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Subtle behavioral alterations in the spontaneous behaviors of
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Midbrain dopamine (DA) neurons are essential for regulating movement, emotion, and reward, with their dysfunction closely linked
to Parkinson'’s disease (PD). While DA neurons in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) have
known overlapping roles in behaviors such as depression and reward, their distinct contributions to subtle spontaneous behaviors
remain insufficiently understood. In this study, we utilized a 3D behavioral analysis platform powered by machine learning to
explore motor and nuanced behavioral changes in a subacute MPTP mouse model of PD. This investigative approach was
combined with cell-type-specific genetic ablation of DA neurons in both the SNc and VTA. Our findings highlight significant deficits
in rearing, walking, and hunching behaviors correlated with the loss of SNc DA neurons, but not VTA DA neurons, alongside
increased overall movement, reduced movement precision, and pronounced right-sided lateralization. These subtle features,
particularly rearing deficits and lateralization, emerge as critical behavioral biomarkers of SNc DA neuron loss, thereby enhancing

the translational relevance of PD models.
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INTRODUCTION

Midbrain dopamine (DA) neurons are integral to the regulation of
voluntary movement, emotion, and reward, and their dysfunction
is implicated in a variety of neuropsychiatric disorders, most
notably Parkinson’s disease (PD) [1-5]. Within the midbrain, DA
neurons are largely concentrated in the substantia nigra pars
compacta (SNc¢) and the ventral tegmental area (VTA), each
playing varied roles in neural regulation [6]. DA neurons in the VTA
primarily influence emotion and reward processing by innervating
the ventral striatum and prefrontal cortex through the mesocorti-
colimbic pathway [7-9]. In contrast, SNc DA neurons project to the
dorsal striatum via the nigrostriatal pathway, playing a crucial role
in voluntary movement control. The loss of SNc DA neurons is a
well-established hallmark of PD, manifesting as the classic motor
symptoms: resting tremor, rigidity, bradykinesia, and postural
instability [10-12].

However, recent evidence challenges the clear-cut functional
dichotomy between SNc and VTA DA neurons. Emerging research
suggests that these neurons may have overlapping roles in
regulating behaviors related to movement, depression, reward,
and aversion [13, 14]. This overlap implies that SNc DA neurons
may engage in functions beyond motor control, suggesting a
more complex relationship between neuronal location and
function than traditionally understood. This nuance underscores
a critical need to refine our understanding of DA neuron

functionality to develop better therapeutic strategies for PD and
related disorders.

The MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model
is extensively used in PD research due to its ability to reliably
induce nigrostriatal dopaminergic degeneration, closely replicat-
ing PD-like symptoms in humans and non-human primates
[15-17]. The MPTP mouse model is also considered the most
commonly used in vivo platform for screening novel drug
therapies for PD [18]. Specifically, the subacute MPTP regimen
can induce moderate neuronal damage, along with the stable loss
of striatal DA levels and DA neuron number in the SNc [17]. This
localized neurotoxic effect on DA neurons provides a valuable tool
to study the differences between the SNc and the VTA. However,
behavioral variations have been observed in MPTP-treated
rodents, especially with the subacute regimen. Unlike typical PD
symptoms, subacute MPTP regimen failed to induce motor
deficits, but instead resulted in locomotor hyperactivity as
reported in previous studies [18-21]. These behavioral discrepan-
cies suggest that current locomotor characteristics may not fully
encapsulate the complexities of SNc DA neuron dysfunction in the
MPTP model, highlighting the need for more refined behavioral
analysis methods. Additionally, advances in genetically engi-
neered mouse models, such as those using Cre-loxP systems for
targeted neuron ablation, now offer more precise tools to dissect
specific contributions of these neuronal populations [22, 23].
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Traditional behavioral tests, including the open field test, rotarod
test, and balance beam test, have been pivotal in identifying motor
and emotional abnormalities in PD models [24-28]. While these
methodologies have yielded important insights, they often rely on
subjective assessments and are labor-intensive, limiting their
reliability and scalability. Although automated algorithms and
software have improved the analysis of rodent behavior, significant
challenges remain in capturing fine behavioral details and
mitigating stress-induced alterations. The advent of artificial
intelligence has transformed behavioral recognition and kine-
matics quantification through machine learning, enabling the
detection of subtle behavioral changes that might indicate DA
neuron lesions in the SNc [29, 30]. These technological advances
significantly enhance the translational value of animal models in
understanding complex diseases such as PD [31-33].

In our study, we leveraged this technology to uncover distinct
behavioral alterations specific to DA neuron loss in the SNc,
observed through the subacute MPTP mouse model. We revealed
significant deficits in rearing, walking, and hunching behaviors
that strongly correlate with the loss of tyrosine hydroxylase-
positive (THT) neurons in the SNc, as opposed to the VTA,
underscoring region-specific impacts. Using advanced machine
learning analyses, we further discovered increased overall move-
ment but decreased precision and notable right-sided lateraliza-
tion in MPTP-treated mice. These subtle behavioral features,
particularly rearing deficits and lateralization, emerged as valuable
behavioral biomarkers for SNc DA neuron loss, thus enhancing our
understanding of PD models and their translational potential.

Our findings underscore the importance of subtle behavioral
markers in advancing PD research and offer a more nuanced
understanding of DA neuron functionality. By focusing on these
indicators, future research could lead to more targeted therapies
and improved outcomes for individuals with PD.

MATERIALS AND METHODS

Animals

Adult (6-8 weeks old) male C57BL/6J mice were obtained from Charles
River Laboratories, Zhejiang, China, and DAT-ires-Cre mice were obtained
from the Jackson Laboratory (Jax No. 006660). All of the mice were group-
housed (5 mice per cage) in a specific pathogen-free (SPF) environment at
22-25 °C with 40-70% humidity and allowed ad libitum to food and water
maintained on a 12 h light/12 h dark cycle, with lights on at 8 a.m.

MPTP mouse model of Parkinson’s disease

The subacute administration of MPTP was used to induce the DA lesions in
the SNc, which serves as a mouse model of Parkinson’s Disease. In brief,
mice were randomized into the MPTP group and the PBS group. Mice in
the MPTP group received an intraperitoneal injection of MPTP-HCI (Sigma-
Aldrich, M0896, dissolved in PBS) at a dose of 30 mg/kg daily for 5
consecutive days. Conversely, mice in the PBS group received equivalent
volume vehicle injections following the same schedule.

Virus injection

DAT-ires-Cre mice and AAV2-Flex-taCasp3-TEVP were utilized to induce the
selective ablation of DA neurons in the SNc or VTA. Mice were randomized
into the C group (control, sham operated), the V group (VTA ablation, single
injection in the VTA) and the S group (SNc ablation, bilateral injection in the
SNc). In general, mice were anesthetized with pentobarbital (i.p., 80 mg/kg)
and then placed in a stereotaxic apparatus (RWD, China). The skull above the
targeted area was thinned with a dental drill and gently removed to create a
window for surgical access. Injections were performed using a 10 pL syringe
connected to a 33-Ga needle (Neuros; Hamilton, Reno, USA) controlled by a
microsyringe pump (UMP3/Micro4, USA) at a slow rate to ensure accurate
delivery. The volume and coordinates for virus injection were as follows. VTA
(total volume of 400 nl): anterior posterior (AP), —3.50 mm; medial lateral
(ML), —0.40 mm; dorsoventral (DV), —4.10 mm. SNc (total volume of 700 nl,
350nl for each side): AP, —3.25mm; ML, +*1.20mm; DV, —4.25mm.
Behavioral experiments were conducted at least 4 weeks post-virus injection
to allow for sufficient expression of the viral construct.

SPRINGER NATURE

Tissue preparation

One week after the completion of spontaneous behavior analysis, mice
were deeply anesthetized with pentobarbital (i.p., 80 mg/kg) and then
transcardially perfused with 10x phosphate-buffered saline (PBS) using a
peristaltic pump. Following perfusion, the brains were rapidly removed
and immersed in 4% paraformaldehyde (PFA) at 4 °C overnight for post-
fixation. After discarding the fixative solution, the brains were transferred
to a 30% sucrose solution diluted in PBS for equilibration over 3 days.
Brains were embedded in Tissue Tek OCT compound (Sakura Finetek, USA)
and then stored at —20 °C. The entire SNc and VTA from each brain were
serially sliced at a thickness of 40 um using a cryostat microtome (Leica
CM1950, Germany) in a coronal orientation.

Immunofluorescence staining

To determine the relative number of DA neurons in the SNc and VTA,
midbrain slices were blocked and permeabilized in PBS buffer containing
5% normal goat serum and 0.3% Triton x—100 for 1h at room
temperature. After blocking and permeabilization, the slices were washed
three times with PBS, then incubated with mouse anti-tyrosine hydroxylase
(TH, MAB318, Millipore; 1:500 in PBS buffer containing 0.1% Triton x-100)
overnight at 4 °C. Then, the slices were washed three times with PBS, then
incubated with goat anti-mouse Alexa Fluor 488 (A28175, ThermoFisher;
1:500 in PBS buffer) for 1 h and DAPI (1:5000 in PBS buffer, 4083S, Cell
Signaling Technology, USA) for 5min in the absence of light at room
temperature. Finally, the slices were washed three times with PBS to
remove unbound secondary antibody and DAPI.

Fluorescence microscopy

Stained slices were scanned using an Olympus V5120 Slide Scanner (16-bit
Fluorescence; Olympus XM10 Monochrome Camera, Japan). Images were
acquired directly using a UPLSAPO 10x objective lens (air, numerical
aperture, NA, 0.4) and were taken sequentially using different fluorescence
filters to capture the signals in DAPI and Alexa Fluor 488. To ensure
consistency across experiments, detection levels were set identically for
each slice treated with the same fluorescent dye.

Open field test

The open field test was conducted using an open field apparatus
constructed from white Plexiglas, measuring 50x50x50cm. To
minimize stress during testing, mice were moved to the test room for
a 30 min acclimation period prior to the start of the experiment. Each
mouse was gently placed at the center of the open field and allowed to
explore freely for 15 min. The movements were recorded by a video
recorder positioned above the apparatus and data from the last 10 min
were used for analysis. The apparatus was thoroughly cleaned with 25%
ethanol following each mouse’s test to prevent any residual effects
between trials.

Rotarod test

A rotarod apparatus (XR-6C, Shanghai XINRUAN Information Technology
Co., Ltd., Shanghai, China) was utilized to assess the movement ability of
mice. The rotarod has a diameter of 30 mm and features programmable
settings that allow for uniform acceleration during rotation while
automatically recording the falling speed of the mice. To acclimatize the
mice to the apparatus and ensure reliable performance, mice were trained
on the rotarod one day before the test by being placed on the device at a
constant speed of 4 rp.m. for 300s. On the test day, each mouse was
placed on the rotarod, which was then started to accelerate uniformly from
0-4 r.p.m. over a period of 60s. If a mouse fell during this initial phase, it
was promptly returned to the rotarod. Once the speed reached 4 r.p.m.,,
the rotarod was programmed to accelerate further from 4-40 r.p.m. within
a span of 300 s, with the apparatus automatically recording the speeds at
which the mice fell. Each mouse was tested three times, with an interval of
at least 30 min between each test.

Spontaneous behavior analysis

The setup of this experiment and data analysis were adapted from a
previous study [34]. A circular open field was constructed with transparent
acrylic walls and a white plastic base, measuring 50 cm in diameter and
50cm in height. This setup was centered on a movable stainless-steel
support framework measuring 90 x 90 x 75 cm. Four Intel RealSense D435
cameras were mounted at orthogonal angles on the pillars of the shelf to
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capture video footage from multiple perspectives. A thick, dull-polished
black rubber mat was paved between the circular open field and steel shelf
to prevent light reflection. Atop the shelf, a horizontally positioned 56-inch
TV provided uniform and stable white background light by facing
downward. During the experiment, mice were allowed to walk freely in
the circular open field for 10 min after a 15 min acclimation period. Their
spontaneous behaviors were recorded using the multi-view video capture
devices. Images were captured simultaneously at a rate of 30 frames

H. Zhong et al.

per second using a PCI-E USB-3.0 data acquisition card and the
pyrealsense2 Python camera interface package. The cameras and TV were
connected to a high-performance computer (i7-9700K, 16 G RAM)
equipped with a 1-terabyte SSD and 12-terabyte HDD, which served as a
platform for the software and hardware required for image acquisition.
Python and OpenCV programs facilitated the capture and storage of the
videos of the mice, with the frame rate set to 30 fps and the frame size
configured to 640 x 480 pixels. The apparatus was thoroughly cleaned with
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Fig. 1 MPTP mouse model showed significant differences in spontaneous behavior compared with the control. A Timeline of 3D
spontaneous behavior analysis performed with mice in the MPTP and the PBS groups. B Schematic representation of the apparatus and the
3D spontaneous behavior analysis pipeline. Upper left: The apparatus of 3D spontaneous behavior analysis. Lower: Labeling and annotation of
16 key body points of mouse. Upper right: Reconstruction of 3D skeleton. C Low-dimensional spatial clustering graph of 40 behavior clusters
identified through unsupervised learning. D Clustergram displaying 40 spontaneous behavior clusters from mice in the MPTP and the PBS
group (M, MPTP group; P, PBS or control group). 5 out of 9 mice in the MPTP group were clustered together (in the red branches) based on
behaviors. E-G Mice in the MPTP group showed notable decline in rearing (cluster 13), walking (cluster 21), and hunching (cluster 34).
Comparison between MPTP and PBS group in the movement fractions (left), and representative skeleton diagram (right) of rearing (E), walking
(F), hunching (G). H, I Mice in the MPTP group showed a marked decrease in the frequency (H) but not duration (1) in rearing. J, K Mice in the
MPTP group showed marked decrease in the frequency (J) but not duration (K) in hunching. The data followed normal distribution after
excluding outliers using Tukey’s test, with one data point removed as an outlier and marked with cross symbols (x) in bright red in E, I, and K.
Statistics were calculated using the two-tailed t-test (E-K). n = 8-9. Differences were assumed to be extremely significant (**¥) if the probability
(p) value was <0.001, very significant (**) if p < 0.01, significant (*) if p < 0.05, and not significant (N.S.) if p > 0.05.
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25% ethanol after test of each mouse to reduce any potential residual
olfactory or behavioral cues left by the previous mouse.

Finally, the movement fractions, which represent the proportion of time
spent in each spontaneous behavior clusters, were analyzed and kinematics
features were calculated automatically using a three-dimensional behavior
decomposition framework. The manual annotation of each behavioral
clusters was primarily based on the methodology described in a previous
study [34]. Specifically, walking was defined as locomoting with relatively low
speed, rearing was defined as standing on its hind legs with the back straight,
hunching was defined as standing on its hind legs while the back is bent, and

climbing was defined as standing on its hind legs with the back straight and
front limbs supporting on the wall. For kinematics analysis, 39 kinematic
parameters were assessed through machine learning, including: the speed
(horizontal velocity) and movement energy (velocity in three-dimensional
space) of 16 labeled body points, speed of the center point of body, body
length (distance between nose and root of tail), body height (distance
between back and the floor), body angle (the included angle of back-neck
and back-tail root), freezing index (time ratio for speed below 15 mm/s for
more than 2s), flight index (time ratio for speed above 400 mm/s for over
0.1s) and time ratio in center [34].
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Fig.2 The decreases in the rearing and hunching behavior were correlated with the loss of DA neurons in the SNc. A, B Comparisons of
the relative numbers of TH" neurons in SNc (A) and VTA (B) between the MPTP and the PBS group. C, D Representative images of
immunofluorescence for TH* neurons in the MPTP group (C) and the PBS group (D) revealed a significant loss of DA neurons in SNc but not in
VTA (Green, TH; Blue, DAPI). E Correlation analyses between movement fractions of behaviors showing notable differences and the relative
numbers of TH" neurons in SNc. Left: rearing; Middle: walking; Right: hunching. F Correlation analyses between the frequencies of behaviors
with notable differences and the relative numbers of TH" neurons in SNc. Left: rearing; Right: hunching. The data followed a normal distribution
after excluding outliers using Tukey’s test, with one data point removed as outlier and marked with cross symbol (x) in bright blue in A. Statistics
were calculated using the two-tailed t-test (A, B) and Pearson’s correlation analysis (E, F). n = 8-9. Differences were assumed to be extremely
significant (***) if the probability (p) value was <0.001, very significant (**) if p < 0.01, significant (*) if p < 0.05, and not significant (N.S.) if p > 0.05.
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Image and data analysis

The sample size was determined based on previous similar studies [12, 34].
The data were analyzed using Adobe Photoshop 2023, Adobe lllustrator
2023, Anymaze software, IBM SPSS Statistics 26, and GraphPad Prism 8.0.2.
Total distance, maximum speed and time spent in the center in the open
field test were analyzed using Anymaze software. The time points of falling
in the rotarod test were manually confirmed by an experienced

A
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o
o
1

o
(¢)]
|
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experimenter blind to the experiment groups, and the falling speeds
were automatically recorded by the rotarod apparatus. Clustergrams were
generated through hierarchical clustering utilizing Ward’s method. The
numbers of DA neurons from the brain slices at —3.40 and —3.52mm in
bregma stained with immunofluorescence were manually counted by a
blinded experimenter using Adobe Photoshop. At least 3 slices per brain
region from each mouse was collected. Since the brain regions are
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Fig. 3 MPTP mouse model showed a significant increase in kinematic parameters and alterations in behavioral lateralization.
A Comparisons of 39 kinematic parameters between mice in the MPTP group and the PBS group revealed significant hyperactivity in mice
treated with MPTP. B Comparison of the probability density function curve for center speed between the MPTP and the PBS group.
C Clustergram of 39 kinematic parameters from the mice in the MPTP and the PBS group. 5 out of 9 mice in the MPTP group were clustered
together (in the red branches) based on kinematics. D-G Comparisons of the speed of four claws between the mice in the MPTP and the PBS
group: left front claw (D); left hind claw (E); right front claw (F); and right hind claw (G). H Comparisons of movement energy between left and
right hind claws in the MPTP and the PBS group respectively. | Comparisons of the bias index (BI=V(|V_>-Vg?|/(V_*VR)), where V| represents the
movement energy of the left side and Vi represents the movement energy of the right side) of hind claws between the MPTP and the PBS
group. J, K Representative skeleton motion heat maps for the MPTP group (J) and the PBS group (K), showing a notable right lateralization in
the hind claws of the MPTP group. The data followed a normal distribution and statistics were calculated using an unpaired two-tailed t-test
(B, D-G, I) and paired t-test (H). Data are represented as mean + SEM (A, B). n = 8-9. Differences were assumed to be extremely significant (***)

i{fthe probability (p) value was <0.001, very significant (**) if p < 0.01, significant (¥) if p < 0.05, and not significant (N.S.) if p > 0.05.

symmetrical, cell counts were recorded separately for each side, and the
cell number for each mouse in a given brain region represents the mean of
six data points, and the relative neuron numbers of each mouse were
calculated as dividing the average number of each mouse by the mean of
the control group. To quantify the absolute size of behavioral lateralization,
a bias index (Bl = V(|V_>-V&’[/(V_*Vg), where V| represents the kinematic
parameter of the left side and Vi represents the kinematic parameter of
the right side) was introduced in the study. Box-plots were created using
GraphPad Prism 8.0.2 in Tukey'’s style where the center line represents the
median, the box limits indicate the upper and lower quartiles, and the
whiskers extend to the maximum and minimum data, excluding outliers
(defined as data points 1.5 times the interquartile range below the first
quartile or above the third quartile). Data are represented as mean + SEM
in the probability distribution function curves and kinematics comparisons.
Outliers were identified and excluded using Tukey's test, then marked with
cross symbols (x) in brighter colors on the box plots. The Shapiro-Wilk test
was used to assessed normality. Correlations were determined using
Pearson test for normally distributed data. For non-normally distributed
data, rank transformation was used to convert the data into a normal
distribution. Group differences were analyzed using unpaired two-tailed t-
test, paired two-tailed t-test and Mann Whitney U test. Differences were
assumed to be extremely significant (***) if the probability (p) value was
<0.001, very significant (**) if p <0.01, significant (*) if p <0.05, and not
significant (N.S.) if p > 0.05.

RESULTS

Distinct spontaneous behaviors in the MPTP mouse model
To explore the behavioral traits of DA neurons in the SN, we first
employed the open field and rotarod tests in the subacute MPTP
mouse model (Fig. S1). The MPTP group showed reduced
performance in the rotarod test and increased activity in the
open field, without significant variation in central time (Fig. S1B,
C). While rearing behavior differed in total time and frequency, the
duration remained unchanged (Fig. S1D), reflecting previously
reported inconsistencies.

Further analysis was conducted one-week post-injection using
multi-view cameras and machine learning to categorize behaviors
into 40 clusters (Fig. 1A-C). Movement fractions, which represent
the proportion of time spent in each behavior clusters [34], were
compared, revealing that most MPTP mice (5/9) formed distinct
clusters, differentiating them from controls based on behavior
(Fig. 1D).

Three behaviors—rearing (cluster 13), walking (cluster 21), and
hunching (cluster 34)—showed notably reduced movement
fractions in the MPTP group (Fig. 1E-G). And the frequencies,
but not the duration, of rearing and hunching were significantly
lower in the MPTP group (Fig. TH-K).

Correlation between rearing, hunching, and DA neuron
count in SNc
One-week post-behavioral analysis, immunofluorescence showed
a significant loss of TH* neurons in the SNc, but not in the VTA,
consistent with PD pathology (Fig. 2A-D).

Given the significant loss of TH* neurons in the SNc of the
MPTP group, we explored the correlation between behavioral
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changes and neuron count. Our analysis showed strong correla-
tions between the number of TH™ neurons in the SNc and the
movement fractions and frequencies of rearing and hunching
behaviors, but not walking (Fig. 2E, F).

Although there could be slight damage to TH" neurons in the
VTA after MPTP injection [35, 36], no significant correlation was
found between behavior movement fractions and TH™ neuron
counts in the VTA (Fig. S2A). Taken together, there are significant
correlations between the number of DA neurons in SNc and the
rearing or hunching behavior.

MPTP mouse model showed a significant increase in
kinematics

Machine learning analysis was utilized to track body points,
revealing that MPTP mice exhibited significantly higher kine-
matic parameters compared to PBS controls, reflecting the
hyperactivity noted in spontaneous behavior (Fig. 3A). The
probability distribution functions (PDF) of central body speed
confirmed this elevation (Fig. 3B). A cluster analysis grouped
most MPTP mice (5/9) based on their kinematic profiles,
highlighting distinct hyperactive behavior in these PD models
(Fig. 3Q). Specifically, increased speed of the four claws and
greater frame-by-frame central body displacement were
observed (Fig. 3D-G, Fig. S2C), while body length remained
unchanged (Fig. S2D). Despite no alteration in central area
occupancy, which is indicative of anxiety (Fig. S2B), MPTP mice
exhibited an increased body angle, potentially linked to reduced
rearing and hunching (Fig. S2E).

Altered behavioral lateralization in MPTP mouse model
Recognizing that PD patients often exhibit motor asymmetry [37],
we investigated similar symptoms in the MPTP mouse model. A
paired t-test revealed significantly higher movement energy in the
right hind claw compared to the left in MPTP mice, a lateralization
absents in PBS controls and other kinematics (Fig. 3H, Fig. S2F-H).
To quantify the lateralization, we calculated a bias index (Bl=v/(
V2-VE[/(V*VR) for limb and claw movements, where V|
represents the movement energy of the left side, Vi represents
the movement energy of the right side. Significant differences
were observed only in Bl of the hind claw between the MPTP and
PBS groups, indicating an alteration in behavioral lateralization
after MPTP treatment. (Fig. 3, Fig. STI-K). The skeletal motion heat
map confirmed this consistent right-sided lateralization (Fig. 3J, K).
Thus, MPTP mouse model showed alterations in behavioral
lateralization compared to the control.

Ablation of TH" neurons in SNc but not VTA markedly
affected behaviors related to rearing

Previous studies found that MPTP intraperitoneal injection might
affect peripheral transmitter systems contributing to behavioral
changes [38]. To exclude the possibility of non-specific neuronal
loss in brain regions, we induced targeted ablation using the DAT-
Cre mouse strain and AAV2-Flex-taCasp3-TEVP injections in the
SNc or VTA.

Translational Psychiatry (2025)15:119
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Immunofluorescence confirmed a marked reduction of TH exhibited distinct behavior patterns compared to controls
neurons in the SNc of mice in SNc ablation group and in the (Fig. 4G, H), with significant decreases in climbing behavior
VTA of mice in VTA ablation group, validating the specific (cluster 29), but not in the VTA ablation group (Fig. 4l). This
targeting ablation (Fig. 4A-F). Machine learning identified 40 behavioral change correlated significantly with TH* neuron
behavior clusters, showing that SNc ablation group mice counts in the SN¢, highlighting its specific impact on climbing,

Translational Psychiatry (2025)15:119 SPRINGER NATURE



H. Zhong et al.

Fig. 4 Ablation of TH™ neurons in SNc showed a similar behavioral change in spontaneous behavior with the MPTP mouse model.
A Right: Timeline of 3D spontaneous behavior analysis performed with mice in the following groups: C (control, sham operated), S (SNc,
specific ablation of TH* neurons in bilateral SNc), and V (VTA, specific ablation of TH' neurons in VTA). Left up: schematic of AAV stereotactic
injection in bilateral SNc. Left down: schematic of AAV stereotactic injection in VTA. B, C Comparisons of the relative numbers of TH™ neurons
in SNc (B) and VTA (C) between the control, SNc ablation, and VTA ablation group. D-F Representative images of immunofluorescence for TH*
neurons in the control (D), SNc ablation (E), and VTA ablation (F) group revealed a notable loss of DA neurons in SNc of the SNc ablation group
and VTA of the VTA ablation group (Green, TH; Blue, DAPI). G Low-dimensional spatial clustering graph of 40 behavior clusters identified
through unsupervised learning. H Clustergram of 40 spontaneous behavior clusters from mice in the control, SNc ablation, and VTA ablation
group. All mice in the SNc ablation group (in the red branches) were separated apart from the control based on behaviors. I Mice in the SNc
ablation group but not the VTA ablation group showed notable decline in climbing (cluster 29). Left: comparisons between control, SNc
ablation, and VTA ablation group in the movement fractions of climbing behavior, n = 5-6. Right: representative skeleton diagram of climbing
behavior. The data followed normal distribution except that in the SNc ablation group. J, K Correlation analyses between the movement
fractions of climbing behavior and the ranked numbers of TH* neurons in SNc (J) and VTA (K). The data followed a normal distribution except
that in the SNc ablation group (B) and statistics were calculated using Mann-Whitney U test (B) and two-tailed t-test (B, C), n = 3-6. The data
followed normal distribution and statistics were calculated using two-tailed t-test (I), n = 5-6. The R and p values for the Pearson’s correlation
between neurons and behaviors are noted on the plots (J, K), n = 3-6. Differences were assumed to be extremely significant (***) if the

zrobability (p) value was <0.001, very significant (**) if p < 0.01, significant (*) if p < 0.05, and not significant (N.S.) if p > 0.05.

similar to rearing, while no such correlation was found in the
VTA (Fig. 4J, K).

Ablation of TH* neurons in SNc markedly affected the
kinematic function and behavioral lateralization

To determine how neuron loss in specific brain regions affects
kinematic functions, we tracked 16 body points and analyzed 39
kinematic parameters. Significant reductions in most kinematic
parameters were observed in the SNc ablation group compared to
controls, with no significant changes in the VTA ablation group
(Fig. 5A). PDF curves of central body speed highlighted these
differences (Fig. 5B). Cluster analysis showed distinct grouping of
most SNc ablation group mice (4/6) compared to controls (Fig. 5C).
Specifically, both the speed of the four claws and the central body
point’s displacement per frame were lower in the SNc ablation
group (Fig. 5D-G, Fig. S3B), aligning with DA neuron function
literature.

While no notable differences were detected in time spent in the
central area or body angle (Fig. S3A, D), the SNc ablation group
displayed shorter body length, possibly due to increased turning
movements indicating behavioral lateralization (Fig. S3C).

Paired t-tests and Bl measurements revealed consistent hind
claw lateralization in both the SNc and VTA ablation groups
(Fig. 5H, Fig. S3E-G). Additionally, the BI for front limb, front
claw, and hind claw was significantly higher in the SNc ablation
group versus controls, indicating altered lateralization due to
SNc DA neuron loss (Fig. 51, Fig. S3H-J). Conversely, lateraliza-
tion was unchanged in the VTA ablation group compared to
controls (Fig. S3J).

DISCUSSION

In this study, we utilized a 3D spontaneous behavior analysis
system enhanced by machine learning to investigate motor and
subtle behavioral changes in a subacute MPTP mouse model of
Parkinson'’s disease (PD) and in mice with AAV-induced dopamine
(DA) neuron loss. Our advanced approach allowed us to capture
detailed and nuanced behavioral features that traditional 2D
methods might miss, offering richer insights into the impact of DA
neuron depletion. This method proves especially useful consider-
ing the complexity and multifaceted roles DA neurons play in both
motor function and behavior.

Our primary discovery was the significant correlation between
reductions in rearing and hunching behaviors and the loss of DA
neurons in the substantia nigra pars compacta (SNc). Rearing,
commonly associated with exploratory activity and attentional
processes [39, 40], may serve as reliable and early indicators of SNc
neuronal damage. Rearing behavior has shown relationship with
dopamine or DA terminals in the striatum, supporting the
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correlation with SNc we found [39, 41]. Hunching was identified
as a stereotyped behavior in Shank3B knockout mouse, an
established animal model for autism, highlighting its potential
translational relevance in behavioral studies of neurological
disorders in previous study [34]. However, the significance of
hunching behavior in the mice with neural loss in the SN, and its
relationship with the PD mouse model, still require further
analysis. Such behavioral hallmarks are invaluable, as they not
only contribute to understanding neuronal regulation, but also
enhance the translational relevance of PD mouse models.
Particularly in PD, where early diagnosis is challenging, identifying
specific behaviors linked with DA neuron viability represents a
critical advancement.

DA neuron regulation is inherently complex, frequently varying
across neuropsychiatric disorders like PD. This complexity poses
substantial challenges for traditional behavioral paradigms, which
often suffer from subjectivity and high labor demands. Despite
digital advancements that promise enhanced data accuracy,
limitations persist, especially regarding the ability to capture fine
behavioral details. The 3D behavior analysis system we employed
overcame these limitations by providing an intricate look into the
mice’s spontaneous behaviors. It enabled us to document
behavioral declines not just in rearing but also in hunching and
climbing, behaviors that have been less consistently observed
with 2D methodologies.

Climbing is a kind of behavior similar to rearing which typically
occurs at the edge of the open field, and some studies also
identified climbing behavior as rearing [42, 43]. Interestingly, while
climbing was correlated with the neuronal lesions and signifi-
cantly impaired in mice with AAV-induced DA neuron loss, it was
not as prominent in the MPTP model. This discrepancy might be
attributed to differences in damage severity between the two
models. The AAV-induced model, which directly targets DA
neurons leading to severe depletion, likely represents a more
acute model of neuronal damage compared to the subacute MPTP
model, where compensatory mechanisms might mitigate some
aspects of motor dysfunction. Significant motor dysfunction
induced by severe neuron damage might be the reason for the
decrease in climbing but not rearing.

Moreover, our study also uncovered alterations in behavioral
lateralization in both MPTP and AAV-induced models, highlighting
SNc damage’s role in motor asymmetry. Behavioral asymmetries
were considered to be related to neuroanatomical left-right
differences in motor control systems of the brain, such as the
nigrostriatal dopaminergic system, in humans and rodents [44].
Additionally, asymmetries in mesoaccumbens dopamine showed
a strong relationship with both the direction and the intensity of
behavioral lateralization, as indicated by paw preference in mice
[45]. Such findings point toward the broader implications of DA
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neuron loss beyond mere motor impairment, encompassing also
neural circuit imbalances that could hint at hemispheric differ-
ences in neurological impairment. However, intraperitoneal
injection of MPTP is generally considered as a non-lateralized
treatment. It is worth investigating whether the sensitivity of the
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35 Hnddaw 4 Y

SNc to MPTP, or the impacts of damage in SNc to the downstream
regions, differ between hemispheres. Using mice lacking the
dopamine transporter (DAT) as a genetic model of persistent
hyperdopaminergia, Morice et al. suggested that alterations in the
dopaminergic system are functionally associated to the loss of
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Fig.5 Ablation of TH" neurons in SNc but not VTA showed measurable kinematic disorders and behavioral alterations. A Comparisons of
39 kinematic parameters between mice in the C (control, sham operated), S (SNc, specific ablation of TH* neurons in bilateral SNc), and V (VTA,
specific ablation of TH™ neurons in VTA) group showed significant motor disorders in the SNc ablation but not VTA ablation group.
B Comparison of the probability density function curve for center speed between the control, SNc ablation, and VTA ablation group.
C Clustergram of 39 kinematic parameters from the mice in the control, SNc ablation, and VTA ablation group. 4 out of 6 mice in the SNc
ablation group (in the red branches) were separated apart from the control based on kinematics. D-G Comparisons of the speed of each claw
between the mice in the control, SNc ablation, and VTA ablation group: left front claw (D); left hind claw (E); right front claw (F); and right hind
claw (G). H Comparisons of the movement energy between left and right hind claw in the control, SNc ablation, and VTA ablation group
respectively. I Comparisons of the bias index (BI:\I(|VL2—VR2|/(V|_*VR)), where V| represents the movement energy of the left side and Vg
represents the movement energy of the right side) of hind claws between the control, SNc ablation, and VTA ablation group. J Representative
skeleton motion heat maps of the control (up), SNc ablation (bottom right) and VTA ablation (bottom left) group, showing notable alterations
in behavioral lateralization in the SNc ablation group. The data followed normal distribution and statistics were calculated using unpaired two-
tailed t-test (B, D-G, 1) and paired t-test (H). Data are represented as mean + SEM (A, B). n = 5-6. Differences were assumed to be extremely
significant (***) if the probability (p) value was <0.001, very significant (**) if p <0.01, significant (*) if p <0.05, and not significant (N.S.)

if p > 0.05.

behavioral asymmetry [46]. We hypothesize that neuronal damage
in the SNc could have significant effects on the dopaminergic
system, leading to alterations in behavioral lateralization. The
different results in behavioral lateralization between MPTP and
AAV-induced models could also be attributed to the compensa-
tory mechanism in the DA system. While the cause of asymmetry
in PD remains unclear [37, 47, 48], alterations in behavioral
lateralization may also serve as a valuable indicator in the animal
models. On the other hand, the observed asymmetry might be
due to the statistical variability. Self-control experiments could
provide a more rigorous and conclusive assessment of the
asymmetry resulting from DA neuronal loss.

Despite no overt kinematic deficits were observed in the open
field test or the spontaneous behavior analysis, MPTP model
showed reduced performance in the rotarod test. It's possible that
compensatory actions within the dopamine system might mask
the traditional motor symptoms of PD. Qi et al. reported that
although subacute MPTP treatment caused severe dopaminergic
neuronal damage and noticeable astrogliosis 21 days after
administration, the mice did not show significant impairments in
motor and cognitive functions at 1, 7, 14, or 21 days after
treatment. Due to compensatory mechanisms mitigating dopa-
minergic defects, subacute MPTP may only mimic the pre-clinical
stage of PD in which patients present significant loss of midbrain
dopaminergic neurons but no motor abnormalities [21], which
aligns with existing literature pointing to the brain’s remarkable
plasticity and ability to compensate for early dopaminergic
deficits, at least temporarily [12, 49-51]. Wang et al. also failed
to find typical movement defects in subacute MPTP-treated mice,
despite serious damage to the dopaminergic neurons and the
remarkable decrease in DA content. They proposed that this may
be due to the evident increase in norepinephrine content and
suggested that norepinephrine deficiency might be necessary for
motor impairment [20]. Meanwhile, the subacute MPTP model
showed overt hyperactivity, which was consistent with several
previous studies. Santoro et al. characterized three different MPTP
mouse models of PD (acute, subacute and chronic) neurochemi-
cally, histologically, and behaviorally, and also found generalized
hyperactivity in the subacute model [18]. Another research
suggested that MPTP-induced injury in A11 diencephalospinal
pathway, which is thought to be involved in restless legs
syndrome and can be affected by MPTP in non-human primates,
might be the explanation for hyperactivity [19]. Several studies
have also identified genes associated with hyperactivity. Filali and
Lalonde observed hyperactivity and reduced rearing in the open
field test of Pitx3/ak mutants (deletion of paired-like home-
odomain 3), which are characterized by basal ganglia pathology
resembling that of PD. However, they didn't find such behavioral
changes in wild-type mice treated with MPTP, probably because of
the acute regimen they used [52]. Torres et al. found that mGlu8
KO mice (deficient in metabotropic glutamate receptor 8) were
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protected from subchronic MPTP-induced hyperactivity [53].
Additionally, as reported by Su et al, subacute MPTP-induced
hyperactivity was not detected in mice with silenced RESP18
(regulated endocrine-specific protein 18) expression [54], provid-
ing possible explanations for the effects of MPTP. Since the
variations in motor ability were found in the MPTP model, rearing
and similar behaviors (such as hunching and climbing) have the
potential to serve as early and reliable behavioral indicators of SNc
DA neuron integrity, making them excellent candidates for more
sensitive measures in PD research.

In summary, our findings underscore the importance of rearing
behavior as a critical marker of DA neuron health. Its reduction
correlates strongly with DA neuron loss in the SNc, offering a
valuable translational marker for monitoring PD progression.
Future research should concentrate on establishing real-time
correlations between DA neuron activity and rearing behavior,
considering the complex interactions within the broader dopami-
nergic network. Such work is essential to refine our understanding
of the symptoms and progression of PD and to improve the
design and application of therapeutic interventions. Additionally,
further research should explore how these behavioral changes
relate to specific neural circuit alterations, broadening potential
targets for therapeutic strategies.

DATA AVAILABILITY

Behavior atlas (https://behavioratlas.tech//) was used for 3D spontaneous behavior
analysis. The data that support the findings of this study are available from the
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