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1. List of Abbreviations

PD: Parkinson’s disease

QOL: quality of life

PVN: paraventricular nucleus

6-OHDA: 6-hydroxydopamine

OXT: oxytocin

AVP: arginine vasopressin

CRH: corticotropin-releasing hormone
-IR: -immunoreactive

Ve: trigeminal spinal subnucleus caudalis
SC: subcutaneous

IP: intraperitoneal

MFB: medial forebrain bundle

TH: tyrosine hydroxylase

p-ERK: phosphorylated extracellular signal-regulated kinase

RT: room temperature



2. Introduction

Parkinson's disease (PD) is a chronic, progressive neurodegenerative disorder
characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta
and the formation of a-synuclein aggregates [1,2]. The main clinical manifestations of
PD are motor symptoms including bradykinesia, resting tremor, muscle tonus and
postural instability, which significantly affect mobility and daily functioning [3-5]. In
addition to motor symptoms, PD is accompanied by a variety of non-motor symptoms,
including cognitive decline, mood disorders (e.g., depression and anxiety), autonomic
dysfunction, sleep disturbances, and sensory abnormalities [6,7]. Pain is a common but
often overlooked non-motor symptom, and PD patients complain of a variety of pain
types, including musculoskeletal pain, neuropathic pain, dystonia-related pain, and
central pain [8]. These pain experiences can interfere with daily activities, disrupt sleep,
and lead to emotional distress and social isolation [9].

Hyperalgesia is a common nonmotor symptom in PD patients that significantly
affects the quality of life (QOL) [1,10-14]. Previous studies using skin electrical pulse
stimulation have demonstrated that patients with Parkinson's disease have significantly
lower pain thresholds and pain tolerance compared to controls, along with the presence
of hyperalgesia [15]. In line with this heightened pain sensitivity, PD patients are also
more likely than the general population to experience oral pain or suffer from burning
mouth syndrome [16,17]. Notably, 24% of patients with Parkinson's disease have
burning mouth syndrome, a rate five times higher than that of the controls [18]. Recent

studies have demonstrated that hyperalgesia in PD patients is mainly associated with



pathological changes in the central nervous system, including the loss of dopaminergic
neurons and alterations in pain modulation pathways [14,19]. More than half of PD
patients report chronic pain, including spontaneous pain and hyperalgesia, which
severely impact their QOL and are often clinically overlooked, leading to inadequate
management and treatment [1,11,13,14,20]. Therefore, understanding the mechanisms
underlying hyperalgesia in PD is crucial.

In PD model rats, unilateral or bilateral injections of 6-hydroxydopamine (6-OHDA)
into the medial forebrain bundle (MFB) have been reported to cause hyperalgesia [10-
12,14]. Several reports have suggested that altered neuronal activity in the
paraventricular nucleus (PVN) is associated with hyperalgesia in rat models of PD
induced by 6-OHDA injection (6-OHDA rats) [14,21]. We previously demonstrated that
the subcutaneous (SC) injection of formalin into the vibrissa pad of 6-OHDA rats
increased face-rubbing behavior and the number of c-Fos-immunoreactive (c-Fos-IR)
cells in the trigeminal spinal subnucleus caudalis (Vc), indicating hyperalgesia in 6-
OHDA rats [11,12,14]. Furthermore, the SC injection of formalin into the vibrissa pad
increased the neuronal activity of oxytocin (OXT) in the PVN and blood OXT levels in
sham rats but suppressed them in 6-OHDA rats [14]. We also reported that intracisternal
administration of OXT alleviated hyperalgesia in 6-OHDA rats. These findings suggest
that hyperalgesia in 6-OHDA rats can be caused by the suppression of the analgesic
effect of OXT originating from the PVN [12,14].

The PVN contains neurosecretory cells that produce OXT, arginine vasopressin
(AVP), and corticotropin-releasing hormone (CRH) [22,23]. OXT has already been
investigated in relation to hyperalgesia in 6-OHDA rats [14], but AVP and CRH have

not been examined yet [24,25]. Previous studies have shown that the function of the

3



PVN is decreased in PD patients [14], suggesting that all hormones synthesized and
secreted by the PVN may be altered in PD patients. As Both OXT and CRH have been
shown to be associated with pain responses [22,23], whereas AVP and CRH are
associated with stress responses [24,25], the mechanisms of hyperalgesia in PD may be
revealed by applying nociceptive stimuli to PD model rats and examining the OXT, AVP
and CRH responses to them. The present study aimed to investigate the
immunohistochemical responses in OXT, AVP, and CRH cells in the PVN and the
changes in the serum levels of these neuropeptides following nociceptive stimulation in

PD model rats, and to understand the mechanisms underlying hyperalgesia in PD.



3. Materials and Methods

3.1 Animals

A total of 47 male Wistar rats (Japan SLC, Inc., Shizuoka, Japan; weight: 150-200
g) were used in this study. The rats were housed under a 12-h dark/light cycle and
provided access to food and water ad libitum. The study was approved by the Animal
Care and Use Committee of Osaka University Graduate School of Dentistry (Approval
No. R-03-002-0), and all experimental procedures were performed according to the

National Institute of Health Guide for the Care and Use of Laboratory Animals.

3.2 Induction of 6-OHDA lesions

Of the 47 rats, 35 rats underwent induction of PD models, as previously reported
[11,12,14]. Rats were anesthetized intraperitoneally (IP) with a saline solution
containing midazolam (2.0 mg/kg, Sandoz, Tokyo, Japan), medetomidine (0.375 mg/kg,
Zenoaq, Fukushima, Japan) and butorphanol (2.5 mg/kg, Meiji Seika Pharma, Tokyo,
Japan), and placed in a stereotaxic apparatus (SR-6, Narishige, Tokyo, Japan). A burr
hole was drilled over the skull, and unilateral nigrostriatal lesions were created by
injecting 6-OHDA (Sigma, St. Louis, MO, USA; 15 pgin 5 pL of sterile saline
containing 0.01% ascorbic acid) into the left MFB. The stereotaxic coordinates of the
lesions were 3.3 mm rostral to the interaural line, 1.4 mm left of the midline, and 6.8
and 6.5 mm ventral to the dural surface (2.5 pL injected to each location). The 6-OHDA
solution was administered through a cannula using a microinjection pump (KDS-100,

Nihon Kohden, Tokyo, Japan) at a rate of 1 pL/min. The cannula was left in place for 5
5



min after the completion of each injection, then the hole was covered with the bone
wax. Twelve rats were assigned to the sham rats, underwent the same surgical
procedures, and received an injection of sterile saline solution containing 0.01%
ascorbic acid into the same coordinates as the 6-OHDA rats, with the saline injected in
the same volume and at the same rate as the 6-OHDA solution. The cannula was
similarly left in place for 5 min, and the burr hole was closed with bone wax after

injection.

3.3 Rotational behavior test

Two weeks after 6-OHDA or saline administration into the left MFB, the rats were
placed in a cylindrical container (300 mm in diameter), and IP administration of
methamphetamine (3 mg/kg, Sumitomo Pharma, Osaka, Japan) was performed to
trigger rotational behavior [26]. The frequency of the behavior was recorded using a
video camera over 1 hour after the methamphetamine administration, and animals
exhibiting a total of > 300 turns within 1 hour were identified as 6-OHDA rats [27]. In
contrast to 6-OHDA rats, the sham rats did not exhibit any rotational behavior by the

methamphetamine administration.

3.4 Formalin SC injection

Because the neuronal activity in the PVN exhibits circadian rhythmicity, all
experiments were performed between 9 AM and 3 PM to minimize the influence of

diurnal variations [28].



Rats were randomly divided into two groups according to the SC injection
stimulation: saline-injected groups or formalin-injected groups. Three weeks after 6-
OHDA or saline administration into the left MFB, the rats were anesthetized using the
IP injection of sodium pentobarbital (50 mg/kg). The depth of anesthesia was confirmed
by assessing the loss of the righting reflex [29]. Once adequate anesthesia was achieved,
the rats received a 50-pul SC injection of saline or 4% formalin dissolved in saline into
the vibrissa pad on the same side of MFB administration using a 26-gauge needle

[11,12,14].

3.5 Enzyme immunoassay for OXT, AVP, and CRH in serum

Five minutes after the SC injection, the rats were anesthetized with an IP overdose
of sodium pentobarbital (120 mg/kg). Subsequently, 3.0 mL of blood was collected from
their hearts. The collected blood samples were centrifuged at 4°C and 1600xg for 15
min (KITMAN-18, TOMY DIGITAL BIOLOGY, Tokyo, Japan). The serum samples
were collected and stored in aliquots at —70°C until analysis. The serum concentrations
of OXT, AVP and CRH were analyzed using specific enzyme immunoassay kits (OXT:
ADI-900-153A-0001, Enzo Life Science Inc., NY, USA, AVP: ADI-900-017A, Enzo
Life Science Inc., CRH: CEA835RA, CLOUD-CLONE CORP., TX, USA). All serum
samples were thawed only once before use and underwent a preliminary experiment
before the formal trial to ensure that the sample concentrations were within the
measurement range. Luminescence counts were measured using a iMark™ Microplate

Absorbance Spectrophotometer (Bio-Rad Laboratories Inc., CA, USA).



3.6 Histology

Immediately after the blood collection from the rats, intracardial perfusion was
performed using 150 mL of phosphate-buffered saline (PBS, 0.02 M, pH 7.4), followed
by 500 mL of 4% (w/v) paraformaldehyde in PBS. The brain was then removed, post-
fixed at 4°C for 24 h, and transferred to 30% sucrose in 0.01 M PBS at 4°C for 48 h.
Serial coronal sections were created using a freezing microtome at 40-pum thickness, and

all sections were stored in PBS.

3.7 Tyrosine hydroxylase (TH) immunohistochemistry

6-OHDA rats were evaluated using the methamphetamine-induced rotational
behavior test and immunoreactivity for TH, which is a dopaminergic neuron marker, to
characterize the PD model in all experiments.

The sections containing the striatum and substantia nigra pars compacta were
incubated with 0.3% hydrogen peroxide in methanol for 20 min and then rinsed three
times with PBS for 5 min each. The sections were blocked with 1% normal horse serum
(NHS, Vector Labs, Burlingame, CA, USA) and 0.1% Triton X-100 in PBS for 30 min
at room temperature (RT). The sections were then incubated with mouse anti-TH
antibody (1:8000, T2928, Sigma-Aldrich, St. Louise, MO, USA), 1% NHS and 0.1%
Triton X-100 in PBS overnight at 4°C. The sections were then rinsed three times with
PBS for 5 min each and incubated with a biotinylated horse anti-mouse antibody (1:200,
Vector Labs, Burlingame, CA, USA) for 1 h at RT. The sections were then rinsed three
times with PBS for 5 min each and incubated with the avidin-biotin-peroxidase complex

(1:200, ABC Elite kit, Vector Labs) for 1 h. The sections were finally treated with a



DAB Substrate kit (Sigma-Aldrich), mounted on glass slides, air-dried, dehydrated, and

cover-slipped [11,12,14].

3.8 p-ERK immunohistochemistry in the V¢

To determine whether 6-OHDA rats experienced hyperalgesia after the SC injection
of formalin, immunoreactivity analyses for p-ERK (a marker of activated neuronal
nuclei) in the Ve were performed.

The sections containing V¢ were incubated with 0.3% hydrogen peroxide in
methanol for 20 min and then rinsed three times with PBS for 5 min each. The sections
were blocked with 1% NHS and 0.1% Triton X-100 in PBS for 30 min at RT. The
sections were then incubated with mouse anti-p-ERK antibody (1:500, sc-136521, Santa
Cruz Biotechnology, Dallas, Texas USA), 1% NHS and 0.1% Triton X-100 in PBS
overnight at 4°C. The sections were then rinsed three times with PBS for 5 min each
and incubated with a biotinylated horse anti-mouse antibody (1:200, Vector Labs) for
1 h at RT. The sections were then rinsed three times with PBS for 5 min each and
incubated with the avidin-biotin-peroxidase complex (1:200, ABC Elite kit) for 1 h. The
sections were finally treated with a DAB Substrate kit, mounted on glass slides, air-

dried, dehydrated, and cover-slipped [11,12,14].



3.9 Double immunofluorescence in the PVN

Double immunofluorescent labeling for p-ERK/OXT, p-ERK/AVP, and p-ERK/CRH
in the sections containing the PVN was achieved by incubating the sections with
specific primary antibodies [14]. The sections were blocked with 10% NGS and 0.3%

Triton X-100 in PBS for 1 h at RT. The sections were then incubated overnight at 4C°

with three patterns of primary antibodies, 2% NGS, and 0.3% Triton X-100 in PBS; a
mixture of rabbit anti-OXT antibody (1:1000, MAB5296, Merck Millipore, Burlington,
MA, USA) and mouse anti-p-ERK antibody (1:200, sc-136521) for the first pattern; a
mixture of rabbit anti-AVP antibody (1:1000, AB1565, Merck Millipore) and mouse
anti-p-ERK antibody (1:200, sc-136521) for the second pattern; and a mixture of rabbit
anti-CRH antibody (1:500, C5348, Sigma-Aldrich) and mouse anti-p-ERK antibody
(1:200, sc-136521) for the third pattern. The sections were then rinsed three times with
PBS for 5 min each and incubated with secondary antibodies, which are a mixture of
goat anti-rabbit Alexa Fluor 488 (1:200, Invitrogen, Carlsbad, CA, USA), goat anti-
mouse Alexa Fluor 568 (1:200, Invitrogen) and 2% NGS in PBS for 2 h at RT. The
sections were rinsed three times with PBS for 5 min each, mounted on glass slides, and
cover-slipped. The negative control sections confirmed the specificity of staining

because the omission of primary antibodies resulted in no detectable labeling.

3.10 Cell counting

The anatomical locations within the Vc and PVN were identified using the Paxinos
and Watson atlas [30]. Images were obtained using a light microscope (BX51, Olympus,

Tokyo, Japan) or a confocal laser microscope (TCS SP8, Leica Microsystems, Wetzlar,
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Germany) at 10x magnification. In each rat, cells were counted in five sections in the
Vc¢ and three sections in the PVN, following established methods [11,12,14]. The
number of cells was counted by one examiner who was blinded to the experimental
procedures.

To quantify the proportion of OXT, AVP, and CRH neurons activated by the SC
injection of formalin into the vibrissa pad, the percentage of OXT-IR, AVP-IR, and
CRH-IR neurons expressing p-ERK protein in the PVN was calculated using the

following formula [14]:

( Nmber of OXT-, AVP-, or CRH-IR neurons co-localized with p-ERK protein

X1 9
Nmber of OXT-, AVP-, or CRH-IR neurons ) 00 ( /0)

3.11 Statistical analyses

Data are expressed as mean + standard error of the mean. All experimental results
were analyzed using two-way analysis of variance (ANOVA), followed by Bonferroni's
post-hoc test for multiple comparisons where relevant. All statistical analyses were
performed using SPSS (IBM, Statistics ver. 24, IL, USA), and p-value < 0.05 was

considered statistically significant.
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4. Results

4.1 Rotational behavior distribution of 6-OHDA-injected

rats

The rotational behavior test of 35 rats injected with 6-OHDA was assessed two
weeks after the injection to evaluate the success of the PD model. The number of

rotations per hour was categorized into four groups: <100, 101-200, 201-300, and

>300 rotations/hour (Fig .1). 12 of the 35 rats rotated more than 300 times per hour and

were used as 6-OHDA rats, while the remaining 23 rats were excluded.

4.2 TH immunoreactivity

TH immunohistochemical staining was performed on all rats to confirm dopamine
depletion by unilateral 6-OHDA administration into the MFB. The sham rats exhibited
high TH immunoreactivity in the striatum and substantia nigra on both sides [Fig. 2 (a
and b)]. Contrarily, the 6-OHDA rats showed a significant decrease in TH
immunoreactivity in the striatum and substantia nigra on the same side of 6-OHDA

administration [Fig. 2 (c and d)].

4.3 p-ERK expression in the V¢

Immunohistochemical staining for p-ERK in the V¢ (Fig. 3A) was performed, and

the number of p-ERK-IR cells in the superficial layers of the Vc was counted. The
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number of p-ERK-IR cells in the Vc was analyzed using two-way ANOVA with factors
of group (sham vs. 6-OHDA) and treatment (saline vs. formalin). The results revealed
no significant group effect [F(1,20) = 2.6, n=6 each, p-value = 0.12], a significant
treatment effect [F (1,20) = 40.8, n=6 each, p-value < 0.001], and a significant
interaction effect [F (1,20) = 5.4, n=6 each, p-value = 0.03].

Post-hoc Bonferroni test showed that in the sham rats, the number of p-ERK-IR
cells in the formalin-injected group was significantly higher than that in the saline-
injected group [F (1,20) = 8.2, n=6 each, p-value = 0.009; Fig. 3B]. In the formalin-
injected groups, the 6-OHDA rats exhibited a significant increase in p-ERK-IR cells
compared to the sham rats [F (1,20) = 7.8, n=6 each, p-value = 0.011; Fig. 3B].
Moreover, in the 6-OHDA rats, the number of p-ERK-IR cells in the formalin-injected
group was significantly higher than that in the saline-injected group [F (1,20) = 38.0,

n=6 each, p-value < 0.001; Fig. 3B].

4.4 p-ERK expression in the PVN

Fluorescent double staining of OXT, CRH, AVP-IR and p-ERK-IR cells in the PVN
was performed. Two-way ANOVA showed a significant group effect [F (1,20) = 14.0,
n=6 each, p-value = 0.001], a significant treatment effect [F (1,20) = 23.6, n=6 each, p-
value < 0.001], and a significant interaction effect [F (1,20) = 8.8, n=6 each, p-value =
0.008].

Post-hoc Bonferroni test revealed that in the sham rats, the number of p-ERK-IR
Cells in the PVN was significantly higher in the formalin-injected group than in the

saline-injected group [F (1,20) = 30.5, n=6 each, p-value < 0.001; Fig. 4]. In the 6-
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OHDA rats, no significant difference was observed between the two groups [F (1,20) =
1.8, n=6 each, p-value = 0.19; Fig. 4]. Moreover, in the formalin-injected group, the
number of p-ERK-IR Cells in the PVN was significantly lower in the 6-OHDA rats than

in the sham rats [F (1,20) = 22.4, n=6 each, p-value < 0.001; Fig. 4]

4.5 Co-expression of p-ERK and OXT in the PVN

Fluorescent double staining of OXT-IR and p-ERK-IR cells in the PVN was
performed (Fig. 5A, p-ERK-IR cells: a-d, OXT-IR cells: e-h, merged images: i-1). Two-
way ANOVA showed a significant group effect [F (1,20) = 6.4, n=6 each, p-value =
0.02], a significant treatment effect [F (1,20) = 8.7, n=6 each, p-value = 0.008], and a
significant interaction effect [F (1,20) = 11.1, n=6 each, p-value = 0.003].

Post-hoc Bonferroni test showed that in the sham rats, the percentage of OXT-IR
neurons co-localized with p-ERK protein in the PVN was significantly higher in the
formalin-injected group than in the saline-injected group [F (1,20) = 19.7, n=6 each, p-
value < 0.001; Fig. 5B], whereas, in the 6-OHDA rats, no significant difference was
observed between the two groups [F (1,20) = 0.08, n=6 each, p-value = 0.8; Fig. 5B].
Moreover, in the formalin-injected group, the percentage of OXT-IR neurons co-
localized with p-ERK protein in the PVN was significantly lower in the 6-OHDA rats

than in the sham rats [F (1,20) = 17.2, n=6 each, p-value < 0.001; Fig. 5B].

4.6 Co-expression of p-ERK and CRH in the PVN

Fluorescent double staining of CRH-IR and p-ERK-IR cells in the PVN was

performed (Fig. 6A, p-ERK-IR cells: a-d, CRH-IR cells: e-h, merged images: i-1). Two-

14



way ANOVA showed a significant group effect [F (1,20) =22.1, n=6 each, p-value <
0.001], a significant treatment effect [F (1,20) = 9.7, n=6 each, p-value = 0.006], and a
significant interaction effect [F (1,20) = 5.0, n=6 each, p-value = 0.04].

Post-hoc Bonferroni test showed that in the sham rats, the percentage of CRH-IR
neurons co-localized with p-ERK protein in the PVN was significantly higher in the
formalin-injected group than in the saline-injected group [F (1,20) = 14.3, n=6 each, p-
value = 0.001; Fig. 6B], whereas, in the 6-OHDA rats, no significant difference was
observed between saline- and formalin-injected groups [F (1,20) = 0.4, n=6 each, p-
value = 0.5; Fig. 6B]. In the formalin-injected group, the percentage of CRH-IR neurons
co-localized with p-ERK protein in the PVN was significantly lower in the 6-OHDA

rats than in the sham rats [F (1,20) = 24.1, n=6 each, p-value < 0.001; Fig. 6B].

4.7 Co-expression of p-ERK and AVP in the PVN

Fluorescent double staining of AVP-IR and p-ERK-IR cells in the PVN was
performed (Fig. 7A, p-ERK-IR cells: a-d, AVP-IR cells: e-h, merged images: i-1). Two-
way ANOVA showed a significant group effect [F (1,20) = 188.1, n=6 each, p-value <
0.001], no significant treatment effect [F (1,20) = 3.5, n=6 each, p-value = 0.08], and no
significant interaction effect [F (1,20) = 1.1, n=6 each, p-value = 0.3].

Post-hoc Bonferroni test showed that in both the saline- and formalin-injected
groups, the percentage of AVP-IR neurons co-localized with p-ERK protein was
significantly lower in the 6-OHDA rats than in the sham rats [saline-injected group: F
(1,20) = 109.3, n=6 each, p-value < 0.001; formalin-injected group: F (1,20) = 80.0, n=6

each, p-value < 0.001; Fig. 7B]. In both the sham and 6-OHDA rats, no significant
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difference was observed between the saline- and formalin-injected groups [sham rats: F
(1,20) = 0.3, n=6 each, p-value = 0.6; 6-OHDA rats: F (1,20) = 4.3, n=6 each, p-value =

0.06; Fig. 7B]

4.8 Effect of SC formalin injection on serum OXT concentration

Two-way ANOVA showed a significant group effect [F (1,20) = 8.4, n=6 each, p-
value = 0.009], no significant treatment effect [F (1,20) = 1.5, n=6 each, p-value = 0.2],
and a significant interaction effect [F (1,20) = 5.8, n=6 each, p-value = 0.03].

Post-hoc Bonferroni test showed that in the sham rats, the serum OXT concentration
was significantly higher in the formalin-injected group than in the saline-injected group
[F (1,20) = 6.6, n=6 each, p-value = 0.02, Fig. 8 A]. Conversely, in the 6-OHDA rats, no
significant difference in serum OXT concentration was observed between the saline- and
formalin-injected groups [F (1,20) = 0.72, n=6 each, p-value = 0.4, Fig. 8 A]. Moreover,
in the formalin-injected group, the serum OXT concentration was lower in the 6-OHDA

rats than in the sham rats [F (1,20) = 14.1, n=6 each, p-value = 0.001; Fig. 8A].

4.9 Effect of SC formalin injection on serum CRH concentration

Two-way ANOVA showed a significant group effect [F (1,20) = 7.5, n=6 each, p-
value = 0.01], a significant treatment effect [F (1,20) = 5.9, n=6 each, p-value = 0.03],

and a significant interaction effect [F (1,20) = 14.2, n=6 each, p-value = 0.001].
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Post-hoc Bonferroni test showed that in the sham rats, the serum CRH concentration
was significantly higher in the formalin-injected group than in the saline-injected group
[F (1,20) = 19.3, n=6 each, p-value < 0.001, Fig. 8B]. Conversely, in the 6-OHDA rats,
no significant difference in serum CRH concentration was observed between the saline-
and formalin-injected groups [F (1,20) = 0.9, n=6 each, p-value = 0.4, Fig. 8B]. In the
formalin-injected group, the serum CRH concentration was significantly lower in the 6-

OHDA rats than in the sham rats [F (1,20) = 21.2, n=6 each, p-value < 0.001, Fig. 8§B]

4.10 Effect of SC formalin injection on serum AVP concentration

Two-way ANOVA showed a significant group effect [F (1,20) = 29.2, n=6 each, p-
value < 0.001], no significant treatment effect [F (1,20) = 1.8, n=6 each, p-value = 0.2],
and no significant interaction effect [F (1,20) = 0.08, n=6 each, p-value = 0.9].

Post-hoc Bonferroni test showed that in both the saline- and formalin-injected
groups, the serum AVP concentration was significantly lower in the 6-OHDA rats than
in the sham rats [saline-injected group: F (1,20) = 14.6, n=6 each, p-value = 0.001;
formalin-injected group: F (1,20) = 14.6, n=6 each, p-value = 0.001, Fig. 8C]. In both
the sham and 6-OHDA rats, no significant difference was observed between the saline-
and formalin-injected groups [sham rats: F (1,20) = 0.9, n=6 each, p-value = 0.4; 6-

OHDA rats: F (1,20) = 0.9, n=6 each, p-value = 0.4; Fig. 8C].
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5. Discussion

OXT, AVP, and CRH are the neuropeptides known to be synthesized in the PVN
[22,23,31]. Both OXT and CRH exhibit analgesic effects and are enhanced by neuronal
activity; their synthesis and secretion are also promoted by nociceptive stimuli [14,32].
In this study, nociceptive stimuli enhanced the neuronal activity of producing cells and
increased serum OXT and CRH levels in sham rats. In contrast, the enhancement in
neuronal activity and the increase in serum OXT and CRH levels were suppressed in 6-
OHDA rats. This suggests that the synthesis and secretion of OXT and CRH promoted
by nociceptive stimuli are suppressed in 6-OHDA rats, potentially leading to reduced
analgesic effects of OXT and CRH, thereby resulting in hyperalgesia. However, no
changes in serum AVP concentrations or neuronal activity were observed in response to
nociceptive stimuli in either the sham or 6-OHDA group. This suggests that AVP is
unaffected by nociceptive stimuli and is not involved in PD-associated hyperalgesia.

The decision to collect the blood samples at five minutes after formalin injection
(early phase) rather than at a later time point (late phase) had two reasons: one was the
nociceptive properties of formalin injection and the other was the half-life of the
hormone in the blood. The pain response triggered by formalin injections is divided into
two main phases: early phase and late phase. The early phase usually occurs in the first
5 minutes after injection and is driven by immediate neuroreflexes and activation of
primary sensory neurons [33,34]. The pain response in this phase is closely related to
the immediate excitation of nociceptors, reflecting the immediate effect of the painful

stimulus and allowing a more realistic assessment of the acute effects of nociceptive
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stimuli on neurohormone release [35]. In addition, the half-life of these hormones in the
blood of rats is typically only a few minutes. For example, it has been shown that OXT
has a half-life in plasma of approximately 1-3 minutes [36]. Due to the rapid
degradation of hormones, blood collection at later time points may not accurately reflect
the initial effects of the pain stimulus, but rather confound the results of compensatory
feedback mechanisms, thereby compromising the reliability of the data.

Various theories regarding the analgesic mechanism of OXT have been proposed.
OXT exerts analgesic effects by stimulating the descending pain modulation pathways
in the spinal cord and brainstem, particularly through its interactions with the
periaqueductal gray and locus coeruleus regions [14,37,38]. This activation promotes
the release of opioids within these areas, thereby inhibiting pain transmission [39-42].
Furthermore, OXT enhances the analgesic effects by promoting the release of
endogenous opioid peptides, such as B-endorphins [41]. OXT also reduces inflammatory
responses, alleviating inflammation-related pain, which is associated with the inhibition
of pro-inflammatory factors, such as tumor necrosis factor-alpha and interleukin-6
[38,39]. Moreover, OXT influences pain perception by modulating the brain regions
associated with emotional processing, including the prefrontal cortex and amygdala.

CRH plays a key role in the body's response to stress by activating the
hypothalamic-pituitary-adrenal axis, which leads to the release of glucocorticoids
[24,25]. These glucocorticoids alleviate pain by reducing inflammation and increasing
pain tolerance, which is a mechanism often referred to as stress-induced analgesia
[25,32]. Additionally, CRH modulates the endogenous opioid system and activates the
descending pain pathways, thereby enhancing pain inhibition [32,42]. Furthermore,

although CRH reduces pain during acute stress, the prolonged release of CRH during
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chronic stress may actually increase pain perception [24,43]. This dual effect highlights
the complex role of CRH in the nervous system, where it can either promote or inhibit
pain, depending on the duration and context of the stress [24,43]. To confirm the
involvement of suppressed OXT and CRH synthesis or secretion in PD-related
hyperalgesia, behavioral experiments involving OXT and CRH administration are
necessary.

In response to nociceptive stimuli, the synthesis and secretion pathways of OXT and
CRH involve rapid neuroendocrine responses [44,45]. Pain signals are transmitted to the
central nervous system (CNS) through the dorsal horn of the spinal cord and tracts, and
upon reaching the medulla oblongata, A1/A2 noradrenergic neurons are activated and
release noradrenaline (NA) [46,49]. NA sends excitatory signals to OXT and CRH
neurons located in the PVN and supraoptic nucleus, thereby precipitating the release of
these hormones [50,51]. OXT is transported via axons to the posterior pituitary gland,
where it is released into the peripheral blood and locally in the CNS to modulate pain
and emotional responses [52,53]. CRH is transported to the median eminence and
secreted into the hypothalamo-pituitary portal system, where it stimulates the anterior
pituitary gland to release adrenocorticotropic hormone, which in turn activates the
hypothalamo-pituitary-adrenal axis, resulting in a systemic stress response [45,51,54-
56]. This sequence of events ensures that OXT and CRH are rapidly secreted following
nociceptive stimulation, resulting in the timely modulation of pain and stress responses
[55,57].

The suppression of the neural activation of OXT and CRH in 6-OHDA rats may be
attributed to changes in the dopaminergic or noradrenergic neuronal systems. The

degeneration of dopaminergic neurons induced by 6-OHDA may alter dopamine
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projections to the PVN [31,46]. Furthermore, 6-OHDA may affect noradrenergic
projections from the A1/A2 cell groups to the PVN [46,47]. In the creation of rat models
of PD, desipramine, a noradrenaline reuptake inhibitor, is sometimes administered [P
before 6-OHDA administration to denervate only dopaminergic neurons [58]. However,
it has been reported that the 6-OHDA-induced damage to NA neurons cannot be fully
blocked by desipramine [59]. Furthermore, in PD patients, degeneration is not limited to
the dopaminergic system; the NA system also exhibits significant neurodegenerative
changes [60]. Therefore, the dual dysfunction of the dopaminergic and noradrenergic
systems may collectively contribute to the suppression of OXT and CRH neural
activation within the PVN, leading to the hyperalgesia observed in the rat models of PD.
The expression of receptors related to pain modulation, particularly the oxytocin
receptor (OXTR) and CRH receptor (CRHR), in the trigeminal ganglion (TG) and V¢
has been addressed in several studies. OXT exerts analgesic effects on the spinal cord
and brainstem regions through the activation of descending pain inhibitory pathways,
including modulation of the OXTR in the TG [61-63]. In addition, OXT acts directly on
the OXTR in the TG to alleviate migraine-associated pain [64]. Although chronic pain
causes the upregulation of OXTR expression in the TG [61], the mechanism through
which formalin stimulation alters OXTR expression in the Vc or TG remains unclear.
Similarly, the CRHR is widely distributed in the central and peripheral nervous systems,
and it is involved in pain modulation and stress responses [65]. Although CRHR
expression in brainstem regions has been confirmed [65,66], changes in CRHR
expression in the Vc or TG have not been definitively established. Inflammatory

mediators may affect CRHR expression, and CRHR expression may be altered under
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chronic pain conditions [67,68]. Overall, the potential roles of these receptors in pain
signaling warrant further investigation.

PD patients have low AVP levels, which tend to cause urinary incontinence [69,70].
This decrease is considered to be caused by the renin—angiotensin (AT)—aldosterone
system, which regulates AVP synthesis and release [61]. AT receptors have three
subtypes in the brain, with the AT1 receptor being predominantly distributed in the
striatum and substantia nigra, which control AVP release [21]. In PD patients , damage
to the striatum and substantia nigra affects the function of the AT1 receptor, thereby
influencing AVP synthesis and secretion [21]. In this study, the neuronal activity and
serum concentration of AVP did not change in response to noxious stimuli in either
sham or 6-OHDA rats, and they consistently remained lower in 6-OHDA rats. These
findings are consistent with those of previous studies that reported low AVP levels in
PD patients [69], suggesting that AVP does not directly affect hyperalgesia in rats with
PD. Considering that AVP receptors exert analgesic effects in coordination with opioids
and CRH [71], reduced AVP levels in rats with PD may lead to alterations in AVP
receptors, potentially affecting analgesic pathways. However, further research is
necessary to investigate changes in AVP receptors in rats with PD.

The etiology of PD-related pain is complex and can be categorized into
musculoskeletal, neuropathic, dystonia-related, and central pain. Effective pain
management requires a comprehensive consideration of pain type, underlying
mechanisms, and individual differences [72]. For pain management in PD patients,
optimizing antiparkinsonian therapy is fundamental, such as adjusting the dosage of
levodopa or dopamine agonists (e.g., rotigotine and safinamide), which can alleviate

pain associated with motor symptoms [73,74]. Furthermore, nonsteroidal anti-
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inflammatory drugs (e.g., ibuprofen and diclofenac) are commonly used to manage
musculoskeletal pain, opioids (e.g., oxycodone/naloxone extended-release tablets) are
effective for managing central and refractory pain [72,75], and drugs such as gabapentin
and pregabalin are indicated for neuropathic pain [76]. However, these conventional
pain treatments do not specifically target hyperalgesia and often come with side effects
such as nausea, drowsiness, and dizziness. This study demonstrated that OXT and CRH
responses to nociceptive stimuli were significantly suppressed in PD rats, suggesting
that the dysfunction of these neuropeptides contributes to pain sensitization in PD.
Given their known analgesic properties, restoring OXT and CRH function may be a
potential therapeutic strategy for managing PD-related hyperalgesia. Although no
clinically approved OXT- or CRH-based treatments currently exist, further research into
neuropeptide modulation, receptor agonists, or delivery methods may facilitate drug
development for hyperalgesia management and provide new insights into alternative

pain treatment strategies.
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6. Conclusion

The enhanced neuronal activity and increased serum concentrations of OXT and
CRH in response to nociceptive stimuli were suppressed in PD rats. These findings
suggest that the reduced analgesic effects of OXT and CRH in response to nociceptive
stimuli may contribute to hyperalgesia in PD rats. Our data could shed light on the
mechanisms underlying hyperalgesia in PD and potentially form the basis for future

treatments to alleviate hyperalgesia.
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9. Figures
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Fig. 1. Distribution of rotational behavior in 6-OHDA-injected rats.
The distribution of rotational behavior in 35 6-OHDA-injected rats. The rats were categorized into four groups
based on the number of rotations per hour.
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Fig. 2. Tyrosine Hydroxylase (TH) Immunoreactivity Following 6-Hydroxydopamine (6-OHDA) Injection.
(a, b) No alterations in TH immunoreactivity were observed in the striatum and substantia nigra on the
saline-injected side.

(c, d) A reduction in TH immunoreactivity was detected in the striatum and substantia nigra on the
6-OHDA-injected side.

Injected side

39



Saline injected Formalin injected

Sham

6-OHDA

w
S
S

w
o
T

*%

*%

w
=3
T

N
(&)
T

OSham
m6-OHDA

(&)
T

number of p-ERK-IR cells in the Vc/section
= N
o o

(&)
T

Saline-injected Formalin-injected

Fig. 3. p-ERK Immunoreactivity in the Trigeminal Spinal Subnucleus Caudalis Following Formalin Injection.
(A) Photomicrographs of p-ERK immunohistochemical staining in the trigeminal spinal subnucleus caudalis:

(a, ¢) Saline-injected group; (b, d) Formalin-injected group.

(B) In the formalin-injected group, the number of p-ERK-immunoreactive (-IR) cells was significantly higher in
6-OHDA rats compared to sham rats.

*p-value < 0.05. **p-value < 0.01.
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Fig. 4. Number of p-ERK-IR cells in the PVN by double immunofluorescence with p-ERK and oxytocin
(OXT), corticotropin-releasing hormone (CRH), vasopressin (AVP) .

The number of p-ERK-IR cells was quantified in sections used for evaluating OXT (Fig. 4), CRH (Fig. 5), and
AVP (Fig. 6) across four experimental groups: Sham rats with saline injection group, Sham rats with formalin
injection group, 6-OHDA rats with saline injection group, and 6-OHDA rats with formalin injection group.* p-
value < 0.01
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Fig. 5. Co-expression of p-ERK and OXT-IR cells in the PVN.

(A) Photomicrographs of p-ERK-IR cells (a—d), OXT-IR cells (e-h), and merged images (i-l).
(B) Changes in the percentage of OXT-IR neurons co-localized with p-ERK protein.
**p-value < 0.01.
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Fig. 6. Co-expression of p-ERK and CRH-IR cells in the PVN.

(A) Photomicrographs of p-ERK-IR cells (a—d), CRH-IR cells (e-h), and merged images (i-l).
(B) Changes in the percentage of CRH-IR neurons co-localized with p-ERK protein.
**p-value < 0.01.
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Fig. 7. Co-expression of p-ERK and AVP-IR cells in the PVN.

(A) Photomicrographs of p-ERK-IR cells (a—d), AVP-IR cells (e-h), and merged images (i-).
(B) Changes in the percentage of AVP-IR neurons co-localized with p-ERK protein.
**p-value < 0.01.

44



*%

Formalin-injected

160
6000
* *% 140 L *%
S 5000 t &
S AL B 120 L
®© &
= kS
% 4000 ~ 8 100 -
O ~ c = 1
SE o £
8 £ 3000 | OSham 05, 80
()] E a
£a m6-OHDA E &
= S
=) B 60 ~
@ 2000 | »
— T 40t
& &
1000
o 20
0 0
Saline-injected Formalin-injected Saline-injected
C
1000
*% *%
c
2 800 ——
©
=
@
O ~ 600
S E
8 > OSham
EL 40 | m6-OHDA
—
)
7]
% 200
<
0

Saline-injected ~ Formalin-injected

Fig. 8. Changes in the serum OXT, AVP, and CRH concentrations.

OSham
m6-OHDA

(A) OXT: Formalin injection significantly increased OXT concentration in sham rats but had no effect in 6-OHDA rats.
The OXT concentration was lower in formalin-injected 6-OHDA rats compared to formalin-injected sham rats.

(B) CRH: Formalin injection significantly increased CRH concentration in sham rats, but no change was observed in
6-OHDA rats. CRH levels were lower in formalin-injected 6-OHDA rats compared to formalin-injected sham rats.

(C) AVP: Serum AVP concentration was significantly lower in 6-OHDA rats compared to sham rats, regardless of

formalin or saline injection.* p-value < 0.05, **p-value < 0.01.
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