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ABSTRACT

Pain is a major non-motor symptom of Parkinson’s disease (PD). The relationship between hyperalgesia and neuropeptides originating from paraventricular nucleus
(PVN) in 6-hydroxydopamine (6-OHDA) rats has already been investigated for oxytocin (OXT), but not yet for arginine vasopressin (AVP) and corticotropin-releasing
hormone (CRH). The present study aimed to investigate the alterations in these neuropeptides following nociceptive stimulation in PD model rats and to examine the
mechanisms of hyperalgesia. Dopaminergic nigrostriatal lesions were induced by injecting 6-OHDA into the medial forebrain bundle. Subcutaneous formalin in-
jection into the vibrissa pad was performed in rats as a nociceptive stimulus in the orofacial region. Dopamine depletion’s effect on nociception was assessed by
counting the p-ERK-immunoreactive (-IR) cells in the trigeminal spinal subnucleus caudalis (Vc). The PD model rats induced by 6-OHDA injection (6-OHDA rats)
showed a significantly higher number of p-ERK-IR cells in the Vc than the sham rats, confirming hyperalgesia in 6-OHDA rats. Then, we investigated the immu-
nohistochemical responses to OXT, AVP, and CRH cells in the PVN and examined the changes in blood levels of these neuropeptides. As a result, formalin injection
increased neuronal activity and blood levels of OXT and CRH in sham rats, but these were suppressed in the 6-OHDA rats. Contrarily, neuronal activity and blood
level of AVP were unaffected by nociceptive stimuli and were significantly lower in 6-OHDA rats than in sham rats. Our findings suggest that OXT and CRH sup-

pression is linked to hyperalgesia in PD, whereas AVP does not directly influence the observed hyperalgesia.

1. Introduction

Hyperalgesia is a common non-motor symptom in patients with
Parkinson’s disease (PD) [1-6]. Recent studies have shown that hyper-
algesia in PD patients is mainly associated with pathological changes in
the central nervous system, including the loss of dopaminergic neurons
and alterations in the pain modulation pathways [4,7]. More than half of
PD patients report chronic pain, including spontaneous pain and
hyperalgesia [1,2,4,6], which severely impact their quality of life and
are often clinically overlooked, leading to inadequate management and
treatment [2,8].

PD model rats induced by 6-hydroxydopamine (6-OHDA) injections
into the medial forebrain bundle (MFB) reportedly cause hyperalgesia
[3-6]. The altered neuronal activity in the paraventricular nucleus
(PVN) is reported to be associated with hyperalgesia in PD model rats
induced by 6-OHDA injection (6-OHDA rats) [4,9]. We have previously
demonstrated that the subcutaneous (SC) injection of formalin into the
vibrissa pad of 6-OHDA rats increased their face rubbing behavior and

* Corresponding author.

the number of c-Fos-immunoreactive (-IR) cells in the trigeminal spinal
subnucleus caudalis (Vc), indicating hyperalgesia [4-6]. Additionally,
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 these were suppressed in 6-OHDA rats [4]. We also reported that the
intracisternal administration of OXT alleviated hyperalgesia in 6-OHDA
rats, suggesting that the observed hyperalgesia could be caused by the
suppression of the analgesic effect of OXT originating from the PVN [4,
51.

The PVN contains neurosecretory cells that produce OXT, arginine
vasopressin (AVP), and corticotropin-releasing hormone (CRH), which
are neuropeptides known to have analgesic properties [10,11]. The
relationship between hyperalgesia and OXT originating from the PVN in
6-OHDA rats has already been investigated [4], but those for AVP and
CRH have not been examined yet [12,13]. Thus, the present study aimed
to investigate the immunohistochemical responses to 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
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examine the mechanisms underlying hyperalgesia in PD.
2. Materials and methods

2.1. Animals

Altogether, 24 male Wistar rats (Japan SLC, Inc., Shizuoka, Japan;
weight: 150-200 g) were used in the present study. The rats were housed
under a controlled environment with a 12-h dark/light cycle, with un-
restricted access to food and water. The study was approved by the
Osaka University Graduate School of Dentistry Animal Care and Use
Committee, and all experimental procedures adhered to the guidelines
outlined in the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

2.2. Induction of 6-OHDA lesions

The procedures for inducing 6-OHDA lesions in rats have been
described previously [4-6]. Briefly, the rats were anesthetized by the
intraperitoneal (IP) administration of a saline solution containing mid-
azolam (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). Unilateral nigrostriatal lesions were
introduced by administering 6-OHDA (Sigma, St. Louis, MO, USA; 15 pug
in 5 pl of sterile saline containing 0.01 % ascorbic acid) into their left
MFB (henceforth referred to as the ipsilateral side). The sham rats
received saline injections into the left MFB.

2.3. Rotational behavior test

At 2 weeks after 6-OHDA injection into the MFB (MFB injection), the
rats were placed in a cylindrical container (300 mm in diameter), and IP
administration of methamphetamine (3 mg/kg, Dainippon Sumitomo
Pharma Co., Ltd., Osaka, Japan) was performed to trigger a rotational
behavior. The animals exhibiting >5 turns/minute were referred to as 6-
OHDA rats [14].

2.4. Formalin SC injection

The rats were divided randomly into two groups as follows: formalin-
and saline-injected groups. At 3 weeks after the MFB injection, the rats
were anesthetized using IP sodium pentobarbital (50 mg/kg) and
received a 50-pl SC injection of 4 % formalin or saline into the vibrissa
pad on the ipsilateral side [4-6]. At 5 min after the SC injection, under
deep anesthesia with the IP injection of sodium pentobarbital, 3.0 ml of
blood was collected from the hearts of the rats, then they were perfused.

2.5. Immunohistochemistry

Intracardial perfusion was performed using 150-ml of 0.02 M
phosphate-buffered saline (PBS, pH 7.4) followed by 500-ml 4 % (w/v)
paraformaldehyde in PBS. The brains were then post-fixed at 4 °C for 24
h and afterwards transferred to 30 % sucrose in 0.01-M PBS at 4 °C for
48 h. Serial coronal sections were subsequently prepared at a 40-pm
thickness using a freezing microtome.

Immunoreactivity analyses for tyrosine hydroxylase (TH) in the
striatum and substantia nigra and for p-ERK in the Vc were performed
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[4-6]. The sections were incubated for 20 min with 0.3 % hydrogen
peroxide in methanol, followed by rising in PBS. The sections were
blocked for 30 min at room temperature (RT) with 1 % normal horse
serum (NHS, Vector Labs, Burlingame, CA, USA) and 0.1 % Triton X-100
in PBS. The sections were then incubated overnight at 4 °C with specific
primary antibodies, 1 % NHS and 0.1 % Triton X-100 in PBS; mouse
anti-TH antibody (1:8000 dilution, T2928, Sigma-Aldrich, St. Louise,
MO, USA) or mouse anti-p-ERK antibody (1:500 dilution, sc-136,521,
Santa Cruz Biotechnology, Inc., Dallas, Texas, USA). After the primary
antibodies incubations, the sections were rinsed in PBS and incubated
for 1 h at RT with a biotinylated horse anti-mouse antibody (1:200
dilution, Vector Labs, Burlingame, CA, USA). The sections were then
rinsed in PBS and incubated for 1 h with an avidin-biotin-peroxidase
complex (1:200, ABC Elite kit, Vector Labs). The sections were finally
treated with the DAB Substrate kit (Sigma-Aldrich), mounted on glass
slides, air-dried, dehydrated, and cover-slipped.

2.6. Double immunofluorescence

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 [4]. The sec-
tions were blocked for 1 h at RT with 10 % NGS and 0.3 % Triton X-100
in PBS. The sections were then incubated overnight at 4 °C with three
pattern of primary antibodies, 2 % NGS and 0.3 % Triton X-100 in PBS; a
mixture of rabbit anti-OXT antibody (1:1000, MAB5296, Merck Milli-
pore, Burlington, MA, USA) and mouse anti-p-ERK antibody (1:200
dilution, sc-136,521, Santa Cruz Biotechnology, Inc., Dallas, Texas,
USA) for the first pattern; a mixture of rabbit anti-AVP antibody (1:1000,
AB1565, Merck Millipore) and mouse anti-p-ERK antibody (1:200
dilution, sc-136,521) for the second pattern; a mixture of rabbit
anti-CRH antibody (1:500, C5348, Sigma-Aldrich) and mouse
anti-p-ERK antibody (1:200 dilution, sc-136,521) for the third pattern.
The sections were then rinsed in PBS and incubated for 2 h at RT with
secondary antibodies, which are a mixture of goat anti-rabbit Alexa
Fluor 488 (1:200, Invitrogen, Carlsbad, CA, USA) and goat anti-mouse
Alexa Fluor 568 (1:200, Invitrogen) and 2 % NGS in PBS. The sections
were finally rinsed in PBS, mounted on glass slides and coverslipped.
Negative control sections confirmed the specificity of staining, as
omission of primary antibodies resulted in no detectable labeling.

2.7. Cell counting

Anatomical locations within the Vc and PVN were identified based
on the Paxinos and Watson atlas [15]. Images were acquired using a
light microscope (BX51, Olympus, Tokyo, Japan) or a confocal laser
microscope (TCS SP8, Leica Microsystems) at 10x magnification. In
each rat, cell counts were performed on five sections in the Vc and three
sections in the PVN, following established methods [4-6]. The cell
number was counted by one examiner who was blinded to the experi-
mental 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 [4]:

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

number of OXT-, AVP-, or CRH-IR neurons

) % 100 (%)
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2.8. Serum concentration of OXT, AVP, and CRH

Experiments were conducted between 9 a.m. and 3 p.m. to control
for circadian rhythm effects. The serum samples were separated through
centrifugation (KITMAN-18, TOMY DIGITAL BIOLOGY Co. Ltd., Tokyo,
Japan) at 4 °C and 1600xg for 15 min and stored in aliquots at —70 °C
until analysis. The serum OXT, AVP, and CRH levels were quantified
using specific enzyme immunoassay kit (OXT: ADI-900-153A-0001,
Enzo Life Science Inc., NY, USA, AVP: ADI-900-017 A, Enzo Life Sci-
ence Inc., CRH: CEA835RA, CLOUD-CLONE CORP., TX, USA) [4].
Luminescence counts were measured using the iMark™ Microplate
Absorbance Spectrophotometer (Bio-Rad Laboratories Inc., CA, USA).

2.9. Statistical analysis

Data are expressed as mean + standard error. An unpaired t-test was
used to compare the difference in the immunohistochemical data after
formalin injection between the 6-OHDA and sham rats, while other re-
sults were analyzed using two-way analysis of variance followed by
Bonferroni’s test for multiple comparisons where relevant. All statistical
analyses were conducted with the statistical software, SPSS (IBM, Sta-
tistics ver. 24, IL, USA), and statistical significance was defined as p-
value < 0.05.

3. Results
3.1. 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. 1A (a and b)].
Contrarily, the 6-OHDA rats showed a significant decrease in TH
immunoreactivity in the striatum and substantia nigra ipsilateral to 6-
OHDA administration [Fig. 1A (c and d)].

3.2. p-ERK expression in the Vc

Immunohistochemical staining for p-ERK in the Vc (Fig. 1B) was
performed, and the number of p-ERK-IR cells in the superficial layers of
the Vc was counted. In the saline-injected group, the 6-OHDA and sham
rats showed no significant differences in the number of p-ERK-IR cells in
the Vc. However, in the formalin-injected group, the 6-OHDA rats
exhibited significant increase in the number of p-ERK-IR cells in the Ve
as compared to the sham rats (30.3 & 1.8 vs. 21.3 + 2.7, p-value < 0.05,
Fig. 1C).

3.3. 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. 2A, p-ERK-IR cells: a-d, OXT-IR cells: e-h, merged
images: i-1). 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)
= 19.717, p-value <0.01; Fig. 2B], whereas, in the 6-OHDA rats, no
significant difference was observed between the two groups (40.85 +
3.75 vs. 42.37 + 1.99; Fig. 2B). Moreover, in the formalin-injected
group, the percentage of OXT-IR neurons co-localized with p-ERK pro-
tein in the PVN was significantly lower in the 6-OHDA rats than in the
sham rats [F (1,20) = 17.197, p-value < 0.01; Fig. 2B].

3.4. 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. 2C, p-ERK-IR cells: a-d, CRH-IR cells: e-h, merged
images: i-1). In the sham rats, the percentage of CRH-IR neurons co-
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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)
= 14.263, p-value < 0.01; Fig. 2D], whereas, in the 6-OHDA rats, no
significant difference was observed between saline- and formalin-
injected groups (44.53 + 3.21 vs. 41.97 + 3.00; Fig. 2D). 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) = 24.08, p-value < 0.01; Fig. 2D].

3.5. 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. 3A, p-ERK-IR cells: a-d, AVP-IR cells: e-h, merged
images: i-1). In both the saline- and formalin-injected groups, the co-
localization rate was significantly lower in the 6-OHDA rats than in
the sham rats [saline-injected group: F (1,20) = 109.29, p-value < 0.01;
formalin-injected group: F (1,20) = 79.99, p-value < 0.01; Fig. 3B].

3.6. Effect of SC formalin injection on serum OXT concentration

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) = 6.57, p-value < 0.05, Fig. 4A]. Conversely, in the 6-OHDA
rats, no significant difference in serum OXT concentration was
observed between the saline- and formalin-injected groups (2040.26 +
78.88 vs. 2631.76 + 155.13, Fig. 4A). 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) = 14.077, p-value < 0.01;
Fig. 4A].

3.7. Effect of SC formalin injection on serum CRH concentration

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) = 19.266, p-value < 0.01, Fig. 4B]. Conversely, in the 6-OHDA
rats, no significant difference in serum CRH concentration was observed
between the saline- and formalin-injected groups (95.66 + 3.34
vs.88.89 + 4.56, Fig. 4B). 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) = 21.24, p-value < 0.01, Fig. 4B].

3.8. Effect of SC formalin injection on serum AVP concentration

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, p-value < 0.01;
formalin-injected group: F (1,20) = 14.61, p-value < 0.01, Fig. 4C]. In
both the sham and 6-OHDA rats, no significant difference was observed
between the saline- and formalin-injected groups [sham rats: (839.66 +
35.76 vs. 798.07 + 35.42; 6-OHDA rats: 672.43 £+ 26.41 vs. 630.79 £+
24.49; Fig. 4Q).

4. Discussion

OXT, AVP, and CRH are the neuropeptides known to be synthesized
in the PVN [10,11,16]. Both OXT and CRH exhibit analgesic effects and
are known to be enhanced by neuronal activity; their synthesis and
secretion are also promoted by nociceptive stimuli [4,17]. In the present
study, nociceptive stimuli enhanced the neuronal activity of producing
cells and increased the serum OXT and CRH levels in sham rats.
Contrarily, both the enhancement in neuronal activity and the increase
in the serum concentrations of OXT and CRH 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 and
resulting in hyperalgesia. However, there were no changes in AVP serum
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Fig. 1. Effect of 6-hydroxydopamine (6-OHDA) injection and response to formalin injection into the vibrissa pad. (A) No alterations in TH immunoreactivity were
detected on the saline-injected side within the (a) striatum and (b) substantia nigra. However, a reduction in TH immunoreactivity was noted in the (c) striatum and
(d) substantia nigra on the 6-OHDA-injected side. (B) Photomicrographs of the immunohistochemical staining of p-ERK in the trigeminal spinal subnucleus caudalis

in the (a, c) saline-injected and (b, d) formalin-injected groups. (C) In the formalin-injected group, the number of p-ERK-immunoreactive (-IR) cells was significantly
higher in the 6-OHDA rats than in the sham rats. *p-value < 0.05.
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Fig. 2. Co-expression of p-ERK and oxytocin (OXT), and p-ERK and corticotropin-releasing hormone (CRH) in the PVN. (A) Photomicrographs of p-ERK-IR cells
(a—d), OXT-IR cells (e-h) in the PVN, and merged images (i-1). (B) Changes in the percentage of OXT-IR neurons co-localized with p-ERK protein in the PVN. **p-value
< 0.01. (C) Photomicrographs of p-ERK-IR cells (a-d), CRH-IR cells (e-h) in the PVN, and merged images (i-1). (D) Changes in the percentage of CRH-IR neurons co-

localized with p-ERK protein in the PVN. **p-value < 0.01.

concentrations or neuronal activity in response to nociceptive stimuli in
both sham and 6-OHDA rats. This suggests that AVP is unaffected by
nociceptive stimuli and may not be involved in PD-associated
hyperalgesia.

There are various theories regarding the analgesic mechanism of
OXT. OXT is known to exhibit 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 [4,18,19]. This activation promotes the release
of opioids within these areas, thereby inhibiting pain transmission
[20-22]. Additionally, OXT enhances the analgesic effects by promoting
the release of endogenous opioid peptides, such as p-endorphins [22].
OXT also reduces the inflammatory responses, alleviating
inflammation-related pain, which is a process associated with the inhi-
bition of pro-inflammatory factors, such as tumor necrosis factor-alpha
and interleukin-6 [19,20]. Furthermore, OXT influences pain percep-
tion by modulating the brain regions associated with emotional pro-
cessing, including the prefrontal cortex and amygdala, particularly

affecting emotional pain [21].

CRH plays a key role in the body’s stress response by activating the
hypothalamic-pituitary-adrenal axis, which leads to the release of glu-
cocorticoids [12,13]. These glucocorticoids alleviate pain by reducing
inflammation and increasing pain tolerance, a mechanism often referred
to as stress-induced analgesia [13,17]. Additionally, CRH is known to
modulate the endogenous opioid system and activate the descending
pain pathways, leading to enhanced pain inhibition [17,23]. Further-
more, although CRH is known to reduce pain during acute stress, the
prolonged release of CRH during chronic stress may actually heighten
pain perception [12,24]. 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 [12,24]. To confirm
the involvement of suppressed OXT and CRH synthesis or secretion in
PD-related hyperalgesia, behavioral experiments involving the OXT and
CRH administrations are necessary.

Regarding AVP in PD patients, PD patients are known to have low
AVP levels, which tend to cause urinary incontinence [25,26]. This
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the formalin-injected 6-OHDA rats than in the formalin-injected sham rats. (B) In the sham rats, the CRH concentration was significantly higher in the formalin-
injected group than in the saline-injected group. However, no significant difference was found between the two groups in the 6-OHDA rats. In the formalin-
injected groups, the CRH concentration was significantly lower in the 6-OHDA rats than in the sham rats. (C) 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. No significant difference in the AVP concentration was observed
between the saline- and formalin-injected groups in either the sham or 6-OHDA rats. * p-value < 0.05, **p-value < 0.01.
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decrease is considered to be caused by the renin-angiotensin (AT)
—aldosterone system, which regulates AVP synthesis and release [25].
There are three subtypes of AT receptors in the brain, with the AT1 re-
ceptor being predominantly distributed in the striatum and substantia
nigra, which control the AVP release [8]. In PD patients, the damage to
the striatum and substantia nigra affects the function of the AT1 re-
ceptor, thereby influencing AVP synthesis and secretion [8]. In this
study, the neuronal activity and serum concentration of AVP did not
change in response to the noxious stimuli in either the sham or 6-OHDA
rats, and they consistently remained lower in PD rats. These results are
consistent with the findings of previous studies reporting low AVP levels
in PD patients [25], suggesting that AVP does not directly affect
hyperalgesia in PD rats. Given that AVP receptors are known to exert
analgesic effects in coordination with opioids and CRH [27], the reduced
AVP levels in PD rats may lead to alterations in the AVP receptors,
potentially affecting the analgesic pathways. However, further research
is required to investigate the changes in AVP receptors in PD rats.

In 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 methods to alleviate hyperalgesia.
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