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Purpose: Parkinson disease (PD) is a progressive neurodegenerative disorder in which dopaminergic (DAergic) systems are
destroyed (particularly in the nigrostriatal system), causing both motor and nonmotor symptoms. Hippocampal neuroplasti-
city is altered in PD animal models, resulting in nonmotor dysfunctions. However, little is known about the precise mecha-
nism underlying the hippocampal dysfunctions in PD.

Methods: Striatal 6-hydroxydopamine (6-OHDA) infusions were performed unilaterally in adult Sprague Dawley rats. Both
motor and nonmotor symptoms alongside the expression of tyrosine hydroxylase (TH) in the substantia nigra and striatum
were confirmed in 6-OHDA-lesioned rats. The neuronal architecture in the hippocampus was analyzed by Golgi staining.
Results: During the 7-8 weeks after infusion, the 6-OHDA-lesioned rats exhibited motor and nonmotor dysfunctions (espe-
cially anxiety/depression-like behaviors). Rats with unilateral 6-OHDA infusion displayed reduced TH+ immunoreactivity in
the ipsilateral nigrostriatal pathway of the brain. Golgi staining revealed that striatal 6-OHDA infusion significantly decreased
the dendritic complexity (i.e., number of crossing dendrites, total dendritic length, and branch points) in the ipsilateral hippo-
campal conus ammonis 1 (CA1) apical/basal and dentate gyrus (DG) subregions. Additionally, the dendritic spine density and
morphology were significantly altered in the CA1 apical/basal and DG subregions following striatal 6-OHDA infusion. Howev-
er; alteration of microglial and astrocytic distributions did not occur in the hippocampus following striatal 6-OHDA infusion.
Conclusions: The present study provides anatomical evidence that the structural plasticity in the hippocampus is altered in
the late phase following striatal 6-OHDA infusion in rats, possibly as a result of the prolonged suppression of the DAergic sys-
tem, and independent of neuroinflammation.
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e HIGHLIGHTS
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- Striatal 6-hydroxydopamine (6-OHDA) infusion induced behavioral dysfunctions and reduced DAergic signaling in rat brains.

- Structural plasticity is altered in the hippocampus of 6-OHDA-lesioned rats.

- Hippocampal dysfunctions may be related to the alteration of structural plasticity in Parkinson disease animal models, possibly by a decrease in

DAergic signaling.

INTRODUCTION

Parkinson disease (PD) is the world’s second most common
neurodegenerative disorder [1]. It is distinguished by a signifi-
cant loss of dopaminergic (DAergic) neurons, primarily in the
substantia nigra (SN), and results in a decrease in DAergic fi-
bers in the striatum [2]. Additionally, PD is a neurological dis-
ease that causes both motor and nonmotor symptoms [3]. The
main clinical focus in PD has been on motor symptoms; never-
theless, there is growing acknowledgment that the clinical spec-
trum of PD is more comprehensive, and includes nonmotor
functions [4]. The most prevalent nonmotor symptoms in PD
are depression, anxiety, cognitive decline, pain, fatigue, insom-
nia, and autonomic dysfunction. Furthermore, approximately
40%-50% of PD patients are diagnosed with anxiety or depres-
sion [5]. Moreover, the nonmotor symptoms that are associated
with the hippocampus significantly affect PD patients’ quality
of life [6].

Since DAergic damage is a defining characteristic of PD, the
structural, molecular, and functional alterations in the nigros-
triatal system have garnered much attention [7]. However, re-
search on the other brain regions in PD is needed to clarify
their roles, their interaction with the nigrostriatal system, and
their involvement in the mechanism underlying nonmotor dys-
functions. The hippocampus is critical for cognitive and emo-
tional regulation and receives DAergic projections from the
ventral tegmental area and SN, respectively [8]. Dopamine
(DA) modulates hippocampal long-term potentiation (LTP)
[9]. In PD, the DAergic system interacts with the synaptic plas-
ticity of the hippocampus [10], and the hippocampus is impli-
cated in the nonmotor dysfunctions of PD [8]. In preclinical
PD studies, synaptic mechanisms underlying hippocampal
dysfunction were reported in neurotoxic and genetic animal
models of PD, including 6-hydroxydopamine (6-OHDA)-le-
sioned rats [11] and a-synuclein transgenic mice [12], respec-
tively.

Neuroplasticity refers to the capacity of neuronal networks in
the brain that change through development and reorganization;
it is typically classified as structural and functional plasticity
[13,14]. Structural plasticity, such as dendritic formation and
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spine development, is controlled by the regulation of the neuro-
nal actin cytoskeleton [15]. Neurodegenerative diseases may be
caused by dendritic and spine alterations produced by acute or
chronic disruptions in brain tissue homeostasis [16]. Structural
plasticity in the hippocampus can be influenced by a variety of
stimuli, some of which appear to have long-term effects [8].
Previous studies found that dendritic complexity and/or spine
density was altered in 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP)-lesioned [17,18] and leucine-rich repeat ki-
nase 2-mutant mouse PD models [19,20]. However, many
questions remain unanswered about the functional and struc-
tural changes of hippocampal neurons that occur in PD. In this
study, a hemiparkinsonian rat model with an ipsilaterally stria-
tal infusion of 6-OHDA was used, which mimics features of the
human pathological condition of PD [21]. Therefore, this study
attempted to analyze behavioral impairments and alteration of
structural plasticity in the hippocampus, as well as explain their
correlations in this animal model.

MATERIALS AND METHODS

Animals and Surgical Procedure

Male Sprague Dawley rats weighing 250-300 g were obtained
from Charles River Laboratories (Wilmington, MA, USA) at 8
weeks old and allowed to acclimate for 1 week prior to use in
the study. The rats were immobilized in a stereotaxic device
(SR-6; NARISHIGE, Tokyo, Japan) with a flat head position af-
ter anesthesia. The coordinates were 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; and dorsoventral, -5.0, re-
spectively, from the skull. Per rat: the 6-OHDA (3.5 mg/mL,
Sigma-Aldrich, St. Louis, MO, USA) was administered into the
right striatum with an infusion pump using an 8 pl saline with
0.02% (w/v) ascorbic acid (Wako, Osaka, Japan) through a 10.5-
uL microinjection cannula at a continuous flow rate of 1 uL/
min (2 uL was injected at each coordinate). Sham-operated rats
were subjected to the identical method, except instead of
6-OHDA, 8 pL of the vehicle (0.9% saline containing 0.02% (w/
v) ascorbic acid) was injected into the striatum.
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Behavioral Analysis of Motor Symptoms
Apomorphine-induced rotation test

Four weeks after striatal 6-OHDA infusion, apomorphine hy-
drochloride (1 mg/kg; Wako) was given intraperitoneally into
the rats. The number of left-handed (contralateral) rotations
was monitored for 30 minutes. Hemiparkinsonian rat models
for PD were found to have a rotational velocity of more than 7
turns/min.

Open field test

The equipment was made from an acrylic chamber (width
[W] xdepth [D] x height [H]: 60x60x30 cm). The rats were
carefully placed in the center of the open field. Using Smart-
Scan (Panlab, Barcelona, Spain), the proportion of entries and
duration in the total movement time (s), total distance traveled
(cm), and margin time (s) were calculated over 30 minutes.

Cylinder test

The test was performed as follows: individual rats were placed
within a glass cylinder (diameter, 22 cm; height, 26 cm) with
one mirror set below the cylinder at a 45° angle to provide 360°
viewing. The rats were videotaped for 5 minutes following ini-
tial contact with the walls of the cylinder with their impaired,
unimpaired, or both forelimbs. The scores were computed us-
ing the asymmetry ratio, left-right/(right +left + both). The
forelimb asymmetry ratio scores vary from 1 to 1. The positive
ratio indicates that the unimpaired forelimb is utilized more
than the impaired forelimb. The negative asymmetry ratio
shows that the impaired forelimb is used more than the unim-
paired forelimb.

Behavioral Analysis of Nonmotor Symptoms

Object exploration test

In the center of the open box (W xD xH: 60x60x30 cm), a
cylinder item (diameter, 5.5 cm; height, 13 cm) was exposed. A
rat was placed in the open box with its back to the test object
and given 10 minutes to explore. The time it took for a rat to
approach an object and the duration of each subsequent ap-
proach were recorded.

Light/dark box test

Rats were examined in 2 compartments (W xD x H: 60 x 30 x
30 cm), which were connected together length-wise. There was
a 10x 10 cm square aperture between the 2 compartments that
the rat could utilize and move between. One chamber was
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closed with a lid (i.e., the dark box), whereas the other was
white, left uncovered, and illuminated with an 880-lux light (i.e.,
the light box). Again, the rat was allowed 10 minutes to explore
both chambers. Here, both the frequency of entry and the dura-
tion spent in the light box were calculated.

Forced swim test

This test exposed the rats to a cylindrical container (diameter,
20 cm; height, 70 cm) containing water at a temperature of
24°C+1°C and a depth of 30 cm. The duration of time the rat
floated upright without moving or ‘struggling’ — aside from ef-
forts to maintain its head above water — was known as the time
spent in immobility.

Immunohistochemistry

All immunohistochemistry methods were followed as described
in previous studies [22,23]. The fixed brain hemispheres were
sectioned in the coronal plane to a 30-pm thickness. To inacti-
vate endogenous peroxidase activity, free-floating sections were
incubated in 0.3% (v/v) hydrogen peroxide for 20 minutes be-
fore being blocked with 5% (v/v) normal goat serum (Vector
ABC Elite Kit; Vector Laboratories, Burlingame, CA, USA) in
0.3% (v/v) Triton X-100 for 1 hour at room temperature (RT;
22°C+2°C). Sections were then incubated overnight at 4°C with
rabbit anti-tyrosine hydroxylase (TH; 1:500; Millipore, Darm-
stadt, Germany), rabbit anti-glial fibrillary acidic protein (GFAP;
1:2,000; Dako, Glostrup, Denmark), or the rabbit anti-ionized
calcium-binding adapter molecule 1 (Ibal; 1:1,000; Wako, Osa-
ka, Japan). Sections were incubated for 1 hour at RT with bioti-
nylated goat anti-rabbit IgG (Vector ABC Elite Kit), and then in-
cubated for 1 hour at RT with an avidin-biotin-peroxidase com-
plex (Vector ABC Elite Kit). The peroxidase reaction was in-
duced using a diaminobenzidine substrate (DAB kit; Vector
Laboratories).

Three hemisections of the SN (approximately 5.08 mm cau-
dally from the bregma) were selected from each rat for cell
counting. The mean number of immunopositive cells in the 3
sections of each rat was taken as n=1. Moreover, the images
were converted to grayscale to measure TH immunoreactivity
in the striatum (approximately 0.26 mm caudally from the
bregma) alongside GFAP and Ibal immunoreactivities in the
hippocampus (approximately 3.80 mm caudally from the breg-
ma). The mean gray value (256 gray levels) was calculated using
Image]J software (NIH, Bethesda, MD, USA) for each chosen
area. The relative changes in intensity levels of TH+, GFAP+,
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and Ibal+ immunoreactivities were expressed as relative to
their optical densities (ODs) after setting the mean intensity of
the control to 1. The number and intensity of the immunoposi-
tive cells per group were averaged and expressed as mean +

standard error (SE; n=3 rats/group).

Western Blotting

All Western blot protocols were followed as described in previ-
ous studies [22,23]. Electrophoresis was used to separate pro-
teins on 7%-15% sodium dodecyl sulfate polyacrylamide gel.
The proteins were subsequently transferred to polyvinylidene
difluoride membranes. The membranes were then blocked for
1 hour at RT with 1% (v/v) bovine serum albumin (Sigma-Al-
drich) and 2% (v/v) NGS (Vector Laboratories) in phosphate-
buffered saline (PBS) containing 0.1% (v/v) Tween 20 (PBS-T;
pH 7.4). The membranes were subsequently treated overnight
at 4°C with rabbit anti-GFAP (1:2,000) and Ibal (1:1,000) pri-
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mary antibodies. The membranes were incubated with horse-
radish peroxidase-conjugated goat anti-rabbit IgG antibody
(Vector Laboratories) for 1 hour at RT, and the signals were de-
tected using a chemiluminescence kit (SuperSignal West Pico;
Thermo Fisher Scientific, Waltham, MA, USA). After stripping,
the membranes were probed again with the mouse anti-p-actin
antibody (1:5,000; Sigma-Aldrich) for 2 hours at RT. The OD of
each band was assessed using an iBright CL750 Imaging Sys-
tem (Thermo Fisher Scientific).

Golgi Staining

The dendritic complexity, spine density, and spine morphology
of the neurons in the hippocampal CA1 and DG subregions
were studied using Golgi impregnation. The FD Rapid Gol-
gistain Kit and accompanying techniques were employed in ac-
cordance with the manufacturer’s guidelines (FD Neurotech-
nologies, Ellicott City, MD, USA).
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Fig. 1. Impairments of motor functions and nigrostriatal DAergic signaling in the unilateral 6-OHDA-lesioned hemiparkinsonian rat
model. (A) Apomorphine rotation test (n=15 rats/group). (B) Cylinder test (n=10 rats/group). (C) Open field test (n=13 rats/
group). (D) Representative photomicrographs and bar graphs (n=3 rats/group) showing immunoreactivities of TH+ cells in the SN
(upper panels, scale bar=100 um) and TH+ fibers in the striatum (lower panels, scale bar=1,000 pm). Data are expressed as the
mean + standard error. 6-OHDA, 6-hydroxydopamine-lesioned group; Rt. Str, right striatum; Sham, sham-operated controls; SN,
substantia nigra; TH, tyrosine hydroxylase. *P <0.05. **P <0.01. ***P <0.001.
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Sholl Analysis

As previously reported [22,23], both CA1 and DG neurons of
the hippocampus were traced and analyzed. Using a camera lu-
cida at a magnification of 200 x, 10 neurons from each hippo-
campal region were randomly dispersed among 3 brain slices
(approximately 3.80 mm behind bregma) in each animal. Sholl’s
concentric circle method [22,23] was used to objectively exam-
ine the dendrites for each of the chosen neurons. Dendrites in-
tersecting each circle were counted to determine the number of
dendritic intersections at different radial distances from the neu-
ronal soma, in addition to the total dendritic length, and branch
points. Each value was averaged per rat, and the mean value of
each rat was taken as n=1. The value per group was averaged
and expressed as mean + SE (n =8 rats/group).

Measurement of Spine Density and Morphology

All discernible projecting dendritic spines were counted along
30-pm dendritic segments from the terminal to the tip of 3 den-
drites from each neuron using 1,500 x magnification. Spines
were divided into the following morphological categories: (1)
thin: spines with a discernible small head and an extended neck,
(2) mushroom: spines with a voluminous head and a noticeable
neck, and (3) stubby: spines with an overall stubby look and no
discernible neck. Ten segments were counted in each animal
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(n=8 rats/group), and the spine density was determined as the
number of spines per 10 pm of dendritic length.

Statistical Analysis

All statistical analyses were performed using Prism (GraphPad
Software, San Diego, CA, USA; RRID: SCR_002798). The
changes between the number of dendritic intersections at dif-
ferent radial distances of the sham-operated controls and
6-OHDA-lesioned rats were identified, for 8 rats per group, us-
ing two-way repeated-measures analysis of variance followed
by multiple comparison tests corrected with Sidak’s post hoc
test. Unpaired Student t-tests were used for all other analyses to
compare the means of the sham-operated controls and 6-OH-
DA-lesioned rats. For all statistical tests, a P-value <0.05 was
considered statistically significant.

RESULTS

Striatal 6-OHDA Infusion Induced Motor dysfunctions and
Deceased TH+ Immunoreactivity in the Nigrostriatal
Pathway

Initially, motor impairments and nigrostriatal DAergic degra-
dation in the study’s hemiparkinsonian rat model were con-
firmed. At 4 weeks postsurgery, rats having >7 rotations/min
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Fig. 2. Depression and anxiety-like nonmotor symptoms in the unilateral 6-OHDA-lesioned hemiparkinsonian rat model. (A) Mar-
gin distance traveled (%) in the open field test (n=13 rats/group). (B) Object exploration test (n= 13 rats/group). (C) Light/dark box
test (n=7 rats/group). (D) Forced swim test (n=11 rats/group). Data are expressed as the mean + standard error. 6-OHDA, 6-hy-
droxydopamine-lesioned group; Sham, sham-operated controls. *P <0.05. **P <0.01.
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due to apomorphine treatment (n= 15 rats/group) were regard-
ed as effectively induced hemiparkinsonian models (t(28) =
26.32; P<0.0001) (Fig. 1A). At 6 weeks postsurgery, the cylin-
der test (n=10 rats/group) showed that right-side hemiparkin-
sonian rats exhibited a significantly reduced use of the left fore-
limb, resulting in an ~60% decrease in the left/right ratio of
forelimb usage (t(18) =7.431, P<0.0001) (Fig. 1B). Locomotor
activity in the open field (n=13 rats/group) revealed that rats
with unilaterally striatal 6-OHDA infusion display a signifi-
cantly lower total distance traveled (t(24) =5.014, P<0.05) and
total movement time (t(24) =2.340, P <0.0001) than the sham-

Sham
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operated controls (Fig. 1C). Additionally, the TH+ immunore-
activity in the substantia nigra and stratum were examined to
validate the suppression of the ipsilateral DAergic signal pathway
caused by unilateral 6-OHDA infusion (Fig. 1D). The lesion ex-
tent measurement using TH+ cell immunoreactivity revealed
significant deterioration in the ipsilateral substantia nigra
(t(4) =8.409, P<0.01) and striatum (t(4) = 14.11, P<0.0001).

Striatal 6-OHDA Infusion Induced Anxiety and Depression-
Like Behaviors in Rats

Since anxiety and depression are significant nonmotor features
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Fig. 3. Striatal 6-OHDA infusion affects the dendritic complexity of the ipsilateral conus ammonis 1 (CA1) pyramidal neurons in rats.
(A) Representative Golgi-stained images of the CA1 subregion in sham-operated controls and 6-OHDA-lesioned rats at a lower mag-
nification (Scale bars =50 pum). (B) Line and bar graphs showing the mean number of intersections (left panel), dendritic branch point
count (middle panel), and the total dendritic length (right panel) in the CA1 apical dendrite. (C) Line and bar graphs showing the
mean number of intersections (left panel), dendritic branch point count (middle panel), and the total dendritic length (right panel) in
the CA1 apical dendrite. Data are expressed as the mean + standard error (n=8 rats/group). 6-OHDA, 6-hydroxydopamine-lesioned

group; Sham, sham-operated controls. *P < 0.05. ***P <0.0001.
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of PD [8], anxiety- and depression-like behaviors were assessed
in hemiparkinsonian rats. We employed several paradigms for
those behaviors, including the open field test, object explora-
tion, light/dark box test, and the forced swim test (Fig. 2). In
the open field test (n=13 rats/group), the margin in distance
traveled and total distance traveled (%) was significantly in-
creased in 6-OHDA-lesioned rats (t(24) =2.622, P <0.05) (Fig.
2A). Additionally, the total number of occurrences (approach-
ing frequency) in 6-OHDA-lesioned rats was significantly lower
than in sham-operated controls (t(26) =2.862, P<0.01) in the
object exploration test (n= 13 rats/group, Fig. 2B). The total du-
ration time (approaching time) was significantly shorter in the
6-OHDA-lesioned rats than in the sham-operated controls
(t(26) =2.362, P<0.05). The 6-OHDA-lesioned rats had fewer
entries into the illuminated compartment (t(12)=3.417,
P <0.01) and spent less time in the light box compartment
(t(12)=2.983, P <0.05) in the light/dark box test (n=7 rats/
group, Fig. 2C). Finally, the 6-OHDA-lesioned rats displayed a
longer immobility time (considered an index of depression)
compared to sham-operated controls (t(20) =4.352, P <0.001)

Sham

in the forced swim test (n=11 rats/group, Fig. 2D).

6-OHDA-Lesioned Rats Displayed Significant Reduction in
Dendritic Arborization of Hippocampal Neurons in the CA1
and DG Subregions

Eight weeks following the striatal 6-OHDA infusion, Golgi
staining was used to track and quantify the dendritic complexi-
ty of the ipsilateral CA1 and DG neurons. The number of den-
dritic intersections was counted at various radial distances from
the neuronal soma using Sholl analysis (Figs. 3A, 4A, n=8 rats/
group). At Sholl radii of 30-170 pm from the soma, the CAl
apical dendrites in the hippocampi of 6-OHDA-lesioned rats
had significantly fewer intersections than those in sham-oper-
ated controls (Fig. 3B, left panel; Fineraction [34, 2652] =10.44, P <
0.0001). The number of branching points in the CA1 apical
dendrites in 6-OHDA-lesioned rats was significantly lower than
in sham-operated controls (Fig. 3B, middle panel; t(14)=8.317,
P <0.0001). Moreover, striatal 6-OHDA infusion significantly
reduced the total length of the CA1 apical dendrite in the hip-
pocampi of rats (Fig. 3B, right panel: t(14) =3.394, P<0.01). In
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Fig. 4. Striatal 6-OHDA infusion affects the dendritic complexity of the ipsliateral dentate gyrus (DG) granular neurons in rats. (A)
Representative Golgi-stained images of the DG subregion in sham-operated controls and 6-OHDA-lesioned rats at a lower magnifi-
cation (Scale bars=50 pm). (B) Line and bar graphs showing the mean number of intersections (left panel), dendritic branch point
count (middle panel), and the total dendritic length (right panel) in the DG neurons. Data are expressed as the mean + standard error
(n=38 rats/group). 6-OHDA, 6-hydroxydopamine-lesioned group; Sham, sham-operated controls. *P < 0.05. ***P < 0.001.
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the hippocampal CA1 basal, the dendrites in 6-OHDA-lesioned
rats had fewer intersections than those in sham-operated con-
trols at Sholl radii of 20-110 pm from the soma (Fig. 3C, left
panel; Finteraction [20, 1,560] =9.049, P <0.0001). Striatal 6-OHDA
infusion significantly decreased both the number of branch
points (Fig. 3C, middle panel; t(14) =7.353, P <0.0001) and the
total length (Fig. 3C, right panel; t(14)=3.265, P<0.01) of the
CA1 basal dendrites in rat hippocampi.

Further, the neuronal dendrites in the hippocampal DG of
6-OHDA-lesioned rats exhibited fewer intersections than the
sham-operated controls at Sholl radii of 20-150 pum from the
soma (Fig. 4B, left panel; Finteraction [24, 1,872] =10.45, P <0.0001).
The dendritic branch points (Fig. 4B, middle panel; t(14) =4.458,
P <0.001) and total dendritic length (Fig. 4B, right panel;
t(14)=4.344, P <0.001) of DG neurons were significantly differ-
ent between the sham-operated controls and 6-OHDA-lesioned
rats.
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Striatal 6-OHDA Infusion Significantly Altered Dendritic
Spine Density and Morphology in the Hippocampal CA1
and DG Subregions

The Golgi-stained neurons were magnified and their dendritic
spine density and morphology were analyzed for any alterations
(Fig. 5A-C, left panels). The dendritic spine densities (the num-
ber of spines per 10-um dendrite) were significantly decreased
in the apical CA1 (Fig. 5A, middle panel; t(14)=3.158, P <0.01),
basal CA1 (Fig. 5B, middle panel; t(14)=3.397, P<0.01), and
DG (Fig. 5C, middle panel; t(14) =2.183, P <0.05) of the 6-OH-
DA-lesioned rats.

Moreover, variations in the proportion of dendritic morphol-
ogy were found in the subregions of the hippocampus. The
proportion of thin spines (% in 10-pum dendrite) was signifi-
cantly increased in the CAL1 apical (Fig. 5A, right panel; t(14) =
3.8, P<0.01) and DG subregions (Fig. 5C, right panel; t(14) =
4.9, P<0.001) in 6-OHDA-lesioned rats. Conversely, the pro-
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Fig. 5. Striatal-6-OHDA infusion alters the dendritic spine density and morphology in the ipsilateral hippocampal conus ammonis 1
(CA1) and dentate gyrus (DG) of rats. (A) CA1 apical dendrites. (B) CA1 basal dendrites. (C) DG dendrites. Representative photos
(Scale bars =5 um) show dendritic spines in each subregion (A-C, left panels). Bar graphs display the spine density per 10 um of the
dendrite (A-C, middle panels) and spine morphology per 10 pm of the dendrite (A-C, right panels) in each subregion. Data are ex-
pressed as the mean + standard error (n=8 rats/group). 6-OHDA, 6-hydroxydopamine-lesioned group; Sham, sham-operated con-

trols. *P <0.05. **P <0.01.
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Fig. 6. Striatal 6-OHDA infusion does not affect the astrocytic and microglial activity and distribution in the ipsilateral hippocampus
of rats. (A) Immunoblots of GFAP (a marker for astrocytes) and Ibal (a marker for microglia) (n=4 rats/group). (B) Representative
photos (upper panels, scale bars =100 pum) and bar graphs (lower panels) showing the levels of Iba-1 and GFAP immunoreactivities in
the hippocampus in each group (n=3 rats/group). Data are expressed as means + standard error. 6-OHDA, 6-hydroxydopamine-le-
sioned group; Sham, sham-operated controls; GFAP, glial fibrillary acidic protein; Ibal, ionized calcium-binding adapter molecule 1;

OD, optical densitiy.

portion of mushroom spines was significantly decreased in the
CAL1 apical (Fig. 5A, right panel; t(14)=2.7, P<0.05) and DG
subregions (Fig. 5C, right panel; t(14) =5.3, P <0.001) in 6-OH-
DA-lesioned rats. However, there is no significant difference in
the proportion of the CA1 basal dendrites spine morphology
between sham-operated controls and 6-OHDA-lesioned rats
(Fig. 5B, right panel).

Striatal 6-OHDA Infusion Did Not Activate Microglia and
Astrocytes in the Ipsilateral Hippocampi

Western blot analysis illustrated no significant differences in
protein levels of GFAP (t(6) =0.5705, P=0.5890) and Iba-1
(t(6)=0.4892, P=0.6421) in the hippocampi (Fig. 6A). Immu-
nohistochemistry revealed that the expression intensities of
GFAP (t(4)=0.0879, P=0.9342) and Iba-1 (t(4)=0.2757,
P=0.7964) in the hippocampus were unaffected by striatal
6-OHDA infusion (Fig. 6B).

DISCUSSION

In this study, unilaterally striatal 6-OHDA infusion produced
persistent motor (hypolocomotion and asymmetric behavioral
deficit) and nonmotor (anxiety/depression-like behaviors)
symptoms. Additionally, it induced the destruction of DAergic

S102 www.einj.org

signaling in the ipsilateral nigrostriatal pathway of rats; identi-
fied through the loss of TH+ neurons in the SN and TH+ fibers
in the striatum. Intriguingly, the striatal 6-OHDA infusion sig-
nificantly altered neuronal architecture (dendritic complexity
alongside spine density and morphology) in the ipsilateral hip-
pocampus and independently of neuroinflammation.

Pathological characteristics of PD include nigrostriatal DAer-
gic degradation, which affects motor function [24]. Asymme-
tries in sensorimotor reactivity beginning 6 weeks [25] and im-
pairments in motor coordination and balance abilities at 2
weeks [26] are the most noticeable deficiencies observed in
unilateral 6-OHDA-infused rats. Indeed, in this study, rats with
striatal 6-OHDA infusion were subjected to a complete evalua-
tion of PD-like behaviors utilizing multiple behavioral para-
digms for assessing motor and nonmotor symptoms. Similar to
previous studies [27], the present study uncovered noteworthy
anxiety- and depression-like behaviors in rats infused unilater-
ally with 6-OHDA. Therefore, we found that striatal 6-OHDA
infusion generated both motor and nonmotor dysfunctions, in-
cluding anxiety/depression-like behaviors, which are associated
with hippocampal dysfunctions.

DA affects hippocampal LTP [9] along with hippocampus-
dependent learning and memory [28]. The hippocampus is im-
plicated in the nonmotor dysfunctions of PD [8], and hippo-
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campal neuroplasticity interacts with the DAergic system in PD
[10]. Here, we focused on the modification of structural plastic-
ity in the hippocampus of PD. In this study, striatal 6-OHDA
infusion significantly decreased the dendritic complexity and
spine density in the ipsilateral hippocampus, suggesting that the
destruction of DAergic signaling downregulates structural plas-
ticity in a hippocampus with PD. Additionally, striatal 6-OHDA
infusion altered the morphology of spines on hippocampal
dendrites (thin spines increased and mushroom spines de-
creased), which suggests that impaired spine maturation may
lead to a decrease in postsynaptic density and excitatory neuro-
transmission [29]. There are several possible mechanisms un-
derlying the alteration of structural plasticity in the hippocam-
pus after striatal 6-OHDA infusion. Mesencephalic DAergic
neurons project to the limbic system, including the hippocam-
pus, whilst it is known that DA receptors regulate cognition-re-
lated and synaptic plasticity-related processes in the hippocam-
pus [30]. Indeed, Janakiraman et al. [31] discovered a decrease
in DA and serotonin levels in the hippocampus following a
chronic MPTP regimen. Furthermore, DA promotes dendritic
growth, and DAergic deficiency leads to shorter dendrites and
a lower spine density in the nucleus accumbens [32]. Thus, this
study suggests that prolonged DA depletion may alter structural
plasticity in the hippocampus. These findings might point to
interactions between DAergic transmission and hippocampal
neuroplasticity for nonmotor symptoms in PD.

According to a previous study, neuroinflammation is poten-
tially one of the key causes that leads to synaptic and cognitive
impairments in neurodegenerative diseases [33]. Microglia and
astrocytes are activated in various neurodegenerative diseases,
including PD, Alzheimer disease, and multiple sclerosis [34].
Activated microglia and astrocytes may play potentially detri-
mental roles by eliciting the expression of proinflammatory cy-
tokines [35]. However, neither microglial nor astrocytic activa-
tion was found in the hippocampus following striatal 6-OHDA
infusion in this study. Ultimately, this indicates that neuroin-
flammation does not necessarily promote the decrease of struc-
tural plasticity and hippocampal dysfunction. Furthermore,
RNA-sequencing demonstrated no significant alterations in
neuroinflammation-related genes in the hippocampus between
sham-operated controls and 6-OHDA-lesioned rats (data not
shown).

Overall, rats with striatal 6-OHDA infusion displayed motor
and nonmotor symptoms as well as nigrostriatal DA degenera-
tion. In addition, striatal 6-OHDA infusion affected dendritic
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complexity along with spine density, and morphology in the ip-
silateral hippocampus of rats. These findings demonstrate that
in a PD animal model, inhibiting the DAergic pathway causes
changes to the neuronal architecture in the hippocampus, inde-
pendently of neuroinflammation. Consequently; this study pro-
vides anatomical evidence that structural plasticity in the hip-
pocampus may play a role in the etiology of the nonmotor hall-
marks of PD. Nonetheless, further research is required to estab-
lish the alterations in other neuroplasticity-related signals in the
hippocampus in PD.
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