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ABSTRACT
Parkinson’s disease (PD) often results in hippocampal dysfunction, which leads to cognitive and
emotional challenges and synaptic irregularities. This study attempted to assess behavioral
anomalies and identify differentially expressed genes (DEGs) within the hippocampus of a
hemiparkinsonian rat model to potentially uncover novel genetic candidates linked to
hippocampal dysfunction. Striatal 6-hydroxydopamine (6-OHDA) infusions were performed
unilaterally in the brains of adult SD rats, while dopaminergic impairments were verified in rats
with 6-OHDA-lesioned striata. RNA sequencing and gene expression analysis unveiled 1018
DEGs in the ipsilateral rat hippocampus following 6-OHDA infusion: 631 genes exhibited
upregulation, while 387 genes were downregulated (with FDR-adjusted p-value < 0.05 and
absolute fold-change > 1.5). Gene ontology analysis of DEGs indicated that alterations in the
hippocampi of 6-OHDA-lesioned rats were primarily associated with synaptic signaling, axon
development, behavior, postsynaptic membrane, synaptic membrane, neurotransmitter receptor
activity, and peptide receptor activity. The Kyoto Encyclopedia of Genes and Genomes analysis
of DEGs demonstrated significant enrichment of the neuroactive ligand–receptor interaction,
calcium signaling pathway, cAMP signaling pathway, axon guidance, and notch signaling
pathway in rat hippocampi that had been subjected to striatal 6-OHDA infusion. STRING
analysis confirmed a notable upregulation of eight hub genes (Notch3, Gng4, Itga3, Grin2d, Hgf,
Fgf11, Htr3a, and Col6a2), along with a significant downregulation of two hub genes (Itga11 and
Plp1), as validated by reverse transcription-quantitative polymerase chain reaction. This study
provides a comprehensive transcriptomic profile of the hippocampi in a hemiparkinsonian rat
model, thereby offering insights into the signaling pathways underlying hippocampal dysfunction.
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Introduction

Dopamine (DA) is a key neurotransmitter in the brain.
Problems in the central dopaminergic (DAergic) system
are closely linked to neurodegenerative diseases and
mental disorders, especially Parkinson’s disease (PD)
and schizophrenia, respectively (Ang et al. 2021; Sper-
anza et al. 2021; Wada et al. 2021). The main neuro-
chemical imbalance in PD is the diminution of DA,
which precedes alterations in other neurotransmitters
(Halliday et al. 2014; El Mahdy et al. 2023). A deficiency
in DA in the striatal circuit leads to hippocampal dys-
function, which affects cognitive and emotional

regulation through neuroplasticity (Parker et al. 2013;
Speranza et al. 2021).

Emerging evidence from previous studies under-
scores that alterations in gene expressions in hippocam-
pal neurons are implicated in various neurodegenerative
disorders (Mu and Gage 2011; Villar-Conde et al. 2021),
through influencing cognitive capacities and behavioral
anomalies in patients. Notably, as knowledge of the neu-
ropsychiatric facets of PD has deepened (Weerasinghe-
Mudiyanselage et al. 2023), it has been discerned that
the hippocampus impacts the onset of the disease via
the DA system and other transmitter pathways (Berretta
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et al. 1990). Additionally, data from numerous animal
model studies support this perspective (Lisman and
Grace 2005; Costa et al. 2012), thereby demonstrating
that the interplay between DA transmission and hippo-
campal neuroplasticity assumes a pivotal role in
memory and emotional behavior (Ghiglieri et al. 2011;
Kim et al. 2022). However, it is imperative to acknowl-
edge the high degree of heterogeneity among hippo-
campal neurons (Zhang et al. 2021); thus, the precise
mechanisms underpinning cognitive and emotional
impairment in PD remain partly elusive (Wang et al.
2019; Weerasinghe-Mudiyanselage et al. 2023).

RNA sequencing (RNA-seq) has emerged as a formid-
able tool in investigating neurodegenerative disorders
and discerning biomarkers (Barrett et al. 2009; Kang
et al. 2011). For example, Alieva et al. (2017) reported
substantial distinctions in gene expression levels
between the striatum and substantia nigra in PD using
RNA-seq. Moni et al. (2019) compared differentially
expressed genes (DEGs) in the brain and blood of
patients with PD and identified co-expressed DEGs,
which allowed the disease progression to be monitored.
Infante et al. (2015) illuminated that the leucine-rich
repeat kinase 2 (LRRK2) G2019S mutation within the
brain may diminish neuroprotective capacity, ultimately,
culminating in the onset of PD pathology. While PD has
been the subject of extensive scrutiny, no study has yet
delineated the pivotal pathways involving major DEGs
linking the hippocampus and PD pathogenesis.

This study endeavors to validate behavioral aberra-
tions and to employ RNA-seq to analyze the hippocam-
pal transcriptomic profile in rats subjected to striatal
6-hydroxydopamine (6-OHDA) lesions. The aim was
to decipher the molecular mechanisms through
which disruption of the DAergic system impacts hippo-
campal function and to identify novel candidate genes
related to neuropsychiatric symptoms in a PD animal
model. Subsequently, we identified DEGs in the hippo-
campus and conducted an enrichment analysis to elu-
cidate their biological functions and associated
pathways. This comprehensive bioinformatics assess-
ment encompassed Gene Ontology (GO) analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG),
and investigation through the protein–protein inter-
action (PPI) networks.

Materials and methods

Animals and surgical procedure

Twenty male Sprague–Dawley rats (Charles River Lab-
oratories, Wilmington, MA, USA) were used in this
study. All animal care and experimental protocols

adhered to the guidelines set forth by Chonnam
National University (17 June 2021, CNU IACUC-YB-
2021-71; 1 June 2023, CNU IACUC-YB-2023-70) and the
NIH Guide for the Care and Use of Laboratory Animals.
Measures were taken to minimize both the number of
animals used and any associated suffering.

The rats were securely positioned in a stereotaxic
apparatus (SR-6; NARISHIGE, Tokyo, Japan) with their
heads level. The coordinates for the surgical procedure
were established as follows: anteroposterior +1.3, + 0.4,
−0.4, −1.3 mm from the bregma; mediolateral −2.6,
−3.0, −4.2, −4.5 mm from the midline; dorsoventral
−5.0 from the skull. Subsequently, each rat (n = 10)
received an infusion of 6-OHDA solution (3.5 mg/mL,
Sigma-Aldrich, St. Louis, MO, USA) into the right striatum
via an infusion pump. This was facilitated using an 8 µL
saline solution containing 0.02% (w/v) ascorbic acid
(Wako, Osaka, Japan) through a 10.5 μL microinjection
cannula, administered at a consistent flow rate of 1 μL/
min (2 μL was dispensed at each specified coordinate).
Sham-operated control rats (n = 10) underwent an iden-
tical procedure, with one crucial distinction: instead of
infusing 6-OHDA solution, 8 μL of a vehicle solution
comprising 0.9% saline containing 0.02% (w/v) ascorbic
acid was introduced into the striatum.

Apomorphine-induced rotation test

Four weeks following the striatal 6-OHDA infusion, each
rat received an intraperitoneal administration of apo-
morphine hydrochloride (1 mg/kg; Wako). Thereafter,
we meticulously recorded the count of contralateral
rotations (indicative of left-handed rotations) each rat
performed over a period of 30 min (n = 10 per group).
This was conducted to affirm the successful establish-
ment of a hemiparkinsonian rat model, characterized
by unilateral lesions in the nigrostriatal system (Kim
et al. 2022).

Novelty-suppressed feeding test

The novelty-suppressed feeding test was employed to
evaluate anxiety- and depression-like behaviors
(Blasco-Serra et al. 2017). For this test, the rats (n = 7
per group) were subjected to a three-phase food depri-
vation regimen for three days prior to the introduction
of a highly appealing food. This regimen included an
initial overnight deprivation of 20% of their standard
food, followed by a second deprivation of 20%, and con-
cluded with a third and more substantial deprivation of
80%. To enhance palatability, standard pellets were
sweetened through immersion in a 50% sucrose sol-
ution, ensuring the introduction of exceptionally
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enticing food without introducing anxiogenic factors or
non-standard items. The circular open field utilized for
this test measured 80 cm in diameter and 30 cm in
height, thereby providing the rats with an exposed
and potentially anxiety-inducing environment. In each
trial, the latency in locating the food pellet was
defined as the duration between the rat being placed
in the open field and the moment the rat discovered
and grasped the food pellet with its forepaws. A
maximum time frame of 10 min was set for locating
the food; any rat exceeding this limit had its latency
recorded as 10 min and was subsequently provided
with the food. Additionally, we assessed the latency of
consuming the food pellet positioned on the white plat-
form at the center of the open field for a period of
10 min using the SmartScan system (Panlab, Barcelona,
Spain).

Immunohistochemistry

For the immunohistochemistry procedures, we adhered
to established protocols as described in previous studies
(Hong et al. 2023; Weerasinghe-Mudiyanselage et al.
2024). Brains (n = 3 per group) were fixed with 4% paraf-
ormaldehyde in phosphate-buffered saline (PBS) and
sectioned coronally into 4 µm slices. To inhibit endogen-
ous peroxidase activity, the paraffin-embedded sections
were treated with 0.3% hydrogen peroxide solution for
20 min. Following this, the sections were blocked using
5% normal goat serum (NGS; Vector ABC Elite Kit,
Vector Laboratories, Burlingame, CA, USA) in PBS con-
taining 0.1% Tween 20 (PBS-T; pH 7.4) for 1 h at room
temperature (RT; approximately 22°C ± 2°C). The sec-
tions were then incubated with rabbit anti-tyrosine
hydroxylase (TH) antibody (dilution ratio of 1:500; Milli-
pore, Burlington, MA, USA) overnight at 4°C. Afterward,
the sections were exposed to biotinylated goat anti-
rabbit IgG (Vector ABC Elite Kit) for 1 h at RT, followed
by incubation with an avidin–biotin-peroxidase
complex (Vector ABC Elite Kit) for an additional hour.
The peroxidase reaction was visualized using a diamino-
benzidine substrate (DAB kit; Vector Laboratories).

The substantia nigra sections, located approximately
5.08 mm caudally from the bregma, were chosen for
cell counting in each rat. TH + immunopositive cells in
the substantia nigra were quantified. Additionally,
images were converted to grayscale to assess TH +
immunoreactivity in the striatum (approximately
0.26 mm caudally from the bregma). The ImageJ soft-
ware (NIH, Bethesda, MD, USA) was employed to calcu-
late the mean gray value (256 gray levels) for each
selected area. Relative changes in TH + immunoreactiv-
ity intensity levels were expressed relative to their

optical densities (ODs), with the mean intensity of the
control set to 1. The number and intensity of immuno-
positive cells per group were averaged and presented
as the mean (M) ± standard error of the mean (SEM).

Buried-food seeking test

Before the test, the rats underwent a 15 h overnight fast.
Subsequently, they were placed individually in a cleaned
home cage where a standard food pellet was buried
beneath 4 cm of bedding. The time taken by each rat
to consume the food pellet at the center of the open
field was recorded over a 10 min period.

Open field test

The experimental setup comprised an acrylic chamber
(W × D × H: 60 × 60 × 30 cm). To initiate the trial, the
rats were gently positioned on the right side of the
open field. A comprehensive analysis of the movements
of each rat movement was conducted using SmartScan
technology (Panlab). Specifically, the movement time
and distance spent in the central area (constituting
25% of the chamber) were calculated as a percentage
relative to the total movement time and distance,
respectively.

RNA-Seq

Hippocampi were extracted from decapitated rats (n = 3
per group). Total RNA was isolated following the proto-
cols of the RNeasy® Mini Kit (Qiagen, Hilden, Germany).
Total RNA concentrations were quantified using Quant-
IT RiboGreen (Invitrogen, Carlsbad, CA, USA). The integ-
rity of the extracted RNA samples was assessed using the
TapeStation RNA ScreenTape (Agilent Technologies,
Palo Alto, CA, USA). Only high-quality RNA preparations,
with an RNA integrity number exceeding 7.0, were
employed for subsequent library construction. Each
sample, containing 1 μg of total RNA, underwent individ-
ual library construction utilizing the Illumina TruSeq
Stranded mRNA Sample Prep Kit (RS-122-2101, Illumina,
Inc., San Diego, CA, USA). The initial step involved purify-
ing poly-A-bearing mRNA molecules using poly-T-
attached magnetic beads. Subsequently, an elevated
temperature was administered to fragment the mRNA
into smaller pieces, employing divalent cations. Super-
Script II reverse transcriptase (Invitrogen) and random
primers facilitated the conversion of cleaved RNA frag-
ments into first-strand cDNA. The second cDNA strand
was synthesized using DNA polymerase I, RNase H, and
dUTP. Next, these cDNA fragments underwent an end-
repair process, a single ‘A’ base insertion, and adapter
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ligation. Finally, the cDNA libraries were constructed fol-
lowing purification and PCR enrichment. Library
quantification was carried out using KAPA Library
Quantification kits tailored for Illumina Sequencing plat-
forms, following the qPCR Quantification Protocol Guide
(KK4854, Kapa Biosystems, Wilmington, MA, USA), while
library quality was assessed using the TapeStation
D1000 ScreenTape (Agilent Technologies). Sub-
sequently, indexed libraries were dispatched for
paired-end sequencing by Illumina NovaSeq systems
(Illumina, Inc.), and sequencing was completed by
Macrogen Inc. (Seoul, Republic of Korea).

Identification of DEGs and enrichment analysis

Bowtie 2 software (Langmead and Salzberg 2012) was
employed to align the trimmed reads with the
indexed genome. Subsequently, differential expression
in the RNA-seq data was analyzed by DESeq2 (Love
et al. 2014) using the R software (version 4.2.2) environ-
ment (R Core Team 2013). DEGs were identified using
the DESeq2 Wald test (Love et al. 2014), and p-values
were subjected to adjustment through the Benjamini–
Hochberg procedure for false discovery rate (FDR)
control (Benjamini and Hochberg 1995). DEGs were
characterized as genes that exhibited an absolute fold
change greater than 1.5 and adjusted p-values less
than 0.05.

For further functional characterization, we performed
GO analysis of the biological process (BP), cellular com-
ponent (CC), and molecular function (MF) categories,
along with Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis (accessed on 10
October 2023) using ShinyGO version 0.77 (Ge et al.
2020). An interactive plot was generated to illustrate
the interactions among the top 10 enriched pathways.
Connections between two pathways (nodes) were estab-
lished if a minimum of 20% of their genes were shared.
Nodes with deeper shades indicated significantly more
enriched gene sets, larger nodes denoted larger gene
sets, and thicker edges signified greater gene overlap.
Significantly altered pathways and genes were deter-
mined using a significance threshold of p < 0.05 and
q < 0.01.

PPI analysis

To explore the interactions among DEGs, a PPI network
was constructed with a confidence value of 0.7, utilizing
the Search Tool for the Retrieval of Interacting Genes/
proteins (STRING) database (Szklarczyk et al. 2021).
Subsequently, hub genes were identified through PPI
analysis, using the CytoHubba plugin (Chin et al.

2014) within the Cytoscape software platform
(Shannon et al. 1971). CytoHubba provides various
methods for evaluating network topology (Chin et al.
2014), encompassing both global and local ranking
approaches. In the global ranking method, nodes are
assessed in relation to the entire network, whereas
nodes are evaluated based on their immediate neigh-
bors in the local ranking method. Hub genes were deter-
mined by cross-referencing the top 40 ranked genes
identified through two global methods (betweenness
and closeness) and three local methods (degree,
maximum neighborhood component (MNC), and
maximal clique centrality (MCC)). The hub genes were
determined by intersecting the top 40 genes calculated
by the five methods.

RNA extraction, cDNA synthesis, and reverse
transcription-quantitative polymerase chain
reaction

The procedures for RNA extraction, cDNA synthesis, and
reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) (n = 4 per group) adhered to the
methods established in a prior study (Hong et al.
2023). In brief, cDNA synthesis was performed using
the SuperiorScript III cDNA synthesis kit (Enzynomics,
Daejeon, Republic of Korea). Subsequently, the cDNA
was appropriately diluted with RNase-free water to
achieve a final concentration of 8 ng/µL, and the
samples were securely stored at −80°C. For RT-qPCR, we
utilized the TOPrealTM SYBR Green qPCR PreMix (Enzy-
nomics) and conducted the assay on the CFX Opus 96
Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The
primers employed for RT-qPCR are detailed in Table 1.
The annealing temperature for the reaction was set at
58 °C, and the built-in software generated the amplifica-
tion curves and calculated the threshold cycle values.
To ensure robust normalization, β-actin was used as the
reference gene for all data analyses. Results were calcu-
lated using the 2−ΔΔCT method and are presented as
mean relative values in comparison to the sham group.

Statistical analysis

To assess distinctions between the sham-operated
control group and the 6-OHDA-lesioned group, the RT-
qPCR results underwent analysis through unpaired
Student t-tests. GraphPad software (version 9.3.1, Graph-
Pad Software, San Diego, CA, USA) was employed for all
statistical computations. The presented data are
expressed as the mean (M) ± standard error of the mean
(SEM). A significance level of P < 0.05 was applied to
determine statistical significance across all analyses.
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Results

Unilateral striatal 6-OHDA infusion impairs
ipsilateral DAergic signaling in rats

We initially validated the attenuation of ipsilateral
nigrostriatal dopaminergic signaling in the hemiparkin-
sonian rat model following unilateral striatal 6-OHDA
infusion. Four weeks post-6-OHDA infusion, and follow-
ing systemic apomorphine administration, the rats dis-
played distinct contralateral circling behaviors.
Following apomorphine treatment, rats (n = 10 per
group) demonstrating more than seven rotations per
minute were considered to have been effectively
induced with ipsilateral dopamine depletion (Figure 1
(A); t(18) = 25.97; P < 0.001).

Immunohistochemical analyses showed a significant
reduction in TH-positive immunoreactive cells and
fibers in both the ipsilateral substantia nigra (Figure 1
(B); t(4) = 8.752; P < 0.001) and striatum (Figure 1(C); t
(4) = 8.738; P < 0.001) after unilateral 6-OHDA treatment
(Figure 1(B)), consistent with a prior study (Kim et al.
2022; Lee et al. 2023).

Unilateral striatal 6-OHDA infusion impairs
hippocampus-related behaviors in rats

Seven weeks post-striatal 6-OHDA infusion, we utilized
the novelty-suppressed feeding test as a metric to
assess anxiety- and depression-like behavior. The
latency in approaching the food was recorded, with
longer latencies indicative of anxiety and depression.

The 6-OHDA-lesioned group exhibited significantly pro-
longed latencies (Figure 2(A), left panel; t(12) = 8.150; P
< 0.0001). However, no significant differences were
noted in walking speeds between the sham-operated
control and 6-OHDA-lesioned groups (Figure 2(A), right
panel; t(12) = 0.4189; P = 0.6827). To further ensure that
variations in olfactory function did not influence our
results, we conducted a buried-food seeking test,
which yielded no discernible differences (Figure 2(B); t
(12) = 1.369, P = 0.1961). In the open field test, the time
spent in the center of the arena was used as a key par-
ameter to indicate anxiety. The movement time spent
ratio (t(12) = 7.996; P < 0.0001) and distance traveled
ratio (t(12) = 6.701; P < 0.0001) in the central area were
significantly decreased in the 6-OHDA-lesioned group
(Figure 2(C), right panels). Thus, the hemiparkinsonian
rat model employed in this study demonstrated
anxiety- and depression-like behaviors as evidenced by
the novelty-suppressed feeding test and open field
test results.

Quality control of RNA-Seq and identification of
DEGs

To examine the data distributions, we conducted princi-
pal component (PC) and density distribution analyses.
The density distribution analysis indicated consistent
counts in the hippocampi of the sham-operated
control and 6-OHDA-lesioned rats (Figure 3(A)). PC
analysis was used to effectively distinguish between
the transcriptomes in the hippocampi of both groups.

Table 1. Summary of RNA-seq and RT-qPCR validation results for hub genes of DEGs.
Gene Log2 (FC) RNAseq Log2 (FC) RT-qPCR Primer pairs Product size (bp)

Notch3 0.86 1.204 Forward: TGCATCTGTCTCCCTGGCT
Reverse: CAGACCCCAGAATGGCTGGA

159

Gng4 1.05 4.924 Forward: GGTGCGCATTTCCAGATGTT
Reverse: CCTGCTGAGAGGTGGTACAG

183

Itga3 1.22 3.267 Forward: ACCTGCCAAGCTAACGAGAC
Reverse: CTGGTGACTTGACGTGGACA

159

Grin2d 1.24 2.11 Forward: TCCTGGGGGACGATGAGATT
Reverse: TGGCCACAAGGAGCATGTAG

138

Hgf 1.48 2.51 Forward: GCAATAAAAGCAGCTCAGAAC
Reverse: TCTTCTTCTGTCCTTCTGCATAG

200

Fgf11 1.80 2.7484 Forward: TACCTCCAGGCGAATCCAGA
Reverse: TCAGATTGAAGTGGGCCTGC

100

Htr3a 2.06 4.8706 Forward: CTGTACCTGACTGGCTGAGG
Reverse: GGTTTCCCATGGCTGAGCA

138

Col6a2 2.29 3.1514 Forward: CGGTGACATGTTCCACGAGA
Reverse: GGCCATGGTTCATCTGTTTGG

198

Itga11 −1.43 −0.4842 Forward: AGCTTCTACCTGGTGGGGAA
Reverse: ATCTCAAACGTGACCTGTCG

155

Plp1 −1.05 −0.4465 Forward: GCCTTCCCTAGCAAGACCTC
Reverse: GGTCATTTGGAACTCGGCTG

147

β-actin Forward: GCAGTTGGTTGGAGCAAACAT
Reverse: TTTTGGGAGGGTGAGGGACT

148

Abbreviations: β-actin, beta actin; Col6a2, collagen type VI alpha 2 chain; Fgf11, fibroblast growth factor 11; Gng4, G protein subunit gamma 4; Grin2d, glu-
tamate ionotropic receptor NMDA type subunit 2d; Hgf, hepatocyte growth factor; Htr3a, 5-hydroxytryptamine receptor 3a; Itga11, integrin subunit alpha
11; Itga3, integrin subunit alpha 3; Notch3, Notch receptor 3; Plp1, proteolipid protein 1; RNA-seq, RNA-sequencing; RT-qPCR, quantitative reverse transcrip-
tion PCR.
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In six samples, 84% and 7% of the variance was
explained by PC1 and PC2, respectively. The data
points corresponding to the 6-OHDA-lesioned rats
(depicted as red dots in Figure 3(B)) are positioned on
the right, while those representing the sham-operated
controls (shown as blue dots in Figure 3(B)) are pre-
sented on the left. This suggests that PC1 captures the
expression level changes in response to striatal 6-
OHDA infusion. Thus, RNA-seq analysis identified 1018
DEGs in the hippocampi of 6-OHDA-lesioned rats, com-
pared to the sham-operated controls, with 631
showing upregulation and 387 displaying downregula-
tion (Figure 3(C and D)).

Functional analysis of DEGs in the hippocampi of
striatal 6-OHDA-lesioned rats

GO analysis unveiled enriched terms associated with the
BPs in the hippocampi of the 6-OHDA-lesioned rats,

which included the adenylate cyclase-modulating G
protein-coupled receptor signaling, synaptic signaling,
axon development, trans-synaptic signaling, chemical
synaptic transmission, and nervous system development
pathways (Figure 4(A)). Moreover, Figure 4(B) illustrates
the interplay between the enriched terms. Further exam-
ination of GOCCs revealed enrichment in areas including
the integral components of the synaptic membranes,
postsynaptic membranes, synaptic membrane, and
receptor complex (Figure 5(A)). The network map illus-
trates the relationships among these enriched CC path-
ways (Figure 5(B)). In the category of GOMFs, receptor
and channel-related pathways, such as neurotransmitter
receptor activity, G protein-coupled peptide receptor
activity, gated channel activity, and ion channel activity,
were enriched in the hippocampi of the 6-OHDA-
lesioned rats (Figure 6(A)), while the network map pro-
vides a visual representation of these relationships
(Figure 6(B)). The detailed report on the GO analysis in
the hippocampi of the 6-OHDA-lesioned rats is provided
in Table 2 and Supplementary Table 1.

Additionally, the KEGG pathway enrichment analysis
of the DEGs was performed in both the hippocampi of
the sham-operated control and 6-OHDA-lesioned rats.
The analysis revealed the top five significantly enriched
KEGG pathways, which included neuroactive ligand–
receptor interactions (Supplementary Figure S1),
calcium signaling (Supplementary Figure S2), cAMP sig-
naling (Supplementary Figure S3), axon guidance (Sup-
plementary Figure S4), and notch signaling pathways
(Supplementary Figure S5). These findings strongly
implicate neurotransmission-related pathways (Figure
7, Table 3, and Supplementary Table 2), thereby provid-
ing a foundation for the further elucidation of biological
functions of candidate genes in the hippocampi of 6-
OHDA-lesioned rats.

RT-qPCR validation of DEGs in the hippocampi of
striatal 6-OHDA-lesioned rats

Both RNA-seq and RT-qPCR were employed to provide a
comparative analysis of the gene expression, focusing
on hub genes with notable biological significance. In
the hippocampi of the 6-OHDA-lesioned rats, PPI
network analysis by STRING identified 13 hub genes
among the DEGs (Supplementary Figure S6). To validate
our findings, RT-qPCR was employed to confirm the
expression levels of the hub genes. Among the 10 vali-
dated genes, Notch receptor 3 (Notch3), G protein
subunit gamma 4 (Gng4), integrin subunit alpha 3
(Itga3), glutamate ionotropic receptor NMDA type
subunit 2D (Grin2d), hepatocyte growth factor (Hgf),
fibroblast growth factor 11 (Fgf11), 5-hydroxytryptamine

Figure 1. Ipsilateral impairments of DAergic signaling in unilat-
eral 6-OHDA-lesioned hemiparkinsonian rat models. (A) Apo-
morphine rotation test (n = 10 rats/group). (B) Representative
photomicrographs and bar graphs (n = 3 rats/group) showing
immunoreactivity of TH + cell bodies in the SN (scale bar =
400 μm). (C) Representative photomicrographs and bar graphs
(n = 3 rats/group) showing TH + immunoreactive fiber density
in the STR (scale bar = 1000 μm). Data are expressed as the
means ± SEs. ***P < 0.001. 6-OHDA, 6-hydroxydopamine-
lesioned group; DA, dopamine; Sham, sham-operated controls;
STR, striatum; SN, substantia nigra; TH, tyrosine hydroxylase.
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receptor 3a (Htr3a), and collagen type VI alpha 2 chain
(Col6a2) were all upregulated, whereas integrin subunit
alpha 11 (Itga11) and proteolipid protein 1 (Plp1) were
both downregulated (Figure 8).

Validation of the gene expression revealed signifi-
cantly elevated levels of Notch3 (Mean (M) = 1.20, stan-
dard error of mean (SEM) = 0.04, t(6) = 3.083,
P = 0.0216), Gng4 (M = 4.92, SEM = 1.38, t(6) = 2.805,
P = 0.0309), Itga3 (M = 3.27, SEM = 0.90, t(6) = 2.488,
P = 0.0473), Grin2d (M = 2.11, SEM = 0.39, t(6) = 2.452,
P = 0.0496), Hgf (M = 2.51, SEM = 0.27, t(6) = 5.562,
P = 0.0014), Fgf11 (M = 2.75, SEM = 0.13, t(6) = 10.130,
P < 0.0001), Htr3a (M = 4.87, SEM = 1.45, t(6) = 2.651,
P = 0.0380), and Col6a2 (M = 3.15, SEM = 0.71, t(6) =
2.943, P = 0.0259) in the hippocampi of 6-OHDA-lesioned
rats (Figure 9(A)). Additionally, a significant decrease was
observed in the expression of Itga11 (M = 0.48, SEM =
0.09, t(6) = 2.466, P = 0.0438) and Plp1 (M = 0.45, SEM =
0.13, t(6) = 3.123, P = 0.0205) (Figure 9(B)). Thus, these
findings affirm the consistency between the RT-qPCR
validation and RNA-seq analysis and provide further
support for the potential role of selected genes in hippo-
campal dysfunction in striatal 6-OHDA-lesioned rats.

Discussion

The hallmark pathological feature of PD is the loss of
DAergic neurons in the substantia nigra, which leads
to dopamine deficiency in the striatum (Weerasinghe-
Mudiyanselage et al. 2023). Notably, Trabucchi et al.
(1979) reported that most patients with Parkinsonian
syndrome are predominantly affected on one side. To
replicate this asymmetric presentation, we utilized a
unilateral striatal 6-hydroxydopamine (6-OHDA)
lesioned rat model, a well-established neurotoxin-
induced hemiparkinsonian model (Trabucchi et al.
1979; Kondo et al. 2004). Initially, to validate the ipsilat-
eral loss of DAergic signaling in the nigrostriatal system,
we confirmed the onset of apomorphine-induced con-
tralateral rotation behaviors. Moreover, an imbalance
in DAergic signaling within the nigrostriatal system
may contribute to the development of non-motor
symptoms associated with PD onset and progression
(Kim et al. 2022; Weerasinghe-Mudiyanselage et al.
2023). As such, our focus in this study centered on
non-motor symptoms, particularly neuropsychiatric
manifestations.

Figure 2. Hippocmapus-related behavioral impairments in unilateral striatal 6-OHDA-lesioned rat models. (A) Latency and speed of
eating in the novelty-suppressed feeding test. (B) Latency of discovery in the buried food-seeking test. (C) The percentage of time
spent (left panel) and distance traveled (right panel) in the center area within the open field test (OFT). Data are expressed as the
means ± SEs (n = 7 rats/group). ***P < 0.001. 6-OHDA, 6-hydroxydopamine-lesioned group; Sham, sham-operated controls.
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The hippocampus plays a pivotal role in PD neuropsy-
chiatric symptoms (Calabresi et al. 2013), while neuro-
plasticity in PD is intricately linked with the DAergic
system (Regensburger et al. 2014). DA exerts influence
over the long-term potentiation of the hippocampus
(Zhu et al. 2011) and overall hippocampal function
(Kutlu and Gould 2016). Our investigation revealed sig-
nificant anxiety- and depression-like behaviors in rats
with unilateral striatal 6-OHDA infusion, as assessed
through the novelty-suppressed feeding and open
field tests, which are behaviors suggestive of

hippocampal dysfunction in this model. However, the
molecular mechanisms underpinning hippocampal dys-
function in the hemiparkinsonian rat model remain
inadequately characterized. Here, we used RNA-seq to
conduct an in-depth analysis of gene expression
profiles in the hippocampi of rats subjected to unilateral
striatal 6-OHDA lesions. Compared to the sham-oper-
ated controls, we identified a total of 1018 differentially
expressed genes (DEGs) in the hippocampi of rats with
striatal 6-OHDA lesions, whereby 631 were upregulated
and 387 were downregulated. To gain further insights,

Figure 3. Quality assessment of RNA-seq data and the identification of DEGs in the hippocampi of sham versus 6-OHDA-lesioned rats.
(A) Boxplots with normalized counts per sample are shown in the hippocampi of sham and 6-OHDA-induced rats. The X-axis rep-
resents samples, while the Y-axis represents log2 (counts + 1). (B) The PCA plot displayed the first two principal components of
each sample. A distinct sample corresponds to each dot. Colors indicate whether the sample is derived from a 6-OHDA-induced
rat (red) or from a sham rat (blue) (C) The volcano plot illustrates DEGs between sham and 6-OHDA-lesioned rats. Red and blue
dots indicate significantly upregulated and downregulated genes, respectively. Black dots indicate genes without significant
changes in 6-OHDA lesioned rats compared to shams. (D) The heatmap depicts DEGs between sham and 6-OHDA lesioned rats.
Red and green colors represent upregulation and downregulation, respectively. Sham, sham-operated controls; 6-OHDA, 6-hydroxy-
dopamine-lesioned group; PC, principal component.
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we performed GO, KEGG, and STRING analyses to eluci-
date the functional changes associated with these
DEGs in the hippocampi of rats with striatal 6-OHDA
lesions.

GO analysis revealed that the DEGs were predomi-
nantly associated with pathways related to synaptic sig-
naling and receptor functions. Notably, GOBP terms
related to pathways, such as adenylate cyclase-modulat-
ing G protein-coupled receptor signaling, synaptic sig-
naling, trans-synaptic signaling, and chemical synaptic
transmission, exhibited the most significant enhance-
ments. In the category of GOCCs, pathways associated

with synaptic membranes were prominently enriched
in the hippocampi of this animal model. Furthermore,
functions related to neurotransmitter receptors, chan-
nels, and transporters were notably enriched in
GOMFs. Synaptic plasticity plays a vital role in regulating
the strength and efficiency of synaptic transmission in
the hippocampus, as well as in the reorganization of
synaptic components and receptors (Schaefers and
Teuchert-Noodt 2016). Additionally, it is involved in the
consolidation and long-term storage of memories (Kim
et al. 2022). The reinforcement of plasticity is commonly
referred to as long-term potentiation, while its

Figure 4. GOBP analysis of DEGs in the hippocampi. (A) Dot plot of enriched genes and GOBP terms (top 10) in the 6-OHDA-lesioned
hippocampi (fold-change > 1.5 and adjusted P < 0.05). (B) Interaction plot showing the relationships between the enriched terms.
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weakening is known as long-term depression (Avchalu-
mov and Mandyam 2021). Understanding synaptic plas-
ticity in the hippocampus is crucial for comprehending
the pathogenesis of depression and other neuropsychia-
tric symptoms associated with PD (Bagetta et al. 2010).
Collectively, the insights gleaned from GO functional
analysis provide valuable perspectives into the potential
molecular mechanisms driving neuropsychiatric symp-
toms in this particular PD model.

Conducting KEGG pathway analysis of the DEGs
revealed several potential underlying mechanisms,
such as the neuroactive ligand–receptor interaction

pathway, the calcium signaling pathway, and the
cAMP signaling pathway. The neuroactive ligand–recep-
tor interaction pathway encompasses a collection of
receptors located on the plasma membranes that facili-
tate signal transductions from the extracellular environ-
ment into the cells (Lauss et al. 2007). Significantly
enriched activity in this pathway may be indicative of
more severe brain damage or alterations in synaptic
plasticity (Huang et al. 2019). Additionally, the calcium
(Ca2+) and cAMP signaling pathways play pivotal roles
in intracellular signal transduction, which is crucial for
mediating the physiological functions of the DAergic

Figure 5. GOCC analysis of DEGs in the hippocampi. (A) Dot plot of enriched genes and GOCC terms (top 10) in the 6-OHDA-lesioned
hippocampi (fold-change > 1.5 and adjusted P < 0.05). (B) Interaction plot showing the relationships between the enriched terms.
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receptors. These functions include voluntary movement,
working memory, attention, and learning (Ding et al.
2022). A substantial portion of Ca2+-mediated signal
transduction occurs through the Ca2+/calmodulin-
dependent protein kinase pathway, which influences
various physiological functions, including the regulation
of neurotransmitter synthesis and synaptic plasticity
(Feng et al. 2022). Consequently, our hippocampal
KEGG functional analysis data may be indicative of
underlying brain dysfunction in a hemiparkinsonian rat
model.

Furthermore, we constructed a PPI network wherein
10 genes, including Wnt2, Itga11, Plp1, Notch3, Gng4,

Itga3, Grin2d, Hgf, Tac1, Fgfr4, Fgf11, Htr3a, and Col6a2,
emerged as hub genes. These genes exhibited the
highest number of interactions with other genes, signify-
ing their pivotal role in mediating various biological pro-
cesses. In addition, both the RNA-seq and RT-qPCR
analyses demonstrated significant upregulations in the
expression levels of Notch3, Gng4, Itga3, Grin2d, Hgf,
Fgf11, Htr3a, and Col6a2, whereas the Itga11 and Plp1
expression levels were downregulated. Among the upre-
gulated genes, Gng4, Grin2d, and Hgf exhibited patterns
suggestive of an association with depression within the
context of DAergic signaling. Gng4 serves as a vital com-
ponent of heterotrimeric G-protein subunits (Tomita

Figure 6. GOMF analysis of DEGs in the hippocampi. (A) Dot plot of enriched genes and GOMF terms (top 10) in the 6-OHDA-lesioned
hippocampi (fold-change > 1.5 and adjusted P < 0.05). (B) Interaction plot showing the relationships between the enriched terms.
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et al. 2013). Thus, the interactions and combinations of
G-protein alpha, beta, and gamma subunits contribute
to the G-protein-mediated signaling pathway specifici-
ties (Tomita et al. 2013). Accumulating evidence
suggests that pathways related to G-protein-coupled
receptors are implicated in mood disorders, including
depression (Grammatopoulos 2017). Additionally, the
N-methyl-d-aspartate receptor (NMDAR) is implicated
in various disorders, such as altered cognitive functions,
which are associated with aging, cerebral ischemia,
depression, and schizophrenia (Olivares et al. 2012).
NMDAR channels are heteromers, which are composed
of the key receptor subunit NMDAR1 (GRIN1) and one
or more of the four NMDAR2 subunits (GRIN2A,
GRIN2B, GRIN2C, and GRIN2D). Alterations in the
expression of major functional genes in the hippo-
campus play a crucial role in depression (Howland and
Wang 2008). Notably, Amador et al. (2020) demonstrated
that the glutamatergic genes were upregulated in indi-
viduals who committed suicide during a depressive
episode. Furthermore, HGF was shown to be a key
factor in neuronal protection, preventing neuronal

death, and enhancing neuroregeneration (Russo 2010).
Moreover, HGF was observed to be highly expressed at
nerve injury sites and promoted nerve repair (Ko et al.
2018). Previous studies also noted elevated levels of
HGF in women with postpartum depression and in
patients with major depressive disorders (Kahl et al.
2009). Therefore, the upregulation of Gng4, Grin2d, and
Hgf in the hippocampus may be associated with the
induction of anxiety- and depression-like behavior in
this PD model.

Among the other upregulated genes, Itga3
assumes a critical role in the differentiation of neural
stem cells, maintaining a delicate equilibrium
between cell proliferation, differentiation, and apop-
tosis, thereby influencing cell fate during these differ-
entiation processes (Zhang et al. 2017). However, it is
notable that Itga3 overexpression can lead to synaptic
dysfunction, and subsequently impact learning and
memory abilities (Mascolo et al. 2017). Additionally,
Notch is a large transmembrane receptor that is acti-
vated through ligand binding (Trujillo-Paredes et al.
2016). A previous study suggested that Notch

Table 2. GO term enrichment analysis of DEGs in ipsilateral hippocampi of striatal 6-OHDA-lesioned rats
under GOBP, GOCC, and GOMF.

Pathway
Fold

enrichment
Enrichment

FDR
Number of
genes

Pathway
genes

GOBP
Adenylate cyclase-modulating G protein-coupled
receptor signaling pathway

4.38 8.99 × 10−8 28 160

Synaptic signaling 2.65 8.99 × 10−8 56 516
Axon development 2.59 6.11 × 10−6 43 399
Trans-synaptic signaling 2.55 5.67 × 10−7 52 497
Chemical synaptic transmission 2.48 1.89 × 10−6 50 491
Anterograde trans-synaptic signaling 2.48 1.89 × 10−6 50 491
Behavior 2.33 5.34 × 10−6 53 543
Cell-cell signaling 1.93 6.75 × 10−7 91 1145
Ion transport 1.90 3.03 × 10−7 101 1305
Nervous system development 1.71 2.42 × 10−7 138 1956
GOCC
Integral component of synaptic membrane 4.51 1.21 × 10−7 23 119
Intrinsic component of synaptic membrane 4.27 1.34 × 10−7 24 131
Postsynaptic membrane 3.59 5.69 × 10−7 27 176
Synaptic membrane 3.54 2.95 × 10−9 37 246
Extracellular matrix 2.84 8.88 × 10−7 36 321
External encapsulating structure 2.83 8.88 × 10−7 36 323
Receptor complex 2.74 1.64 × 10−6 36 315
Integral component of plasma membrane 2.50 2.57 × 10−14 94 969
Intrinsic component of plasma membrane 2.48 7.63 × 10−15 100 1035
Extracellular region 1.73 8.78 × 10−7 107 1948
GOMF
Neurotransmitter receptor activity 5.08 1.68 × 10−6 18 94
G protein-coupled peptide receptor activity 3.96 1.36 × 10−5 20 126
Peptide receptor activity 3.89 1.36 × 10−5 20 128
Gated channel activity 2.98 1.03 × 10−6 36 289
Cation channel activity 2.74 1.23 × 10−5 34 300
Ion channel activity 2.69 8.89 × 10−7 44 395
Channel activity 2.57 8.89 × 10−7 47 444
Passive transmembrane transporter activity 2.57 8.89 × 10−7 47 444
Ion transmembrane transporter activity 2.01 1.36 × 10−5 61 746
Transmembrane transporter activity 1.86 1.23 × 10−5 77 1037

Abbreviations: FDR, false discovery rate; GOBP, Gene Ontology biological process; GOCC, Gene Ontology cellular component;
GOMF, Gene Ontology molecular function; GTP, guanosine triphosphate.
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performed significant roles in the nervous system,
including in the maintenance of immature neurons,
controlling neurite outgrowth in differentiated
neurons, and regulating synaptic plasticity and olfac-
tory functions in the adult brain (Hain et al. 2018).
The upregulation of both Itga3 and Notch may

contribute to the dysregulation and/or compensatory
recovery of synaptic plasticity, potentially associating
them with hippocampal dysfunction in this PD model.

Conversely, two hub genes, Itga11 and Plp1, were
downregulated in this study. ITGA11, a member of the
axon guidance gene family remodeling complex,
assumes a pivotal role in neural development and den-
dritic outgrowth (Yao et al. 2012). It is integral in dendri-
tic spine turnover cell–cell adhesion and the stability of
synaptic contacts, which is a process involving trans-
membrane glycoproteins, such as cell adhesion mol-
ecules. These molecules are believed to operate via
interactions between their cytoplasmic domains along-
side cytoskeletal proteins (Kalish et al. 2018). Plp1 is
indispensable in the mammalian central nervous
system owing to its role in the myelin sheath formation
(Kalish et al. 2018). It has been identified as a neuropep-
tide, which is abundantly expressed in vertebrate brains,
supporting synaptic function amidst neuronal dysfunc-
tion (Luders et al. 2017). Consequently, both genes
being downregulated may contribute to the reduction
in hippocampal structural plasticity (Kim et al. 2022),
potentially impacting the manifestation of the neuropsy-
chiatric symptoms in this PD model.

In this study, we employed a hemiparkinsonian rat
model by infusing 6-OHDA into the striatum to explore
hippocampal function and gene expression profiles.
While our investigation offers valuable insights into the
transcriptomic changes occurring during the chronic
phase of 6-OHDA-induced hemiparkinsonism, certain
concerns arise regarding the specificity of these

Figure 7. KEGG pathway analysis of DEGs in the hippocampi. The bar graphs illustrate the top 10 enriched KEGG pathways.

Table 3. KEGG pathway analysis of DEGs in ipsilateral
hippocampi of striatal 6-OHDA-lesioned rats.

Pathway
Fold

enrichment
Enrichment

FDR
Number
of genes

Pathway
genes

Neuroactive
ligand–receptor
interaction

3.69 6.15 × 10−14 52 357

Calcium signaling
pathway

3.28 4.22 × 10−7 32 233

cAMP signaling
pathway

2.61 1.69 × 10−3 23 211

Axon guidance 2.79 1.69 × 10−3 21 178
Notch signaling
pathway

3.79 1.75 × 10−2 9 57

ECM–receptor
interaction

3.31 1.75 × 10−2 11 82

Aldosterone
synthesis and
secretion

3.12 1.75 × 10−2 12 93

Pathways in
cancer

1.77 1.75 × 10−2 38 519

Cholinergic
synapse

2.76 2.45 × 10−2 13 112

Serotonergic
synapse

2.64 3.36 × 10−2 13 118

PI3K–Akt
signaling
pathway

1.84 5.50 × 10−2 25 336

Abbreviations: Akt, Ak strain transforming; cAMP, cyclic adenosine mono-
phosphate; ECM, extracellular matrix; FDR, false discovery rate; KEGG,
Kyoto Encyclopedia of Genes and Genomes; PI3 K, Phosphatidylinositol-
3-kinase.
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changes in the hippocampal gene profile to hemiparkin-
sonism alone. Primarily, there is a possibility that the uni-
lateral infusion of 6-OHDA into the striatum affects
DAergic signaling within the ipsilateral hippocampus,
subsequently influencing hippocampal function and
gene expression patterns. Previous studies have indi-
cated a decrease in TH expression–a marker of DAergic
activity–in ipsilateral brain regions, signifying ipsilateral
DA depletion within both the nigrostriatal system and
the hippocampus of this rat model (Lyu et al. 2021;
Kim et al. 2022, 2023). Additionally, it is plausible that
the striatal infusion of 6-OHDA may directly affect extra-
striatal brain regions, including the hippocampus, even
without DAergic depletion. Earlier research has reported
mitochondrial damage, reactive oxidative stress, and

neuroinflammation during the acute phase of 6-OHDA-
lesioning in rats (Goncalves et al. 2019; Sodhi et al.
2021). However, despite these potential confounding
factors, our study revealed substantial alterations in
gene expression related to neurotransmitter receptors,
synaptic transmission, calcium signaling pathways, and
the cAMP signaling pathway in the hippocampus of
6-OHDA-lesioned rats, indicating possible DAergic
effects despite our investigation being conducted
during the chronic phase. Thus, while our study offers
critical insights into the molecular mechanisms contri-
buting to neuropsychiatric symptoms in PD, it is essen-
tial to acknowledge its limitations. Future studies
should further investigate the specific etiologies under-
lying hippocampal damage in 6-OHDA-lesioned rats to

Figure 8. PPI network for DEGs in the hippocampi. PPI network based on the STRING database shows interactions between shared
DEGs in hippocampi of 6-OHDA-lesioned rats (confidence value of 0.7). In the PPI network, nodes represent genes; larger and red-
colored nodes indicate hub genes (Notch3, Gng4, Itga3, Grin2d, Hgf, Fgf11, Htr3a, Itga11, Plp1, and Col6a2). Edge thickness represents
the strength of support by the data. Abbreviations for the upregulated genes: Notch receptor 3 (Notch3), G protein subunit gamma 4
(Gng4), integrin subunit alpha 3 (Itga3), glutamate ionotropic receptor NMDA type subunit 2D (Grin2d), hepatocyte growth factor
(Hgf), fibroblast growth factor 11 (Fgf11), 5-hydroxytryptamine receptor 3a (Htr3a), and collagen type VI alpha 2 chain (Col6a2); down-
regulated genes: integrin subunit alpha 11 (Itga11) and proteolipid protein 1 (Plp1).
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provide a more comprehensive understanding of the
observed changes in gene expression profiles.

In conclusion, this study employs transcriptome
sequencing techniques to provide an in-depth analysis
of gene expression profiles linked to hippocampal dys-
function in a hemiparkinsonian rat model, ultimately,
identifying potential candidate genes. While our

findings offer novel insights into the molecular mech-
anisms contributing to neuropsychiatric symptoms in
PD, it is imperative that further genetic and experimen-
tal studies are conducted with more advanced tech-
niques and larger sample sizes to validate our
discoveries. This collective effort provides substantial
scientific and clinical implications, furnishing a

Figure 9. RT-qPCR validation of DEGs in the hippocampi. The bar graphs show the relative expression levels of upregulated (A) and
downregulated (B) genes from RNA-seq data. Data are mean ± SEM (n = 4 per group). 6-OHDA, 6-hydroxydopamine-lesioned group;
Sham, sham-operated controls. *P < 0.05; **P < 0.01.
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comprehensive understanding of PD pathogenesis, and
unveiling potential therapeutic targets.
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