the dopamine-
denervated NAc shell of hemiparkinsonian rats repeatedly treated
with either apomorphine or L-DOPA compared with the dopamine-
denervated NAc shell of hemiparkinsonian rats repeatedly treated
with vehicle, and compared with the NAc shell of sham-operated rats
repeatedly treated with either apomorphine or L-DOPA, respectively (p
< 0.0001 for all comparisons) (Fig. 8, 10A).

3.4.2. Nucleus accumbens core

Kruskal-Wallis test revealed a significant effect of treatment on Zif-
268 immunoreactivity in the NAc core of rats that received the acute
administration of either apomorphine (2 mg/kg, i.p., H = 14.93; p =
0.0019) or L-DOPA (12 mg/kg, i.p., H =15.15; p = 0.0017). Dunn's test
showed higher Zif-268 immunoreactivity in the dopamine-denervated
NAc core of hemiparkinsonian rats acutely treated with either
apomorphine or L-DOPA, compared with the dopamine-denervated NAc
core of hemiparkinsonian rats acutely treated with vehicle (apomor-
phine, p = 0.0038; L-DOPA, p = 0.0017), and compared with the NAc
core of sham-operated rats acutely treated with either apomorphine or
L-DOPA, respectively (apomorphine, p = 0.0097; L-DOPA, p = 0.045)
(Fig. 6, 10B).

One-way ANOVA for the repeated administration of either apomor-
phine (2 mg/kg, i.p., F3 32 = 25.53; p < 0.001) or L-DOPA (12 mg/kg, i.
p., F3,33 =43.94; p < 0.001) revealed a significant effect of treatment on
Zif-268 immunoreactivity in the NAc core. Tukey's test showed a sig-
nificant increase in Zif-268 immunoreactivity in the dopamine-
denervated NAc core of hemiparkinsonian rats repeatedly treated with
either apomorphine or L-DOPA, compared with the dopamine-
denervated NAc core of hemiparkinsonian rats repeatedly treated with
vehicle, and compared with the NAc core of sham-operated rats
repeatedly treated with either apomorphine or L-DOPA, respectively (p
< 0.0001 for all comparisons) (Fig. 8, 10B).

3.4.3. Medial prefrontal cortex

One-way ANOVA for the acute and repeated administration of either
apomorphine (2 mg/kg, i.p.) or L-DOPA (12 mg/kg, i.p.) revealed no
significant effects of treatment on Zif-268 immunoreactivity in the
mPFC (Figs. 6, 8, 10C).

3.4.4. Dorsolateral caudate-putamen

One-way ANOVA for the acute administration of apomorphine (2
mg/kg, i.p.) revealed a significant effect of treatment on Zif-268
immunoreactivity in the DL CPu (F334 = 20.53, p < 0.0001). Tukey's
test showed a significant increase in Zif-268 immunoreactivity in the
dopamine-denervated DL CPu of hemiparkinsonian rats acutely treated
with apomorphine compared with the dopamine-denervated DL CPu of
hemiparkinsonian rats acutely treated with vehicle, and compared with
the DL CPu of sham-operated rats acutely treated with apomorphine (p
< 0.0001 for both comparisons) (Fig. 7, 11A). Brown-Forsythe ANOVA
for the acute administration of L-DOPA (12 mg/kg, i.p.) revealed a
significant effect of treatment on Zif-268 immunoreactivity in the DL
CPu (F3,0,9.014 = 8.35; p = 0.0057). Dunnet's test showed no significant
group differences in Zif-268 immunoreactivity, although a trend to-
wards an increase was observed in the dopamine-denervated DL CPu of
hemiparkinsonian rats acutely treated with L-DOPA (Fig. 7, 11A).

One-way ANOVA for the repeated administration of either apomor-
phine (2 mg/kg, i.p.) or L-DOPA (12 mg/kg, i.p.) revealed a significant
effect of treatment on Zif-268 immunoreactivity in the DL CPu
(apomorphine, F3 33 = 24.29; p < 0.001; L-DOPA, F333 = 135.9; p <
0.001). Tukey's test showed a significant increase in Zif-268 immuno-
reactivity in the dopamine-denervated DL CPu of hemiparkinsonian rats
repeatedly treated with either apomorphine or L-DOPA, compared with
the dopamine-denervated DL CPu of hemiparkinsonian rats repeatedly
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Fig. 5. Total numbers of 50-kHz ultrasonic vocalizations emitted in hemiparkinsonian and sham-operated rats. Rats received apomorphine (2 mg/kg, i.p.), L-DOPA
(12 mg/kg, i.p.), or vehicle (i.p.) in acute or repeated (x5) administration. The figure demonstrates the emission of 50-kHz ultrasonic vocalizations recorded for 90
min after acute treatment (A-D) and after the last (fifth) drug administration of repeated treatment (E-H). * p < 0.05, ** p < 0.01, **** p < 0.0001 compared with 6-
OHDA/VEH. $ p < 0.05 compared with SHAM/APO. # p < 0.05, ## p < 0.01 compared with SHAM/DOPA. § p < 0.05 compared with SHAM/VEH. N = 8-11 rats for
each experimental group. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; DOPA = L-3,4-dihydroxyphenylalanine; USVs = ultrasonic vocalizations; VEH
= vehicle.
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treated with vehicle, and compared with the DL CPu of sham-operated
rats repeatedly treated with either apomorphine or L-DOPA, respec-
tively (p < 0.0001 for all comparisons) (Fig. 9, 11A).

3.4.5. Ventromedial caudate-putamen

Kruskal-Wallis test revealed a significant effect of treatment on Zif-
268 immunoreactivity in the VM CPu of rats that received the acute
administration of apomorphine (2 mg/kg, i.p., H = 16.85; p = 0.0008).
Dunn's test showed higher Zif-268 immunoreactivity in the dopamine-
denervated VM CPu of hemiparkinsonian rats acutely treated with
apomorphine compared with the dopamine-denervated VM CPu of
hemiparkinsonian rats acutely treated with vehicle (p = 0.0003) (Fig. 7,
11B). One-way ANOVA for the acute administration of L-DOPA (12 mg/
kg, i.p.) revealed a significant effect of treatment on Zif-268
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Fig. 6. Images demonstrating the modifications in Zif-268 immunoreactivity in the nucleus accumbens and medial prefrontal cortex after acute treatment. Upper
panel (A): representative coronal brain sections immunostained for Zif-268 taken from hemiparkinsonian and sham-operated rats treated with apomorphine (2 mg/
kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.). Lower panel (B): representative sections demonstrating Zif-268 immunoreactivity in the shell and core portions of
the nucleus accumbens, and in the medial prefrontal cortex. Sections in panel B were taken from the brain hemisphere homolateral to either 6-hydroxydopamine
injection or sham surgery. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; DOPA = L-3,4-dihydroxyphenylalanine; mPFC = medial prefrontal cortex; NAc
= nucleus accumbens; VEH = vehicle. Scale bar: 1000 pm (composed image), 50 pm (zoomed images).

immunoreactivity in the VM CPu (F334 = 3.488, p = 0.0265). Tukey's
test showed a significant increase in Zif-268 immunoreactivity in the
dopamine-denervated VM CPu of hemiparkinsonian rats acutely treated
with L-DOPA compared with the dopamine-denervated VM CPu of
hemiparkinsonian rats acutely treated with vehicle (p = 0.0271) (Fig. 7,
11B).

Brown-Forsythe ANOVA revealed a significant effect of treatment on
Zif-268 immunoreactivity in the VM CPu of rats that received the
repeated administration of either apomorphine (2 mg/kg, i.p., F3.0,10.09
= 15.86; p = 0.004) or L-DOPA (12 mg/kg, i.p., F3.0,14.44 = 39.56; p <
0.0001). Dunnet's test showed a significant increase in Zif-268 immu-
noreactivity in the dopamine-denervated VM CPu of hemiparkinsonian
rats repeatedly treated with either apomorphine or L-DOPA compared
with the dopamine-denervated VM CPu of hemiparkinsonian rats
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Fig. 7. Images demonstrating the modifications in Zif-268 immunoreactivity in the dorsolateral and ventromedial caudate-putamen after acute treatment. Upper
panel (A): representative coronal brain sections immunostained for Zif-268 taken from hemiparkinsonian and sham-operated rats treated with apomorphine (2 mg/
kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.). Lower panel (B): representative sections demonstrating Zif-268 immunoreactivity in the dorsolateral and
ventromedial portions of the caudate-putamen. Sections in panel B were taken from the brain hemisphere homolateral to either 6-hydroxydopamine injection or
sham surgery. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; DOPA = L-3,4-dihydroxyphenylalanine; CPu = caudate-putamen; DL = dorsolateral; VM =
ventromedial; VEH = vehicle. Scale bar: 1000 pm (composed image), 50 pm (zoomed images).

repeatedly treated with vehicle (apomorphine, p = 0.0117; L-DOPA, p =
0.0001), and compared the VM CPu of sham-operated rats repeatedly
treated with either apomorphine or L-DOPA, respectively (apomor-
phine, p = 0.023; L-DOPA, p = 0.0002) (Fig. 9, 11B).

3.5. Correlation analysis of calling behavior, rotational behavior and Zif-
268 immunoreactivity

Spearman's test showed that in hemiparkinsonian rats acutely or
repeatedly treated with either apomorphine (2 mg/kg, i.p.) or L-DOPA
(12 mg/kg, i.p.) the numbers of 50-kHz USVs emitted were not signifi-
cantly correlated with the numbers of contralateral rotations performed.
In hemiparkinsonian rats acutely treated with apomorphine significant
correlations in Zif-268 immunoreactivity were observed between the
NAc shell and the DL CPu (r = 0.8666, p = 0.0022) and between the DL
CPu and the mPFC (r = 1.000, p = 0.0167). In hemiparkinsonian rats
repeatedly treated with L-DOPA a significant correlation was observed
between the numbers of 50-kHz USVs emitted and Zif-268 immunore-
activity in the DL CPu (r = 0.6818, p = 0.0251). In the same rats,

11

significant correlations in Zif-268 immunoreactivity were observed be-
tween the NAc shell and the NAc core (r = 0.6909, p = 0.0226), the NAc
shell and the VM CPu (r = 0.8727, p = 0.0009), the NAc core and the VM
CPu (r = 0.6273, p = 0.0440). Supplementary material reports further
details on the results of correlation analysis (Figs. S7-S10, Tables S4-S7).

4. Discussion

The present study evaluated the emission of 50-kHz USVs and Zif-
268 immunoreactivity in the NAc, CPu and mPFC of hemi-
parkinsonian and sham-operated rats that were acutely or repeatedly
treated with either apomorphine or L-DOPA, two drugs used in the DRT
of PD. Both apomorphine and L-DOPA markedly stimulated calling
behavior in hemiparkinsonian rats and elevated Zif-268 immunoreac-
tivity in the dopamine-denervated NAc and CPu of the same rats. These
results indicate that the emission of 50-kHz USVs in hemiparkinsonian
rats treated with either apomorphine or L-DOPA is associated with
increased neuronal activation in subcortical regions of the dopamine-
denervated brain hemisphere.
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Consistent with our previous findings (Simola et al., 2021),
apomorphine elicited the emission of a higher number of 50-kHz USVs in
hemiparkinsonian than sham-operated rats, whereas L-DOPA stimulated
calling behavior in hemiparkinsonian rats only. We here adopted an
extended recording time of 90 min to better clarify the time course of
calling behavior stimulated by either apomorphine or L-DOPA, and we
found that the emission of 50-kHz USVs began 5-10 min after drug
administration and that significant levels of calling behavior were
detectable up to 25-30 min after drug administration. Moreover, in both
apomorphine- and L-DOPA-treated hemiparkinsonian rats the time
course of general calling behavior (i.e., the total number of 50-kHz USVs
emitted) substantially overlapped with the time course of the emission
of categorized 50-kHz USVs. The findings on the time course of calling
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Fig. 8. Images demonstrating the modifications in Zif-268 immunoreactivity in the nucleus accumbens and medial prefrontal cortex after repeated treatment. Upper
panel (A): representative coronal brain sections immunostained for Zif-268 taken from hemiparkinsonian and sham-operated rats treated with apomorphine (2 mg/
kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.). Lower panel (B): representative sections demonstrating Zif-268 immunoreactivity in the shell and core portions of
the nucleus accumbens, and in the medial prefrontal cortex. Sections in panel B were taken from the brain hemisphere homolateral to either 6-hydroxydopamine
injection or sham surgery. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; DOPA = L-3,4-dihydroxyphenylalanine; mPFC = medial prefrontal cortex; NAc
= nucleus accumbens; VEH = vehicle. Scale bar: 1000 pm (composed image), 50 pm (zoomed images).

behavior obtained here are consistent with our earlier results collected
by using a shorter (30 min) recording time (Simola et al., 2021). This
could further substantiate the possibility that apomorphine and L-DOPA
rapidly elicit positive affect in hemiparkinsonian rats after their
administration. Moreover, the relatively short-lived emission of 50-kHz
USVs observed here could indicate that apomorphine and L-DOPA
induce a transient positive affect in hemiparkinsonian rats.

Acute or repeated treatment with either apomorphine or L-DOPA
increased Zif-268 immunoreactivity in the dopamine-denervated brain
hemisphere of hemiparkinsonian rats, but neither in the intact brain
hemisphere of hemiparkinsonian rats nor in the brain of sham-operated
rats. More specifically, an elevation in Zif-268 immunoreactivity was
detected in the shell and core of the NAc as well as in the dorsolateral
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Fig. 9. Images demonstrating the modifications in Zif-268 immunoreactivity in the dorsolateral and ventromedial caudate-putamen after repeated treatment. Upper
panel (A): representative coronal brain sections immunostained for Zif-268 taken from hemiparkinsonian and sham-operated rats treated with apomorphine (2 mg/
kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.). Lower panel (B): representative sections demonstrating Zif-268 immunoreactivity in the dorsolateral and
ventromedial portions of the caudate-putamen. Sections in panel B were taken from the brain hemisphere homolateral to either 6-hydroxydopamine injection or
sham surgery. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; DOPA = L-3,4-dihydroxyphenylalanine; CPu = caudate-putamen; DL = dorsolateral; VM =
ventromedial; VEH = vehicle. Scale bar: 1000 pm (composed image), 50 pm (zoomed images).

and ventromedial CPu, but not in the mPFC. These findings may indicate
that apomorphine and L-DOPA stimulate the emission of 50-kHz USVs in
hemiparkinsonian rats by acting on striatal regions. Moreover, they may
further support the earlier evidence demonstrating that the denervation
of the nigrostriatal dopaminergic system boosts the affective/motiva-
tional properties of drugs used in the DRT of PD. In fact, the NAc shell is
a key region where drugs act to elicit a state of reward (Di Chiara et al.,
2004). Besides, the NAc core and the dorsolateral and ventromedial CPu
are major regions where drugs act to elicit associative learning and to
increase motivation for their use (Di Chiara et al., 2004; Everitt and
Robbins, 2013; Stamos et al., 2022). In this regard, it is also noteworthy
that apomorphine and L-DOPA, in general, led to higher Zif-268
immunoreactivity after repeated treatment than after acute treatment.
This finding may suggest that progressive neuroadaptive facilitatory
changes occurred in the NAc and CPu of the dopamine-denervated brain
hemisphere in hemiparkinsonian rats repeatedly treated with either
apomorphine or L-DOPA, which could have resulted in a persistent
elevation in the affective/motivational properties of those drugs. In this
connection, the lack of an increase in Zif-268 immunoreactivity in the
dopamine-denervated mPFC of apomorphine- and L-DOPA-treated

hemiparkinsonian rats may appear an unexpected finding. Indeed,
similar to the NAc and CPu, the mPFC is a brain region where drugs act
to elicit associative learning and to increase motivation for their use
(Koob and Volkow, 2010; Robbins and Everitt, 2002; Pintori et al.,
2021). Moreover, a previous study of our group found an increased Zif-
268 immunoreactivity in the mPFC of neurologically intact rats that
developed a sensitized emission of 50-kHz USVs in response to repeated
treatment with amphetamine, a drug that markedly elevates the affec-
tive/motivational state in rats (Costa et al., 2015).

Regarding the mechanisms that could lead to the effects of
apomorphine and L-DOPA observed in the present study, we may pro-
pose some hypotheses based on the neurobiology of 50-kHz USVs and on
the characteristics of the experimental model of nigrostriatal dopami-
nergic denervation used. First, it is noteworthy that the dopaminergic
system plays a pivotal role in the emission of 50-kHz USVs. Indeed,
studies that evaluated calling behavior in rats either treated with
amphetamine or exposed to social stimuli have demonstrated that the
emission of 50-kHz USVs is initiated by the activation of dopamine
transmission in the NAc shell and is suppressed by the antagonism of
dopamine receptors (Burgdorf et al., 2001; Thompson et al., 2006;
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Fig. 10. Histograms demonstrating the modifications in Zif-268 immunoreactivity in the nucleus accumbens and medial prefrontal cortex. Rats received apomor-
phine (2 mg/kg, i.p.), L-DOPA (12 mg/kg, i.p.), or vehicle (i.p.) in acute or repeated (x5) administration. Histograms indicate the mean intensity of Zif-268
immunoreactivity in the shell (A) and core (B) portions of the nucleus accumbens and in the medial prefrontal cortex (C). The values of Zif-268 immunoreac-
tivity shown in the figure were measured in the brain hemisphere homolateral to either 6-hydroxydopamine injection or sham surgery. * p < 0.05, ** p < 0.01, ****
p < 0.0001 compared with 6-OHDA/VEH. $ p < 0.05, $$ p < 0.01, $$$$ p < 0.0001 compared with SHAM/APO. # p < 0.05, #### p < 0.0001 compared with
SHAM/DOPA. N = 8-11 for NAc shell and core; N = 5-6 for mPFC. Values are expressed as a percentage of the respective SHAM/VEH group for each brain region
evaluated. Symbols within each bar indicate the values of Zif-268 immunoreactivity in individual rats. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; DOPA
= L-3,4-dihydroxyphenylalanine; mPFC = medial prefrontal cortex; NAc = nucleus accumbens; VEH = vehicle.

Wright et al., 2013; Shimoju and Shibata, 2021; Serra et al., 2024).
Moreover, other studies that evaluated the emission of 50-kHz USVs in
rats treated with amphetamine have demonstrated that calling behavior
can be modulated by dopamine transmission in the CPu, NAc core and
mPFC (Costa et al., 2020; Czarna et al., 2020; Mulvihill and Brudzynski,
2020). In addition, earlier investigations in rats have consistently
demonstrated that 6-OHDA injection in either the SNc or the VTA in-
duces supersensitivity of dopamine receptors in the dopamine-
denervated efferent regions, and that this phenomenon is most evident
in the CPu than in the mPFC (Tassin et al., 1982; Marshall et al., 1989;
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Gerfen et al., 1990, 2002; Gerfen, 2003; Simola et al., 2007). On these
bases, a hypothesis that could explain our findings is that the occurrence
of dopamine receptor supersensitivity in the 6-OHDA-lesioned brain
hemisphere is requisite for the full manifestation of the effects that
apomorphine and L-DOPA elicit on calling behavior and Zif-268
immunoreactivity in hemiparkinsonian rats. In fact, the results of TH-
immunoreactivity showed that dopaminergic denervation was nearly
complete in the NAc and CPu, but only partial in the mPFC. This, in turn,
may have resulted in high levels of dopamine receptor supersensitivity
in the CPu and low levels of dopamine receptor supersensitivity in the
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Fig. 11. Histograms demonstrating the modifications in Zif-268 immunoreactivity in the caudate-putamen nucleus. Rats received apomorphine (2 mg/kg, i.p.), L-
DOPA (12 mg/kg, i.p.), or vehicle (i.p.) in acute or repeated (x5) administration. Histograms indicate the mean intensity of Zif-268 immunoreactivity in the
dorsolateral (A) and ventromedial (B) portions of the caudate putamen nucleus. The values of Zif-268 immunoreactivity shown in the figure were measured in the
brain hemisphere homolateral to either 6-hydroxydopamine injection or sham surgery. * p < 0.05, *** p < 0.001, **** p < 0.0001 compared with 6-OHDA/VEH. $ p
< 0.05, $$$$ p < 0.0001 compared with SHAM/APO. ### p < 0.001, #### p < 0.0001 compared with SHAM/DOPA. N = 8-11 rats for each experimental group.
Values are expressed as a percentage of the respective SHAM/VEH group for each brain region evaluated. Symbols within each bar indicate the values of Zif-268
immunoreactivity in individual rats. 6-OHDA = 6-hydroxydopamine; APO = apomorphine; CPu = caudate-putamen nucleus; DL = dorsolateral; DOPA = L-3,4-

dihydroxyphenylalanine; VEH = vehicle; VM = ventromedial.

mPFC, which were possibly not sufficient to trigger a significant eleva-
tion in Zif-268 immunoreactivity in that region after apomorphine/L-
DOPA administration. This hypothesis may be further supported by
the finding of the present study that no significant elevation in Zif-268
immunoreactivity occurred in sham-operated rats, as well as by the
evidence from earlier investigations performed in rats treated with
psychostimulants which showed that that D;-like receptors are critically
involved in the expression of zif-268 in striatal regions (Wang and
McGinty, 1995; Yano et al., 2006; Li et al., 2016). In this connection, we
may speculate that the occurrence of dopamine D;-like receptor super-
sensitivity in dopamine-denervated striatal regions may have facilitated
the expression of zif-268, and the subsequent elevation in Zif-268
immunoreactivity, in hemiparkinsonian rats treated with -either
apomorphine or L-DOPA.

In addition to the occurrence of dopamine receptor supersensitivity
in dopamine-denervated brain regions, other mechanisms may possibly
underlie the effects of apomorphine and L-DOPA observed here and
explain why we found no association between 50-kHz USV emission and
activation of the mPFC, differently from what previously reported in
neurologically intact rats treated with amphetamine (Costa et al., 2015;
Mulvihill and Brudzynski, 2020). Among these mechanisms could be the
pharmacodynamic actions of apomorphine and L-DOPA, that differ from
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those of amphetamine. Indeed, apomorphine is a direct dopamine re-
ceptor agonist and L-DOPA is a metabolic precursor of dopamine
(Simola et al., 2010), whereas amphetamine is a dopaminergic psy-
chostimulant that releases dopamine from presynaptic terminals (Sulzer
et al., 2005; Jiao et al., 2015). Moreover, apomorphine, L-DOPA and
amphetamine also differ with regard to their actions at the level of non-
dopaminergic neurotransmission. Indeed, apomorphine and dopamine
derived from L-DOPA can regulate neuronal firing by acting on pre-
synaptic dopamine receptors located on dopaminergic and non-
dopaminergic terminals (Godukhin et al., 1984; Picconi et al., 2004;
Nevalainen et al., 2014). Conversely, amphetamine can directly stimu-
late the release of certain non-dopaminergic neurotransmitters, such as
noradrenaline and glutamate (Sulzer et al., 2005). In this connection, it
is noteworthy that the emission of 50-kHz USVs, although primarily
initiated by the activation of dopamine receptors in the NAc shell, may
be modulated by diverse non-dopaminergic neurotransmitters (Wright
et al., 2012; Costa et al., 2015; Wohr et al., 2015; Simola et al., 2016;
Mulvihill and Brudzynski, 2019; Hoffmeister et al., 2022). Furthermore,
non-dopaminergic neurotransmitters may influence the activation of
immediate early genes, such as zif-268, in cortical and striatal regions of
the rat brain (Bing et al., 1991; Wang, 1998; Li et al., 2016). All these
things considered further studies are warranted to ascertain the
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reciprocal role of dopaminergic and non-dopaminergic mechanisms in
the effects that apomorphine and L-DOPA elicit on the emission of 50-
kHz USVs and on the associated activation of striatal and cortical re-
gions in dopamine-denervated rats.

Considering that 50-kHz USVs are a marker of positive affect in rats
and that the NAc and CPu belong to the neurocircuits that regulate af-
fective and motivational states and the effects that drugs elicit on those
states, the results of the present study may further support the earlier
experimental evidence indicating that the denervation of the dopami-
nergic nigrostriatal system boosts the affective/motivational properties
of drugs used in the DRT of PD (Zengin-Toktas et al., 2013; Campbell
et al., 2014). Nevertheless, the present study has some potential limi-
tations that should be considered. Similar to what reported by previous
investigations performed in neurologically intact rats treated with psy-
choactive drugs (Pereira et al., 2014; Wohr et al., 2015; Simola and
Costa, 2018), hemiparkinsonian rats treated with either apomorphine or
L-DOPA displayed interindividual variability in the total numbers of 50-
kHz USVs and in the numbers of categorized calls emitted after drug
administration. In addition, the emission of 50-kHz USVs and Zif-268
immunoreactivity are perhaps markers that do not allow to fully
discriminate between the effects that drugs elicit on the emotional state
and the behavioral effects of drugs that stem from the presence of
dopamine receptor supersensitivity (Williams and Undieh, 2016; Costa
et al., 2020; Schwarting, 2023; Serra et al., 2024). Moreover, as dis-
cussed above, no significant elevation in Zif-268 immunoreactivity was
observed in sham-operated rats after acute apomorphine administration,
in spite of a significant elevation in the emission of drug-stimulated 50-
kHz USVs in those rats, though of lower magnitude than that observed in
hemiparkinsonian rats. This finding could suggest that significant ele-
vations in Zif-268 immunoreactivity may occur only in the brain of rats
that emit high numbers of 50-kHz USVs. Additionally, we could specu-
late that the full manifestation of the effects that dopaminomimetic
drugs elicit on Zif-268 immunoreactivity requires conditions of dopa-
mine receptor supersensitivity, like the ones that may occur after
dopaminergic denervation (Gerfen, 2003) or after repeated treatment
with psychostimulants of abuse like amphetamine (Seeman, 2009).
Furthermore, it is noteworthy that the activation of the zif-268 cascade
in dopamine-denervated striatal regions of hemiparkinsonian rats
treated with dopaminomimetic drugs may as well be a correlate of drug-
induced rotational behavior (Frau et al., 2013; Pinna et al., 2016).
Finally, it has to be acknowledged that in the present study we did not
perform a detailed analysis of dyskinetic-like abnormal involuntary
movements (AIMs) due to the experimental setup used (i.e., use of cyl-
inders with black-painted walls), that did not allow a reliable quantifi-
cation of AIMs (see Simola et al., 2021). The lack of AIMs quantification
may somehow limit our understanding of the interplay between drug-
stimulated 50-kHz USVs and motor responses in hemiparkinsonian
rats treated with apomorphine or L-DOPA.

Based on the above considerations, it could be speculated that the
increased Zif-268 immunoreactivity observed in the dopamine-
denervated brain hemisphere of hemiparkinsonian rats treated with
either apomorphine or L-DOPA may reflect both the presence of a drug-
induced elevation in the affective/motivational state and the perfor-
mance of drug-stimulated motor responses. Earlier investigations per-
formed in neurologically intact rats have demonstrated that the emission
of 50-kHz USVs is directly linked to the occurrence of drug-induced
modifications in the affective/motivational state and is not dependent
on the effects that drugs elicit on motor circuits (Burgdorf et al., 2001;
Burgdorf and Panksepp, 2006; Browning et al., 2011; Maier et al., 2012;
Simola and Morelli, 2015; Kuchniak et al., 2019; Costa et al., 2015;
Simola et al., 2021). In our previous study, we have extended those
earlier findings to hemiparkinsonian rats treated with either apomor-
phine or L-DOPA, since we observed a dissimilar time course of drug-
stimulated calling behavior and rotational behavior (Simola et al.,
2021). In the present study, we have confirmed the latter results by
demonstrating that apomorphine and L-DOPA had rapid and transient
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effects on the emission of 50-kHz USVs (up to 30 min from adminis-
tration), while they stimulated the performance of rotational behavior
for a longer period of time (up to 90 from administration). Moreover, by
using an extended recording time of 90 min, in the present study we
found no significant correlations between the numbers of 50-kHz USVs
emitted and of contralateral rotations performed in hemiparkinsonian
rats treated with either apomorphine or L-DOPA. Conversely, in our
earlier investigation that employed a shorter (30 min) recording time
(Simola et al., 2021) we found some significant correlations between
calling behavior and rotational behavior, although only in certain
administration days of the experimental protocol. Taken together, these
findings suggest that a dissociation may exist between the affective and
motor stimulating properties of apomorphine and L-DOPA in hemi-
parkinsonian rats. In particular, we may propose that the emission of 50-
kHz USVs reflects the presence of early onset and transient effects of
apomorphine/L-DOPA on the emotional state of hemiparkinsonian rats,
that could be manifested before the peak of motor-stimulating effects.
Accordingly, 50-kHz USVs may be envisioned as a valuable behavioral
marker to be used in studies about the affective properties of anti-
parkinsonian dopaminergic drugs in rat models of PD. Indeed,
measuring the emission of 50-kHz USVs could not only disclose the ef-
fects that antiparkinsonian dopaminomimetic drugs elicit on the
emotional state, but also be an approach that may allow reducing the
influence that drug-induced motor stimulation could have on other
behavioral readouts that are conventionally measured to evaluate these
effects (see Rokosik and Napier, 2012; Campbell et al., 2014; Floris
et al., 2022).

The results of the present study may pave the path for additional
investigations aimed at further clarifying the relationship between
changes in the affective state and emission of 50-kHz USVs in dopamine-
denervated rats treated with drugs used in the DRT of PD. Importantly,
in the present study we investigated apomorphine and L-DOPA, both of
which have been associated with the manifestation of behavioral ad-
dictions in PD patients (Todorova et al., 2015; Weintraub et al., 2015).
Moreover, we used an experimental model of repeated drug adminis-
tration in rats bearing a near complete nigrostriatal dopaminergic
denervation to reproduce repeated exposure to dopaminomimetic anti-
parkinsonian drugs and late-stage dopaminergic nigrostriatal degener-
ation, two conditions that have been suggested as risk factors for the
development of hedonic homeostatic dysregulation and behavioral ad-
dictions in PD patients medicated with DRT (Eisinger et al., 2019). At
the same time, we acknowledge that the experimental approach used
here could not clarify how striatal brain regions interacted among them
and with other brain regions to stimulate the emission of 50-kHz USVs in
hemiparkinsonian rats treated with either apomorphine or L-DOPA.

Interestingly we found a significant correlation between the emission
of 50-kHz USVs and the increase in Zif-268 immunoreactivity in the DL
CPu of hemiparkinsonian rats repeatedly treated with L-DOPA, which
also displayed significant correlations in the intensity of Zif-268
immunoreactivity between the NAc shell and the NAc core, as well as
between either portion of the NAc and the VM CPu. Similarly, hemi-
parkinsonian rats acutely treated with apomorphine displayed signifi-
cant correlations in Zif-268 immunoreactivity between the NAc shell
and the DL CPu and between the DL CPu and the mPFC. Although these
positive correlations do not allow to causally implicate the NAc, CPu and
mPFC in the results of the present study, they may suggest that these
regions are connected in a circuit that regulates the affective and
motivational state, and then the emission of 50-kHz USVs, in dopamine-
denervated rats treated with dopaminomimetic antiparkinsonian drugs.
In this connection, again, it is noteworthy that the NAc is key nucleus in
hedonic homeostatic regulation (Di Chiara et al., 2004). Moreover,
dorsal and ventral striatal regions have been implicated in the mani-
festation of impulsive behaviors in experimental rats treated with dop-
aminomimetic antiparkinsonian drugs (Miller and Abercrombie, 1999;
Jiménez-Urbieta et al., 2019; Floris et al., 2022; Magnard et al., 2024),
as well as of behavioral addictions in PD patients, although the causal
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implications of specific brain regions remains to be determined (see
Kelly et al., 2020). Therefore, the results of the present study may lay the
foundation for further investigations aimed at elucidating the neuro-
circuits that mediate the emission of 50-kHz USVs in dopamine-
denervated rats treated with antiparkinsonian drugs. Future studies
shall also clarify if measuring the emission of 50-kHz USVs can be a
relevant complementary approach to investigate how hedonic homeo-
static dysregulation induced by antiparkinsonian drugs may influence
behavioral readouts that reproduce in dopamine-denervated rats the
clinical manifestations of specific behavioral addictions that can occur
in PD patients medicated with DRT.

5. Conclusions

The present study demonstrates that hemiparkinsonian rats treated
with either apomorphine or L-DOPA display a heightened emission of
50-kHz USVs associated with an increased Zif-268 immunoreactivity in
the NAc and CPu, two striatal regions where drugs act to modify the
affective/motivational state. Since the emission of drug-stimulated 50-
kHz USVs may reflect the presence of drug-induced positive affect in
rats (Simola and Brudzynski, 2018b), these results suggest that
measuring the emission of 50-kHz USVs may be a relevant approach in
preclinical studies that employ rat models of nigrostriatal dopaminergic
denervation to investigate the affective/motivational properties of drugs
used in the DRT of PD.
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