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Serotonin and dopamine depletion in distinct brain
regions may cause anxiety in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-treated mice as a model of early

Parkinson’s disease

Ruixi Yang®, Suzhen Ye®, Shuping Zhang®, _Hanjin Huang Yun Zhang®,
Yao Yang®, Shu Xie®, L|n He®, Yuwei Yang" and Jian Shi®

In this study, we aimed to evaluate the association

of early anxious behavior with serotonin, dopamine,

and their metabolites in a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) murine model of Parkinson’s
disease. Forty C57BL/6 male mice were randomly
divided into the control group (n = 20) and the model
group (n = 20). Mice in the model group were injected
intraperitoneally with MPTP. The light-dark box (LDB)
and elevated plus-maze were used to monitor anxious
behavior. The association of early anxious behavior with
neurotransmitters in the prefrontal cortex, hippocampus,
and striatum was evaluated. In our murine model, MPTP
induced a decreased level of 5-hydroxytryptamine and
its metabolite 5-hydroxyindoleacetic acid (5-HIAA) in
the prefrontal cortex, hippocampus, and striatum (all

P < 0.05); however, it only induced a decreased level of
dopamine and its metabolite homovanillic acid (HVA) in
the striatum (both P < 0.001), with a negative correlation
in the hippocampus and a positive correlation in the
cortex and striatum. In the LDB, 5-hydroxytryptamine
levels in the cortex and dopamine and HVA levels in the
striatum were negatively correlated with anxious behavior.
Moreover, in the elevate plus-maze, 5-hydroxytryptamine
and 5-HIAA in the cortex and dopamine and HVA in the
striatum were positively correlated with the ratio of the

Introduction

Parkinson’s disease is a neurodegenerative disorder char-
acterized by impairment in motor function that includes
resting tremors, bradykinesia, and balance dysfunction;
however, severe nonmotor symptoms, such as olfac-
tory deficits, memory loss, impaired executive function,
depression, and anxiety, occur in 30-60% of patients [1,2].
Induction of Parkinson’s disease by 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MP'T'P) administration is
widely accepted as an animal model of Parkinson’s discase;
however, whether this model induces nonmotor symptoms
of Parkinson’s disease remains a debated issue [3-5].
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time spent in open arms. In the murine model of early
Parkinson’s disease, the balance between dopamine and
5-hydroxytryptamine systems varied among brain regions.
The depletion of 5-hydroxytryptamine in the cortex and
dopamine in the striatum may be associated with anxiety
behaviors in MPTP-treated mice. NeuroReport 34: 551-
559 Copyright © 2023 The Author(s). Published by Wolters
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Anxiety,avery common nonmotor symptom of Parkinson’s
disease, often appears in the early stage of Parkinson’s
disease and persists through the mid and late stages of
the disease. Anxiety seriously affects the quality of life of
patients with Parkinson’s disease. Previous studies have
indicated that the etiology of anxiety disorders, in gen-
eral, is related to genetic and neurobiochemical factors,
combined with life stress events [6,7]. Although the eti-
ology of anxiety symptoms in patients with Parkinson’s
disease remains unclear, Parkinson’s disease exerts per-
vasive effects on the brain, including the basolateral
amygdala, nucleus accumbens, frontal cortex, and raphe
nucleus. Serotonin (5-hydroxytryptamine) and dopamine
may play a central role in regulating emotional behavior.
In general, disturbances in 5-hydroxytryptamine neuro-
transmission can lead to depression, anxiety, and memory
impairment. Moreover, 5-hydroxytryptamine 4 receptor
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agonists can promote the extinction of situational fear.
MPTP-treated mice are an accepted animal model to
evaluate nonmotor symptoms of Parkinson’s disease [8].
Furthermore, MPTP-treated male C57BL/6 mice have
been shown to develop associative memory impairment
and conditioned fear [9] which are associated with a
depletion of dopamine and 5-hydroxytryptamine levels
in the striatum, frontal cortex, and amygdala. Whether
the depletion of these neurotransmitters is associated
with anxiety symptoms in Parkinson’s disease, how-
ever, is unclear [3]. Accordingly, in this study, we aimed
to evaluate the association between changes in neuro-
transmitter levels in the brain and anxiety behaviors in a
murine model of early-stage Parkinson’s disease induced
by acute MPTP administration. Due to the limitations
of material sampling techniques, we selected the hip-
pocampus, prefrontal cortex, and basal ganglia as brain
regions for neurotransmitter measurement.

Materials and methods

Laboratory animals and ethics statement

Forty male C57BL./6] mice with body weights, ranging
from 20 g to 25 g, were maintained on a 12 : 12-h light/
dark cycle and an ambient temperature of 22 °C. They
were fed ad libitum. Animals were divided evenly into
two groups by a numerical random table, namely, model
groups and one control group, with 20 mice in each
group. All procedures were carried out in accordance
with the Medical Sciences guidelines for animal han-
dling of Mianyang Central Hospital affiliated with the
Medical College of University of Electronic Science and
Technology of China.

Model preparation

For the mice in the model group, MPTP (CAS: 23007-
85-4, Sigma-Aldrich, Massachusetts, USA) was diluted in
saline to a concentration of 1 mg/ml and injected intra-
peritoneally at a dose of 20 mg/kg four times a day (injec-
tion during the day at 2-h intervals) for two consecutive
days. Mice in the control group received an equal volume
of saline, intraperitoneally injected [10,11]. Three days
after the last MPTP injection, the anxiety behaviors of
the mice in both groups were assessed using the light-
dark box (LDB) and elevated plus-maze (EPM) tests.

Anxiety behavior assessment

Light-dark box test

The LDB, 44cmx21cmx21cm, was based on
Crawley’s design [12,13]. The light and dark compart-
ments were set at 2/3 and 1/3 of the LLDB, respectively,
with both sides connected by an opening 13 cm x 5 cm
in size. Prior to testing in the LLDB, animals were pro-
vided with a 1-hr period to acclimate to the testing room.
After this period, the incandescent lamp above the light
compartment was turned on and the mice were allowed
to explore the box freely for 5 min. Time, in seconds (s),

spent in the dark compartment and the frequency of
leaving the dark compartment (i.e. the number of times
a mouse moved from the dark to the light compartment)
were calculated as indices of anxiety.

Elevated plus-maze test

The EPM was based on the experimental design
described by Lister [14]. After a 30-min period to accli-
mate to the test room, mice were placed in the central
area of the maze, facing an open arm, and were allowed
to freely explore the maze for 5 min. The following EPM
parameters were calculated for analysis: open arm entry,
defined as the number of times a mouse entered an open
arm, based on the entry of all four paws into the arm, with
the end of an entry defined as the exit of any paw from
the arm; open arm time, defined as the time spent in all
open arms; closed arm entry, defined as the number of
times a mouse entered a closed arm; and closed arm time,
defined as the time spent in all closed arms. The follow-
ing two ratios were also calculated: OEr, calculated as the

ratio of open-arm entries ( OE ); and O'1, calculated as
OE+CE

o . . oT
the ratio of the time in open arms (7OT+CT ) The OEr and

O'It have previously been used as effective indicators of
anxiety behaviors in mice [15].

HPLC

After the behavioral tests, the mice were quickly sacri-
ficed and the bilateral hippocampus, prefrontal cortex,
and striatum were isolated. The levels of dopamine and
its metabolite, homovanillic acid (HVA), and 5-hydrox-
ytryptamine and its metabolite, 5-hydroxyindoleacetic
acid (5-HIAA), in these brain regions, were quantified
using HPLC. Briefly, tissue samples of selected brain
structures were homogenized in 0.1 mmol/l of ice-cold
HCI1O4. The homogenates were centrifuged twice at
10 000 x g for 10 min at 4 °C. After centrifugation, the
supernatant was filtered through a 0.22 pm membrane.
The obtained aliquots (40 pl) were injected into the
HPLC system, The emission wavelength is 330 nm
and the excitation wavelength is 280 nm. Column tem-
perature was maintained at 35 °C. An external stand-
ard containing dopamine, HVA, 5-hydroxytryptamine,
and 5-HIAA at concentrations of 1 mg/ml was used.
Mobile phase A: chromatographic pure methanol, ultra-
sonic degassing for 20 min. Mobile phase B: 0.1 mol/LL
sodium acetate (containing 0.1 mmol/l ethylenediamine
tetraacetic acid), ultrapure water configuration, pH
5.0 with acetic acid, ultrasonic degassing for 20 min.
Mobile phase C: ultrapure water, ultrasonic degas-
sing for 20 min. Mobile phase D: 90% pure water and
10% 1isopropyl alcohol. Adjust the container intake,
mix mobile phases A and B in A certain proportion, fil-
ter with 0.22 pm microporous filter, ultrasonic gas for
20 min, close exhaust valve, sample quantity of 40 pl/
time, and finally mix column with 90% mobile phase
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553

1= 4,904, P< 0001

1

2001

17141

150+
138.1

100

Time spentin dark-box (s)

50

1=2.340,P=0.025

10

Frequency of the leaving black box (times)

ControlG Model G

ControlG Model G

Anxiety behaviors in the LDB test. Significant anxiety symptoms appeared in the model group. Compared to the control group, (a) the time mice
spent in the dark compartment is significantly longer (*£<0.01) and (b) the frequency of mice leaving the dark compartment was significantly lower

for the model group (*P < 0.05). LDB, light-dark box.

B + 10% mobile phase A, then gradient elution, mobile
phase D siphon discharge at a rate of three drops per
minute. After each sample determination, the samples
were rinsed with mobile phase C for 20 min and then
with mobile phase A for 10 min. The concentration of
dopamine, HVA, 5-hydroxytryptamine, and 5-HIAA in
the sample solution were calculated according to the
measured peak area.

Statistical analysis

All data were tested as normal distribution by the
Shapiro-Wilk test or QQ plot and expressed as the
mean = SD, and the differences between the two groups
were evaluated using the independent sample #-test. The
differences among different brain regions in the same
experimental group were analyzed by one-way analysis of
variance, and the multiple comparisons were performed
by Bonferroni correction. The associations between anxi-
ety behaviors and neurotransmitter levels were evaluated
using Pearson correlation. P values < 0.05 with two-sided
test were considered significant. Statistical analyses were
performed using SPSS 21.0 software (SPSS, Inc., an
IBM Company) and the MedCalc application (MedCalc
Software Ltd).

Results

Anxiety behaviors in the light-dark box test

Significant anxiety symptoms appeared in the model
group. We calculated the time spent in the dark box and
the frequency of leaving the dark compartment, which
are important behavioral indicators of anxiety in mice.
The results showed that the time spent in the dark box
was significantly longer in the model group than in the
control group (171.1 + 23.6 vs. 138.1 + 18.6, respectively,
1=4.904, P <0.001, Fig. 1a). The frequency of leaving
the dark compartment was lower for the model group
than the control group (7.6 £ 1.2 vs. 8.8 £ 1.9, respec-
tively, 7= -2.340, P = 0.025, Fig. 1b). These findings are

indicative of higher anxiety in the model group than in
control group.

Anxiety behaviors in the elevated plus-maze test
Significant anxiety symptoms appeared in the model
group. We observed open arm entry, open arm time,
closed arm entry, and closed arm time, and calculated
the OEr and O'Tr, which are important behavioral indi-
cators of anxiety in mice. Regarding the EPM data, while
there was no difference in the OEr between the model
group and control group (0.212 + 0.086 vs. 0.188 + 0.054,
respectively, 7=1.024, P=0.312), the O'Ir was signif-
icantly lower for the control group than model group
(0.078 £ 0.042 vs. 0.118 £ 0.048, respectively, 7= -2.817,
P =0.008). These findings are indicative of higher anxi-
ety in the model group than in the control group, consist-
ent with the findings on the LDB test.

Neurotransmitter levels determined by HPLC

Dopamine and its metabolite HVA were significantly
decreased in the striatum in the model group, and
5-hydroxytryptamine and metabolite 5-HIAA were sig-
nificantly decreased in all brain regions. We measured the
neurotransmitters most associated with anxiety behav-
ior, 5-hydroxytryptamine and its metabolite, 5-HIAA,
and dopamine and its metabolite, HVA. With regards to
neurotransmitter levels, 5-hydroxytryptamine levels of
the model group (Fig. 2a) were lower than that of the
control group in the hippocampus, prefrontal cortex, and
striatum (hippocampus: 613.0 + 167.5 vs. 920.6 + 190.5,
r=-5422, P<0.001; prefrontal cortex: 210.3 £47.2
vs. 355.2+110.2, r=-5405 P <0.001; striatum:
904.6 £ 171.8 vs. 1059.4 = 268.2, r=-2.173, P =0.036).
Similarly, 5-HIAA levels did so (Fig. 2b) (hippocam-
pus: 114.0 £ 27.9 vs. 165.5 + 21.9, = -6.489, P < 0.001;
prefrontal cortex: 50.2 +7.7 vs. 65.2 £ 12.5, r=-4.579,
P <0.0011; striatum: 69.1 +33.7 vs. 201.0+41.2,
1=-2.687, P=0.011). These findings are indicative of
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Neurotransmitter levels determined by HPLC. Dopamine and its metabolite HVA were significantly decreased in the striatum in the model group,
and 5-hydroxytryptamine and metabolite 5-HIAA were significantly decreased in all brain regions. Compared to the control group, the 5-hydrox-
ytryptamine levels in the hippocampus, prefrontal cortex, and striatum are significantly lower in the (a) model group (*£<0.01 and **P<0.05,
respectively). The 5-HIAA levels in the hippocampus, prefrontal cortex, and striatum are significantly lower in the model group than in (b) the control
group (*P<0.01 and *P < 0.05, respectively). The (c, *P<0.01) dopamine and (d, *P < 0.01) HVA levels in the striatum are significantly lower in
the model group than in the control group. 5-HIAA, 5-hydroxyindoleacetic acid; HVA, homovanillic acid.

nonspecific damage to 5-hydroxytryptamine systems in
the MPTP model of Parkinson’s disease; however, levels
of dopamine and its metabolite, HVA, in the model group
were lower than that of the control group only in the stri-
atum (Fig. 2c and d) (dopamine: 37.2 = 2.5 vs. 72.7 £ 5.5,
r=-26.366, P<0.001; HVA, 19.5+14 vs. 29.0 = 4.0,
r=-9.942, P <0.001); however, levels of dopamine and
HVA in the hippocampus and prefrontal cortex were
comparable between the two groups. These findings
are indicative of the highly selective damage caused by
MPTP to dopamine systems.

Correlation between neurotransmitter levels

In the model group, 5-hydroxytryptamine (¥ = 121.524,
P <0.001), HIAA (F=121.524, P<0.001), dopa-
mine (F =121.524, P <0.001), and HVA (F =121.524,
P <0.001) had different concentration levels in the
brain. Pairwise comparisons with Bonferroni correction,
5-hydroxytryptamine (|7,] = 6.519-15.524, all P < 0.001)

and its metabolite 5-HIAA (]7,] =6.794-14.663, all
P <0.001) were statistically different between any two
sites. While the concentration levels of dopamine and
its metabolite HVA were higher in the striatum than in
the hippocampus (7, = 16.359 and 11.280, both £ < 0.001)
and the cortical (lB =17.274 and 11.787, both P < 0.001);
however, there was no difference between the hip-
pocampus and the cortex (7, =0.915 and 0.507, both
P =1.000). In the control group, 5-hydroxytryptamine
(FF=18.702, P<0.001), HIAA (F=19.319, P <0.001),
dopamine (F = 35.753, P < 0.001), and HVA (& = 31.938,
P <0.001) matched the model group in different parts
of the brain. Pairwise comparisons with Bonferroni cor-
rection, 5-hydroxytryptamine (|7,| = 2.794-6.057, all
P <0.05) and its metabolite 5-HIAA (|7, | = 2.899-6.211,
all P < 0.05) were statistically different between any two
sites. While the concentration levels of dopamine and its
metabolite HVA were higher in the striatum than in the
hippocampus (7, = 8.113 and 6.121, both £ < 0.001) and
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cortical (tB =6.057 and 3.863, both P < 0.001); however,
there was no difference between the hippocampus and
the cortex ([7,] =1.992 and 2.244, both P =0.154 and
0.086).

We analyzed the relationship between 5-hydroxy-
tryptamine and dopamine in different brain regions and
the relationship between 5-HIAA and HVA. Significant
correlations between neurotransmitters were presented
as follows: the correlation between 5-HIAA and HVA
levels was negative in the hippocampus (7= -0.323,
t=-2.107, P = 0.042) but positive in the prefrontal cortex
(r=0.351, r=2.314, P =0.026) and striatum (7= 0.703,
7=6.090, P < 0.001). Overall, 5-hydroxytryptamine levels
were positively correlated with dopamine levels only in
the striatum (7 = 0.386, 7 = 2.580, P = 0.014). These find-
ings indicate that the balance between dopamine and
5-hydroxytryptamine systems varies among brain regions
in the MPTP model, with a negative correlation in the
hippocampus and a positive correlation in the prefrontal
cortex and striatum.

Correlation between anxiety behaviors and
neurotransmitter levels

Depletion of 5-hydroxytryptamine in the cortex and
dopamine in the striatum may be associated with anx-
iety behaviors. We analyzed the relationship between
core indicators of anxious behaviors (the time spent in
the dark box and OIt) and neurotransmitters (5-hydrox-
ytryptamine, 5-HIAA, dopamine, HVA). The correlation
between neurotransmitter and anxiety behaviors of mice
in the LDB test or EPM test was analyzed by the Pearson
correlation. On the LDB test, the time spent in the dark
box had no association with any neurotransmitter in the
hippocampus (all P >0.05) but negatively correlated
with the 5-hydroxytryptamine level in the prefrontal cor-
tex (r=-0.485, r=-3.551, P =0.001, Fig. 3a), as well as
dopamine (7 = -0.650, 7 = -4.883, P < 0.001, Fig. 3c) and
HVA (r=-0.519, 7= -3.566, P = 0.001, Fig. 3d) levels in
the striatum. Therefore, time spent in the dark increased
with the depletion of 5-hydroxytryptamine in the cortex
and dopamine in the striatum. On the EPM test, O'Tr
was also not associated with any neurotransmitter in
the hippocampus (all 2 > 0.05) but positively correlated
with levels of 5-hydroxytryptamine (r = 0.392, 7 = 2.624,
P =0.013,Fig. 4a), 5-HIAA (r = 0.442, 7 = 3.040, P = 0.004,
Fig. 4b),and HVA (= 0.356, 7 = 2.351, P = 0.024, Fig. 4d)
in the prefrontal cortex, as well as dopamine (= 0.334,
r=2.183, P=0.035, Fig. 4c) and HVA (r=0.323,
7=2.1024, P = 0.042, Fig. 4d) in the striatum. These find-
ings indicate that the depletion of 5-hydroxytryptamine
in the cortex and dopamine in the striatum is associated
with a decrease in the O'Tr.

Discussion
Parkinson’s disease is a very common neurodegenerative
disease. The motor disorders of Parkinson’s disease are

well understood, and various drug treatment options with
demonstrated high efficacy are available to manage these
symptoms; however, nonmotor symptoms of Parkinson’s
disease, such as cognitive, behavioral, emotional, sleep,
and autonomic disorders, are often ignored by clini-
cians, although these symptoms have an impact on the
prognosis of Parkinson’s disease and can influence treat-
ment outcomes for motor symptoms. Of these nonmotor
symptoms, anxiety is predominant and is associated with
significant negative impacts on activities of daily living
and quality of life of patients with Parkinson’s disease.
Clinically, most patients with Parkinson’s disease-related
anxiety disorders do not receive timely treatment. I[f more
physicians understood the role of anxiety in Parkinson’s
disease, more patients might be offered psychotherapy
or drug treatment, which may improve their quality of
life [16-18]. Evaluation of the mechanisms underlying
Parkinson’s disease-related anxiety is difficult in humans
and, thus, the use of animal models is indispensable. The
murine MPTP model is an accepted model of Parkinson’s
disease, including anxiety behaviors, although the under-
lying mechanisms of Parkinson’s disease-related anxi-
ety in this model have remained unclear [19,20]. The
acute murine model of Parkinson’s disease we used in
this study, which consists of two consecutive days of
MPTP administration, is one of the innovations of our
study design to better assess behaviors of anxiety in early
Parkinson’s disease [21,22].

Various anxiety disorders share a common neurobiological
basis. Although impairment of the 5-hydroxytryptamine
system in anxiety disorders has previously been demon-
strated, the involvement of the dopamine system has
been poorly studied. Anxiety in Parkinson’s disease is a
specific category of anxiety disorder as it depends on the
biochemical effects of both the 5-hydroxytryptamine and
dopamine systems [23-25].

The neurobiological basis of anxiety behaviors is com-
plex, involving multiple extra-basal brain regions (the
amygdala, nucleus accumbens, frontal cortex, and raphe
nucleus) and the neural transfer networks connecting
these regions. Dopamine and 5-hydroxytryptamine
receptors are widely present in these networks and play
important roles in the development of anxiety behaviors.
Among these receptors, 5-hydroxytryptamine 1A recep-
tors are most densely distributed in the limbic system,
whereas dopamine and 5-hydroxytryptamine 1B recep-
tors are mainly found in the basal ganglia and 5-hydrox-
ytryptamine 2, 3, and 4 receptors are concentrated in
the neocortex, posterior limbus, and hippocampus,
respectively. By contrast, 5-hydroxytryptamine 5, 6, and
7 receptors are distributed in the cerebral cortex, limbic
system, hypothalamus, thalamus, brainstem, and other
brain regions [26]. On the basis of the currently availa-
ble sampling technology in our laboratory, we selected
the hippocampus, prefrontal cortex, and striatum as the
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brain regions to measure the levels of dopamine, HVA,
5-hydroxytryptamine, and 5-HIAA neurotransmitters.

Some studies have suggested that anxiety disorder may be
a determinant factor in the quality of life of patients with
Parkinson’s disease. A retrospective cohort study of a large
sample population showed that individuals with an anx-
ious personality are more likely to be negatively affected
by Parkinson’s disease, indicating that anxiety symptoms
may be an independent risk factor for Parkinson’s disease
[27]. As anxiety symptoms and Parkinson’s disease course
may influence one another, it is important to elucidate
Parkinson’s disease-associated anxiety symptoms. In this
study, we used established behavioral testing tools (LDB
and EPM) to evaluate the anxiety behaviors in our murine

model of Parkinson’s disease [28]. Our findings showed
that mice in the model group spent a significantly longer
time in the dark compartment (Fig. 1a) and a decreased
frequency of leaving this compartment (Fig. 1b) com-
pared to animals in the control group. Moreover, the O'It
was significantly lower in the model group than in the con-
trol group. Therefore, behaviors of anxiety in the model
group were observed on both the LDB and EPM tests,
which is consistent with the clinical behaviors of anxiety
in patients with Parkinson’s disease.

The interaction of 5-hydroxytryptamine with dopamin-
ergic neurons is critical when studying the mechanisms
of various neuroactive drugs, including antipsychotics
[29]. Studies have shown that the 5-hydroxytryptamine
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system is involved in the anxiety symptoms of patients
with Parkinson’s disease [30], but the mechanisms of spe-
cific 5-hydroxytryptamine systems in the pathogenesis of
Parkinson’s disease-related anxiety have not previously
been described. Similarly, while it is generally accepted
that dopamine depletion in patients with Parkinson’s
disease causes motor symptoms, the role of the dopa-
mine system in Parkinson’s disease-related anxiety dis-
orders has not been previously described. Accordingly,
we designed our study to address this gap in knowledge,
evaluating the change in concentrations of dopamine,
HVA, 5-hydroxytryptamine, and 5-HIAA neurotransmit-
ters in various brain regions and anxiety behaviors in an
MP'TP murine model of early Parkinson’s discase.

The content of dopamine and HVA in the striatum was
significantly lower in the model group than in the control
group. This finding validates our MTPT mouse model of
Parkinson’s disease to study Parkinson’s disease-associated
changes in behavior. MP'TP is a meperidine derivative and
a potent neurotoxin that selectively damages nigrostriatal
dopaminergic neurons in the basal ganglia. Because the
dopamine and 5-hydroxytryptamine systems in the limbic
system are interdependent, changes in dopamine levels
in these nuclei can affect 5-hydroxytryptamine levels and
vice versa. This bidirectional interaction may be involved
in the generation of anxiety behaviors [31,32].

In our study, depletion of 5-hydroxytryptamine and its
metabolite, 5-HIAA, was observed in the hippocampus,
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cortex, and striatum. The toxic effects of MPTP should
be considered in the interpretation of this finding, high-
lighting the importance of evaluating the role of changes
in 5-hydroxytryptamine neurotransmitter levels in the
anxiety behaviors of Parkinson’s disease mice. In clinical
practice, selective serotonin reuptake inhibitors (SSRIs)
are the most commonly used anxiolytic drugs, which
indirectly increase 5-hydroxytryptamine concentrations
in the brain, thereby improving the anxiety symptoms of
patients. Decreased 5-hydroxytryptamine concentrations
are associated with the occurrence of anxiety behaviors
[33], and a similar depletion of 5-hydroxytryptamine
appears to induce anxiety behaviors in mice.

Pearson’s correlation coefficients suggested that 5-HIAA
and HVA concentrations were negatively correlated in
the hippocampus, whereas 5-HIAA and HVA contents
were positively correlated in the cortex and striatum.
Given that the balance between the dopamine sys-
tem and the 5-hydroxytryptamine system affects brain
regions differently, this relationship may affect the anx-
iety behavior of mice. The 5-hydroxytryptamine level in
the cortex was negatively correlated with the time mice
spent in the dark compartment of the LLDB, suggesting
that 5-hydroxytryptamine depletion in the cortex of mice
may increase the time they spend in the dark box and
aggravate the anxiety behaviors. Furthermore, intrastri-
atal dopamine and HVA levels were negatively correlated
with the time mice stayed in the dark compartment. This
suggests that decreases in striatal dopamine concentra-
tions may increase the time mice spend in the dark com-
partment of the LDB and aggravate anxiety behaviors in
mice. These findings show that in addition to changes in
the 5-hydroxytryptamine system, depletion of the dopa-
mine system is also involved in the mechanisms causing
anxiety behaviors. It is likely that imbalances between
the 5-hydroxytryptamine and dopamine systems in the
hippocampus, cortex, and striatum lead to anxiety behav-
iors in mice and that the balance between these systems
varies among brain regions. A reduction in 5-hydroxy-
tryptamine concentration in the cortex (i.e. a relative
increase in dopamine concentration) may be involved in
the mechanisms leading to anxiety disorders. Similarly,
in the hippocampus and striatum, decreased 5-hydrox-
ytryptamine levels (i.e. a relative decrease in dopamine
levels) may be involved in mechanisms underlying anxi-
ety disorders. These findings are similar to the results of
previously published studies [34,35].

Pearson’s correlation coefficients between anxiety behav-
iors in behavioral tests and neurotransmitter levels were
consistent for the EPM and LDB tests. In the cortex,
5-hydroxytryptamine, 5-HIAA, and HVA concentrations
were positively correlated with the O'Tr. In the striatum,
dopamine and HVA levels were both positively correlated
with the OTr. This suggests that 5-hydroxytryptamine
depletion in the cortex and depletion of dopamine in the

striatum are associated with decreases in the O'Ir. The
findings of both behavioral assessments indicate that
anxiety behaviors of mice are related to the decreases in
5-hydroxytryptamine and dopamine concentrations in
different brain regions. These findings require further
verification.

Previous studies have reported that the murine MPTP
model of Parkinson’s disease affects both dopamine
and 5-hydroxytryptamine levels in brain regions,
including the hippocampus [36]. Therefore, our study
design considered both the 5-hydroxytryptamine and
the dopamine systems on anxiety behaviors. SSRIs,
commonly used to treat anxiety disorders, are thought
to exert their therapeutic effect by blocking 5-hydrox-
ytryptamine reuptake via the serotonin transporter
system. In clinical practice, SSRIs have poor effects
on some patients with anxiety disorders for whom
low-dose dopamine receptor antagonists alleviate anx-
iety symptoms [37]. This suggests that dopaminergic
mechanisms may also be important as the 5-hydroxy-
tryptamine and dopamine systems have bidirectional
influences on each other. Animal studies have shown
that 5-hydroxytryptamine agonists and SSRIs increase
extracellular dopamine levels in the striatum, hypothal-
amus, and prefrontal cortex and that dopamine deple-
tion abrogates the antidepressant effects of SSRIs. This
provides new insights into key therapeutic mechanisms
of SSRIs, including biochemical effects on dopamine
neurotransmission [38]. It might be possible to design
neurotransmitter modulators that selectively target
specific brain regions to alleviate anxiety symptoms
without affecting motor symptoms in patients with
Parkinson’s disease.

This study had several limitations. Firstly, we did not
monitor additional behavioral data such as latency time,
transition, movements in the light, movements in dark,
time in light, time in dark, and rears. Secondly, two
consecutive days of administration of MPTP devel-
oping anxiety behaviors is not confirmed by previous
studies. Finally, we did not measure the neurochemi-
cals in anxiety-related brain regions like the amygdala.
Further studies are needed to improve and verify these
limitations.

Conclusion

Ina murine MPTP model of early Parkinson’s disease, the
balance between the dopamine and 5-hydroxytryptamine
systems varied among brain regions. Depletion of
5-hydroxytryptamine in the cortex and dopamine in the
striatum may be associated with anxiety behaviors in
MP'TP-treated mice; however, these results are limited
to MPTP-treated mice. To verify that such biochemical
changes in the brain are consistent in Parkinson’s dis-
ease-related anxiety disorders, we need additional animal
experiments and clinical evidence.
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