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Attenuation of hyperalgesia responses
via the modulation of 5-hydroxytryptamine
signalings in the rostral ventromedial
medulla and spinal cord in a
6-hydroxydopamine-induced rat
model of Parkinson’s disease

Chen-Tao Wang1,2, Cheng-Jie Mao1, Xiao-Qi Zhang2,
Cai-Yi Zhang1, Dong-Jun Lv1,2, Ya-Ping Yang1, Kai-Lin Xia2,
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Abstract

Background: Although pain is one of the most distressing non-motor symptoms among patients with Parkinson’s disease,

the underlying mechanisms of pain in Parkinson’s disease remain elusive. The aim of the present study was to investigate the

role of serotonin (5-hydroxytryptamine) in the rostral ventromedial medulla (RVM) and spinal cord in pain sensory abnorm-

alities in a 6-hydroxydopamine-treated rat model of Parkinson’s disease.

Methods: The rotarod test was used to evaluate motor function. The radiant heat test and von Frey test were conducted to

evaluate thermal and mechanical pain thresholds, respectively. Immunofluorescence was used to examine 5-hydroxytrypta-

mine neurons and fibers in the rostral ventromedial medulla and spinal cord. High-performance liquid chromatography was

used to determine 5-hydroxytryptamine and 5-hydroxyindoleacetic acid levels.

Results: The duration of running time on the rotarod test was significantly reduced in 6-hydroxydopamine-treated rats.

Nociceptive thresholds of both mechanical and heat pain were reduced compared to sham-treated rats. In addition to the

degeneration of cell bodies and fibers in the substantia nigra pars compacta, the number of rostral ventromedial medulla

5-hydroxytryptamine neurons and 5-hydroxytryptamine fibers in the spinal dorsal horn was dramatically decreased.

5-Hydroxytryptamine concentrations in both the rostral ventromedial medulla and spinal cord were reduced.

Furthermore, the administration of citalopram significantly attenuated pain hypersensitivity. Interestingly, Intra-rostral ven-

tromedial medulla (intra-RVM) microinjection of 5,7-dihydroxytryptamine partially reversed pain hypersensitivity of 6-hydro-

xydopamine-treated rats.

Conclusions: These results suggest that the decreased 5-hydroxytryptamine contents in the rostral ventromedial medulla

and spinal dorsal horn may be involved in hyperalgesia in the 6-hydroxydopamine-induced rat model of Parkinson’s disease.
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Background

Parkinson’s disease (PD) is a common neurodegenerative
disease in the elderly. Although its cardinal symptoms are
tremor, rigidity, akinesia, and postural instability, several
non-motor symptoms such as depression, constipation,
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and sleep disturbances significantly reduce quality of life
in patients with PD.1,2 Pain is one of the most distressing
non-motor symptoms of PD.3–6 Its prevalence in PD has
been reported to range from 40% to 85%.7

Despite its impact, pain in PD is often treated inad-
equately because the underlying mechanisms remain elu-
sive. A relationship between the dopaminergic system
and pain in both healthy subjects and patients suffering
from some pain conditions has been reported.8,9

Moreover, an effect of L-3,4-dihydroxyphenylalanine
on pain threshold has also been demonstrated in patients
with PD-related pain.10–12 However, not all studies have
found an association between pain threshold and L-3,4-
dihydroxyphenylalanine.13,14 In addition, Dellapina
et al.15 have demonstrated that apomorphine has no
influence on the pain threshold in patients with PD.
Therefore, it remains unclear whether impairment of
the dopaminergic system is associated with PD-related
pain. Although subthalamic nucleus deep brain stimula-
tion has been reported to relieve PD-related pain, new
types of pain develop in patients with PD-related pain
postoperatively,16–18 suggesting the possibility that other
anatomic structures besides the basal ganglia are
involved in the pathophysiology of pain in PD.

According to Braak’s staging of PD, the rostral
ventromedial medulla (RVM), which comprises the
nucleus raphe magnus and gigantocellular reticular
nucleus, can be affected early in PD.19 This anatomic
structure has been suggested to be the last relay station
for top-down descending control of pain20 and can exert
both inhibitory and facilitatory actions on pain modula-
tion via various transmitter-receptor pathways.21–26

Among these pathways, the descending 5-hydroxytrypta-
mine (HT) pathway originating from the RVM has been
extensively investigated, and a facilitatory role of this
pathway in pain under pathological conditions has been
increasingly recognized.27,28 In addition, 5-HT within the
RVM has been reported to regulate the activity of pain-
modulating neurons in the RVM and participate in the
analgesic effect of morphine.29–31 The aim of the present
study, therefore, was to determine the roles and possible
mechanism of 5-HT in the RVM in the occurrence of pain
in a rat model of PD. Here, we showed that 5-HT con-
tents in the RVM and spinal dorsal horn were decreased
in 6-hydroxydopamine (OHDA)-induced PD rat model,
and these alterations are correlated with hyperalgesia in
this rat model. Our study might provide a novel mechan-
ism or therapeutic strategy for pain in patients with PD.

Methods

Animals

Adult male Sprague Dawley rats (200� 10 g) were
housed (five rats per cage) in a temperature-controlled

room (22�C–25�C) illuminated from 08:00 a.m. to
20:00 p.m. Food and water were available ad libitum.
All animal care and procedures were approved by and
performed according to the guidelines of the Animal Use
and Care Committee of Soochow University. The rats
were provided with care and handling to ameliorate suf-
fering in accordance with the guidelines of the
International Association for the Study of Pain.

6-OHDA-induced PD rat model and rotarod test

Rats were deeply anesthetized with 4% chloral hydrate
(400mg/kg, i.p.) and placed in a Stoelting stereotaxic
apparatus (Stoelting Co., Kiel, WI, USA). According
to a rat brain atlas, 6-OHDA (Sigma, St. Louis, MO,
USA), which was dissolved in saline (16 mg/8ml two
side) was injected into the bilateral SNpc at a rate of
0.5 ml/min using a 10 -ml Hamilton syringe. The coordin-
ates for the bilateral SNpc were �5.3mm anteroposter-
ior, �1.0mm mediolateral, and �7.8mm dorsoventral
(from the dura) from the bregma.32 The syringe was
left in the SNpc for 4min and then slowly retracted.
Two weeks after surgery, the rotarod test was performed
using the Rotarod system (ZH-300, Zhenghua, Anhui
Province, China) to test motor function. Each rat was
trained for three consecutive days (three times per day)
with the speed of the rotor accelerated from 4 to 25 r/min
at a rate of 0.5 r/min. After the last training session, rats
were tested three times at a speed of 25 r/min, and the
longest duration of running time was recorded.

Drug treatments

5,7-DHT at two different volumes (100mg, 10 or
100 mg/ml) was microinjected into the RVM to induce
5-HT neuronal lesions. Rats were randomly assigned to
one of four groups for these experiments: (1) sham with
vehicle injection; (2) sham with 5,7-DHT injection; (3)
6-OHDA with vehicle injection; and (4) 6-OHDA with
5,7-DHT injection. Microinjections were administered
four weeks after surgery; rats receiving saline (10 or
1 ml) were used as control. To avoid noradrenergic
(NE) neuronal lesions, we pre-treated rats with desipra-
mine (20mg/kg, i.p.), an inhibitor of neuronal NE reup-
take, 30min before 5,7-DHT or saline microinjection.

Citalopram (20mg, 4 or 20 mg/ml dissolved in saline)
was microinjected into the RVM to enhance extracellular
5-HT levels. Rats were randomly assigned to one of four
groups for these experiments: (1) sham with vehicle injec-
tion, (2) sham with citalopram injection, (3) 6-OHDA
with vehicle injection, and (4) 6-OHDA with citalopram
injection. Microinjections were administered four weeks
after surgery; rats receiving saline (5 or 1 ml) were used as
control. Similarly, citalopram (100 mg, 20 mg/ml dissolved
in saline) was intrathecally injected into the spinal cord
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to enhance 5-HT levels. Rats were randomly assigned to
one of four groups for these experiments: (1) sham with
vehicle injection (n¼ 4), (2) sham with citalopram injec-
tion (n¼ 4), (3) 6-OHDA with vehicle injection (n¼ 4),
and (4) 6-OHDA with citalopram injection (n¼ 4).
Intrathecal injections were administered four weeks
after surgery; rats receiving saline (5 ml) were used as
control.

Immunofluorescence

Rats were anesthetized with 4% chloral hydrate and per-
fused with saline and 4% paraformaldehyde. Brains were
removed and post-fixed overnight in 4% paraformalde-
hyde. After dehydration with 15% sucrose and 30%
sucrose, midbrain sections containing the SNpc were sec-
tioned at 20 mm on a cryostat (Leica, Wetzlar, Germany).
The RVM as well as the L4–L6 lumbar spinal cord were
sectioned at 35 mm. Endogenous peroxidase activity was
inactivated with 0.3% H2O2 for 30min. After washing
with phosphate-buffered saline, sections were incubated
in 2% bovine serum albumin/0.1% Triton X-100 in
0.1M phosphate-buffered saline for 1 h, followed by
incubation with primary antibodies against proteins of
interest: nigra substance with mouse anti-TH antibody
(1:1000, Sigma, St. Louis, USA); RVM and spinal cord
with rabbit anti-5-HT antibody (1:1000, Sigma) at 4�C
overnight. Slides then were incubated with anti-mouse
Alexa488 secondary antibody or anti-rabbit Alexa488
secondary antibody for 1 h at room temperature. In add-
ition to routine immunofluorescence staining, TdT-
mediated dUTP-biotin nick end labeling was performed
to identify apoptotic cells in the RVM with a commer-
cially available kit (Beyotime, Nantong, China). Sections
were observed and photographed using a Zeiss micro-
scope (AXIO SCOPE A1, Zeiss Corp, Goettingen,
Germany). The number of RVM 5-HT neurons was
counted in one out of every neighboring three sections
by two researchers blind to the treatment condition.

RVM in vivo microdialysis

Rats were anesthetized with 4% chloral hydrate (400mg/
kg, i.p.) and placed in a Stoelting stereotaxic apparatus.
A microdialysis guide cannula (CMA, Kista, Sweden)
was implanted into the RVM at �10.5mm anteroposter-
ior, 0mm mediolateral, and 9.0mm dorsoventral from
the bregma.28 Twenty-four hours after surgery, a micro-
dialysis probe (2-mm sensor tip, CMA, Kista, Sweden)
inserted into the cannula, and the RVM was perfused
with artificial cerebrospinal fluid (aCSF, 125mM NaCl,
2.5mM KCl, 2mM CaCl2, 1.3mM MgCl2, 1.3mM
NaH2PO4, 25mM NaHCO3, and 10mM glucose) at a
constant flow rate of 2 ml/min via microinjection pump
(CMA). Samples were collected from freely moving rats

in 20-min intervals for 120min. Collected dialysate sam-
ples were measured by HPLC.

HPLC analysis of 5-HT and its metabolites 5-HIAA,
DA and its metabolites DOPAC

To detect the level of 5-HT and its metabolite 5-HIAA,
DA and its metabolites DOPAC in spinal cord, spinal
cord was homogenized with 4% perchloric acid and cen-
trifuged. The supernatant liquid was filtered. HPLC with
an electrochemical detector (Antec, Zoeterwoude,
Netherlands) was used. Samples of RVM or spinal
cord were measured with a mobile phase containing:
100mM NaH2PO4, 0.74mM sodium octanesulfonate,
0.027mM EDTA-Na2, 2mM KCl, and 15% (vol/vol)
methanol (pH¼ 3.32). A C18 chromatographic column
(2.1mm� 100mm, 3 mm, Antec) was used to analyze the
qualitative and quantitative content of neurotransmitter,
and the column temperature was kept at 30�C. Solvent
was delivered at 0.20ml/min using an HPLC pump.

Western blotting

Protein from striatal tissues was homogenized in lysis
buffer (150mM NaCl, 25mM Tris, 5mM EDTA, 1%
Nonidet P-40; pH 7.5) with protease inhibitor cocktail
tablets (Roche Diagnostics, Penzberg, Germany). The
lysates were centrifuged at 13,200 g for 15min at 4�C,
and the concentration of protein in each supernatant
was determined using a bicinchoninic acid assay
(Pierce, Rackford, IL, USA). Forty microgram aliquots
were separated by 10% sodium dodecyl sulfate-polyacry-
lamide gels and transferred onto polyvinylidene fluoride
membranes (Millipore, Bedford, MA, USA). The mem-
branes were blocked in 5% (w/v) fat-free dry milk in
0.1% Tris buffered saline/Tween 20 for 1 h and incu-
bated with primary mouse anti-TH antibody (1:5000,
Sigma T1299) and mouse anti-b-actin antibody
(1:8000, Sigma) at 4�C overnight. Membranes were
briefly washed and incubated with IRDye 680 CS-con-
jugated anti-mouse secondary antibody for 1 h.
Immunoreactive bands were obtained by Odyssey CLx
(LI-COR Biosciences, Lincoln, NE, USA).
Densitometric analysis was performed using ImageJ soft-
ware (National Institute of Health, USA).

Pain behavior test

Mechanical allodynia. Rats were acclimatized in an individ-
ual animal enclosure chamber for at least 1 h. Von Frey
filaments (Aesthesio, DanMic Global, San Jose, CA,
USA) were used to test hind paw mechanical withdrawal
threshold (PWT) changes. A series of calibrated von
Frey filaments (1, 1.4, 2, 4, 6, 8, 10, 15, 26, and 60 g)
were applied perpendicularly to the plantar surface of
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the rat hind paw with sufficient force to bend the fila-
ments for 30 s or until the rat withdrew. In the presence
of a response, the next lower filament force was applied.
In the absence of a response, the next greater filament
force was applied. To avoid potential injury, the cutoff
strength of the von Frey filaments was set at 60 g. The
filament force was recorded when the same force induces
withdrawal of the paw three consecutive times as
described previously in literature.33

Thermal hyperalgesia test. Thermal hyperalgesia of the rat
paw was measured as previously described in literature.34

The intensity of thermal stimulus applied to the left paw
was adjusted to 50% light intensity for the radiant heat
source (IITC/Life Science Instruments, Woodland Hills,
CA, USA). The heat beam was turned off once the
animal started to withdraw its paw. The time between
the start of the beam and a functional response was
defined as the response latency.

Retrograde labeling of the SNpc

Five rats were deeply anesthetized with 4% chloral
hydrate (400mg/kg, i.p.), placed in a Stoelting stereo-
taxic apparatus, and retrogradely labeled with
FluoroGoldTM (Fluorochrome, LLC, Denver, CO,
USA), which was dissolved in physiological saline solu-
tion to a final concentration of 4% w/v. FG solution (4%
w/v, 0.2ml) was injected into the bilateral SNpc at a rate
of 0.05 ml/min via a 10 -ml Hamilton syringe. The syringe
was left in the SNpc for 4min before slowly retracting
the syringe to allow for toxin diffusion and to prevent
toxin reflux.

Statistical analysis

Data were analyzed using GraphPad Prism 5 (GraphPad
Software, La Jolla, CA, USA). The results are presented
as the mean� standard error of the mean (SEM).
Differences between two groups were determined by stu-
dent’s t test. Differences across multiple groups were
determined by one-way analysis of variance followed
by Tukey’s post-hoc test. P< 0.05 was considered statis-
tically significant for all tests.

Results

Decreased thermal and mechanical pain thresholds in
6-OHDA-induced PD rat model

In the present study, we first confirmed the 6-OHDA-
induced PD model by immunohistochemistry, Western
blotting, and behavioral testing. Bilateral injection of 6-
OHDA caused significant degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc)

(Figure 1(a)). The protein level of tyrosine hydroxylase
(TH) was also decreased in the striatum of 6-OHDA-
treated rats compared to sham rats (Figure 1(b) and
(c)). Compared to sham rats, rotarod retention time
was significantly reduced in 6-OHDA-treated rats started
from the second week after injection of 6-OHDA
(Figure 1(d)). These results indicate that a 6-OHDA-
induced PD rat model was successfully established.

Next, we used two nociceptive behavioral tests to
measure thermal and mechanical pain thresholds in
sham and 6-OHDA-treated rats. Compared to sham
rats, thermal pain threshold (paw withdrawal latency)
was significantly reduced in 6-OHDA-treated rats at
time points of two and four weeks after surgery
(Figure 1(e)). The mechanical pain threshold (PWT)
was reduced in 6-OHDA-treated rats four weeks after
surgery (Figure 1(f)). These results suggest that the PD
rat model induced by bilateral lesions of the SNpc dis-
plays thermal and mechanical pain hypersensitivity.

Since recent evidence showed the contribution of
brain dopaminergic system to central mechanisms of
anti-nociception and the involvement of its deficit in per-
sistent pain in animal models,35,36 we therefore detected
the level of dopamine (DA) and its metabolite 3,4-dihy-
droxyphenylacetic acid (DOPAC) in the spinal cord
dorsal horn. The results showed that there was no sig-
nificant difference between sham and 6-OHDA group
(Figure 1(g) and (h)). Furthermore, the ratio of
DOPAC to DA, which means the DA turnover, also
appeared no significant difference between sham and
6-OHDA group (Figure 1(i)). These results suggest that
dopaminergic system in spinal cord may not contribute
to the thermal and mechanical hypersensitivity in the rat
model of PD.

Impaired 5-HT content in the raphe nuclei in the
6-OHDA-induced PD rat model

To determine the alterations of 5-HT neurons in the
RVM in the 6-OHDA-induced PD rat model, we exam-
ined the number of 5-HT neurons in the RVM via
immunofluorescence. 5-HT neurons were found
throughout the RVM in both sham and 6-OHDA-trea-
ted rats. However, the number of 5-HT neurons in the
RVM was significantly reduced from 45.6� 1.9 in sham
group to 30.8� 2.3 in 6-OHDA-treated rats (Figure 2(a)
and (b)). In addition, changes of 5-HT neurons in dorsal
raphe nucleus (DR) were also examined. The number of
5-HT neurons in the DR was decreased in 6-OHDA-
treated rats (Figure 2(c) and (d)). To focus on the role
of 5-HT in the RVM in the hyperalgesia of 6-OHDA-
treated rats, microdialysis was used to determine the
extracellular concentrations of 5-HT and 5-hydroxyindo-
leacetic acid (HIAA) in the RVM. Both extracellular
5-HT and 5-HIAA concentrations in the RVM were
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significantly lower in 6-OHDA-treated rats compared to
sham rats (Figure 2(e) and (f)). These results indicate
that the 5-HT content in the RVM is decreased in the
6-OHDA-induced PD rats.

In order to detect whether only 5-HT-containing neu-
rons are lost in the RVM after 6-OHDA treatment, the
immunostainings of GABA-immunoreactive (GABA-
IR), mu-opioid receptor-immunoreactive (MOR-IR),
and neuronal death marker TdT-mediated dUTP-biotin
nick end labeling in the RVM of sham and PD rats were
performed. The number of apoptosis neurons in the RVM
of PD ratswas similar to that of sham rats (Figure 3(a) and
(b)). The number of GABA-IR and MOR neurons in the
RVM of naı̈ve rats was comparable to that of PD rats
(Figure 3(c) to (f)). These results suggest that the micro-
injection of 6-OHDA into SNpc may not lead to the neur-
onal loss of GABA-IR and MOR neurons in the RVM.

The loss of 5-HT-containing neurons may be due to its
ability to take inDAprecursor by serotonin transporter.37

Decreased 5-HT content in the spinal dorsal horn
in the 6-OHDA-induced PD rat model

Since 5-HT neurons in the RVM project to dorsal spinal
cord, we next examined whether spinal 5-HT nerve fibers
were decreased in 6-OHDA-induced PD rats. The density
of 5-HT nerve fibers was significantly lower at spinal cord
at levels L4–L6 in 6-OHDA-treated rats when compared
to sham-treated rats (Figure 4(a) and (b)). We detected
5-HT content in spinal cord at L4–L6 levels via high-
performance liquid chromatography (HPLC). 5-HT
concentration was significantly lower in 6-OHDA-
treated rats than sham-treated rats (Figure 4(c)).
However, 5-HIAA concentration was not significantly

Figure 1. Decrease in thermal and mechanical thresholds in 6-OHDA-treated rats. (a) Visualization of loss of dopaminergic neurons by

tyrosine hydroxylase (TH) immunostaining in the substantia nigra (SN). (b) and (c) A representative western blot image using a TH antibody

(n¼ 3 for each group, **P< 0.01 unpaired t test). (d) Motor performance was significantly decreased (***P< 0.001, unpaired t test) in 6-

OHDA-treated rats (n¼ 18) compared to sham-treated rats (n¼ 17). (e) Hind paw withdrawal latency (PWL) to thermal stimulation was

significantly reduced (*P< 0.05, **P< 0.01, two-way analysis of variance with Bonferroni’s post-hoc test) in 6-OHDA-treated rats (n¼ 8)

compared to sham-treated rats (n¼ 7) two weeks after surgery. (f) Paw withdrawal threshold (PWT) in the von Frey test was significantly

decreased (*P< 0.05, two-way analysis of variance with Bonferroni’s post-hoc test) in 6-OHDA-treated rats (n¼ 8) compared to sham-

treated rats (n¼ 7) four weeks after surgery. (g) to (i) The dopaminergic system in spinal cord was not altered in 6-OHDA-treated rats

(n¼ 4) compared to sham rats (n¼ 4).
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decreased (Figure 4(d)). Taken together, these results sug-
gest that 5-HT content in the spinal dorsal horn is
decreased in the 6-OHDA-induced PD rats.

Administration of citalopram attenuated hyperalgesia
in the 6-OHDA-induced PD rats

To verify whether decreased 5-HT content within the
RVM was correlated with hyperalgesia in the 6-OHDA-
induced PD rats, intra-RVM microinjection of citalo-
pram was performed. Citalopram was used to increase
extracellular 5-HT concentrations. At the very beginning,
we adopted 5 ml as the injection volume for citalopram
(thermal pain test: n¼ 4 for each group; mechanical
pain test: n¼ 8 for sham, 6-OHDA and 6-OHDAþ
citalopram group, respectively, n¼ 5 for shamþ
citalopram). Considering this dose may be so large that
the drug may spread out of the RVM, we then changed

the injection volume to 1 ml (thermal pain test: n¼ 4 for
sham, n¼ 3 for 6-OHDA, 6-OHDAþ citalopram and
shamþ citalopram group, respectively; mechanical pain
test: n¼ 4 for each group). The results of two doses are
similar so we pooled these data together and analyzed.
The thermal pain threshold was significantly reversed at
day 3 after citalopram injection in 6-OHDA-treated rats
(Figure 5(a)), whereas the mechanical pain threshold was
not significantly altered (Figure 5(b)). These results sug-
gest that decreased 5-HT content within the RVM is cor-
related with hyperalgesia in the 6-OHDA-induced
PD rats.

To determine the role of decreased 5-HT level in the
spinal dorsal horn in hyperalgesia in the 6-OHDA-
induced PD rat model, intrathecally injection of
citalopram was carried out. As expected, thermal pain
threshold was significantly enhanced starting 3 h after
injection, and this effect lasted approximately 9 h

Figure 2. Impaired 5-HT content in the raphe nuclei in 6-OHDA-treated rats. (a) and (b) 5-HT neuronal loss in the RVM of 6-OHDA-

treated rats (n¼ 6 for each group, ***P< 0.001, unpaired t test). (c) and (d) 5-HT neuronal loss in the DR of 6-OHDA-treated rats (n¼ 3

for each group, *P< 0.05, unpaired t test). (e) and (f) Extracellular 5-HTand 5-HIAA concentration in the RVM was significantly lower in 6-

OHDA-treated rats compared to sham-treated rats (n¼ 3 for each group, *P< 0.05, unpaired t test).
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(Figure 5(c)). Similarly, mechanical pain threshold was
significantly elevated starting 12 h after injection
(Figure 5(d)). These results confirm that the decrease 5-
HT level at the spinal dorsal horn is involved in the
hyperalgesia in the 6-OHDA-induced PD rats.

Intra-RVM microinjection of 5,7-dihydroxytryptamine
partially reversed pain hypersensitivity

Since the descending 5-HT pathway originating from
the RVM has been extensively investigated, and a facili-
tatory role of this pathway in pain under pathological
conditions has been increasingly recognized,27,28 we
then microinjected 5,7-dihydroxytryptamine (5,7-DHT)
into the RVM to induce 5-HT neuronal lesions. At the
very beginning, we adopted 10 ml as the injection

volume for 5,7-DHT (thermal pain test: n¼ 7 for each
group; mechanical pain test: n¼ 6 for each group).
Considering this dose may be so large that the drug
may spread out of the RVM, we then changed the
injection volume to 1 ml (thermal pain test: n¼ 3 for
sham and 6-OHDA group, respectively, n¼ 4 for
shamþ 5,7-DHT and 6-OHDAþ 5,7-DHT group,
respectively; mechanical pain test: n¼ 4 for each
group). Since the results of two doses are similar so
we pooled the data together and analyzed. Thermal
and mechanical pain thresholds were significantly
reversed on day 9 after 5,7-DHT injection into 6-
OHDA-treated rats (Figure 6(a) and (b)). Although
RVM injection did not produce significant effect on
paw withdrawal latency of control rats, it greatly
reduced the PWT of control rats. These results indicate

Figure 3. Immunostaining of neuronal death marker, MOR-IR, and GABA-IR in the RVM of sham and PD rats. (a) and (b) The neuronal

death marker detected by TUNEL Apoptosis Assay Kit (n¼ 3 for each group, unpaired t test). (c) and (d) The number of GABA-IR neurons

in the RVM of sham rats was comparable to that of PD rats (n¼ 5 for each group, unpaired t test). (e) and (f) The number of MOR-IR

neurons in the RVM of sham rats was comparable to that of PD rats (n¼ 3 for each group, unpaired t test).
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that the impaired descending 5-HT pathway from the
RVM is involved in hyperalgesia in the PD rats.

RVM neurons receiving input from SNpc were not 5-
HT positive neurons

To verify whether 5-HT neuronal loss in the RVM was
caused directly by 6-OHDA toxicity, we examined the
connections between RVM and SNpc of control rats.
FluoroGold was injected into the bilateral SNpc of con-
trol rats (Figure 7(a)). Although FluoroGold retrograde
labelings were observed in RVM cells (Figure 7(b) left),
no labeled cells demonstrated 5-HT immunoreactivity
(Figure 7(b) right). These results are suggest that neurons
in RVM receiving SNpc input not 5-HT positive
neurons.

Discussion

In this study, we showed that the rat model of PD
induced by lesions of dopaminergic neurons in the
SNpc manifested more sensitive nociceptive behavior
when thermal or mechanical stimulation was introduced.
6-OHDA-treated rats exhibited lower PWTs in the von
Frey test compared to sham-treated rats. This result

indicates that hyperalgesia to mechanical stimulation
was elicited by 6-OHDA injection, which is consistent
with a previous report in which the administration of
6-OHDA increased nociceptive response to mechanical
stimulation.38 6-OHDA-treated rats also exhibited a
shorter pain latencies to thermal stimulation compared
to sham-treated rats, suggesting altered behavioral
responses to thermal stimulation, which is consistent
with a previous study in which a unilateral lesion of
the SNpc was induced by 6-OHDA.39

The mechanism underlying pain in PD remains elu-
sive, and thus no effective therapies for PD-related pain
exist. Although the loss of DA neurons in the SNpc is the
classic pathological characteristic of PD, studies investi-
gating the effects of DA replacement therapy on pain
threshold have yielded conflicting results.11–14 In add-
ition, a clinical study showed that apomorphine had no
effect on pain thresholds or pain-induced cerebral activ-
ities in patients with PD.15 Together, these findings indi-
cate that the mechanisms underlying PD-related pain
may involve substrates other than DA. In support of
this hypothesis, a clinical study showed that duloxetine,
a serotonin-norepinephrine reuptake inhibitor, relieved
pain in patients with PD.40 Consistent with this study,
another recent clinical study showed that reductions of

Figure 4. Decreased 5-HT content in the spinal dorsal horn in 6-OHDA-treated rats. (a) and (b) The density of 5-HT-immunoresponsive

nerve fibers at spinal levels L4–L6 was significantly lower in 6-OHDA-treated rats (n¼ 3) compared to sham-treated rats (n¼ 4, *P< 0.05,

unpaired t test). (c) 5-HT concentration was significantly lower (*P< 0.05, unpaired t test) at spinal levels L4–L6 in 6-OHDA-treated rats

(n¼ 3) compared to sham-treated rats (n¼ 4). (d) 5-HIAA concentration did not alter in 6-OHDA-treated rats (n¼ 3) compared to sham-

treated rats (n¼ 4).
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Figure 5. Administration of citalopram attenuated hyperalgesia in 6-OHDA-treated rats. (a) Intra-RVM microinjection of citalopram

ameliorated 6-OHDA-induced thermal hyperalgesia (n¼ 8 for sham, n¼ 7 for 6-OHDA, shamþ citalopram and 6-OHDAþ citalopram

group, respectively, ***P< 0.001 versus sham;
###

P< 0.001 versus 6-OHDA, one-way analysis of variance and Tukey’s post-hoc test).

(b) 6-OHDA-induced mechanical hyperalgesia was not altered after intra-RVM microinjection of citalopram (n¼ 12 for sham, 6-OHDA and

6-OHDAþ citalopram, resepectively, n¼ 9 for shamþ citalopram, **P< 0.01 versus sham, one-way analysis of variance and Tukey’s post-

hoc test). (c) and (d) Intrathecal injection of citalopram ameliorated 6-OHDA-induced thermal and mechanical hyperalgesia (n¼ 4 for each

group, *P< 0.05, **P< 0.01 versus sham-treated rats; #P< 0.05 versus 6-OHDAþ citalopram-treated rats, two-way analysis of variance

and Tukey’s post-hoc test).

Figure 6. Intra-RVM microinjection of 5,7-dihydroxytryptamine (5,7-DHT) partially reversed pain hypersensitivity. (a) Intra-RVM

microinjection of 5,7-DHT ameliorated 6-OHDA-induced thermal hyperalgesia (n¼ 10 for sham and 6-OHDA, respectively; n¼ 11 for

shamþ 5,7-DHT and 6-OHDAþ 5,7-DHT, respectively, ***P< 0.001 versus sham;
##

P< 0.01 versus 6-OHDA, one-way analysis of variance

and Tukey’s post-hoc test). (b) 6-OHDA-induced hyperalgesia to mechanical stimuli was ameliorated by intra-RVM microinjection of 5,7-

DHT (n¼ 10 for each group, ***P< 0.001 versus sham; ### P< 0.001 versus 6-OHDA, one-way analysis of variance and Tukey’s post-hoc

test). Intra-RVM microinjection of 5,7-DHT also reduced the PWT of control rats.
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plasma 5-HT and 5-HIAA levels, which may partially
reflect 5-HTergic activity in the brain, were associated
with pain in PD.41

The basal ganglion is an important region with influ-
ences on sensory perception, suggesting an importance of
this structure for pain. In support of this hypothesis,
recent clinical studies have demonstrated the therapeutic
efficacy of subthalamic nucleus deep brain stimulation
on pain in PD.18 However, new types of pain, especially
musculoskeletal pain, develop in most patients post-
operatively,16,17 indicating that other anatomic struc-
tures besides the basal ganglia are involved in the
pathophysiology of pain in PD. Notably, according to
Braak’s staging of PD, synuclein pathologies initially
occur in the olfactory bulb and the inferior brain stem
area before becoming widely distributed in the brain,19

which suggests that pathologic changes occur in the
pain-modulating brain stem and cerebral structures
such as periaqueductal gray42 and insular cortex.43

Therefore, some pain-modulating structures besides the
basal ganglia are likely to be involved in the occurrence
of pain in PD.

The RVM, which comprises the nucleus raphe
magnus and nucleus reticularis gigantocellularis pars
alpha, is a key brainstem structure that relays informa-
tion about pain modulation from higher brain sites and
exerts bidirectional pain modulation of spinal pain trans-
mission.23,25 Indeed, there are three types of neurons,
‘‘on-cells,’’ ‘‘off-cells,’’ and ‘‘neutral-cells’’ in the RVM.
On-cells exhibit a burst of activity in response to

nociceptive input and are thought to contribute to the
facilitatory drive, whereas off-cells exhibit a transitory
decrease in firing in response to nociceptive input and
are thought to be inhibitory. Neutral-cells appear to
exhibit no response to nociceptive input.44 Evidence sug-
gests that some 5-HT-containing neurons belong to neu-
tral-cells.45 Furthermore, some on-cells use 5-HT as a
neurotransmitter.46 However, all these cells have been
reported to be innervated by serotoninergic nerve
fibers.31,47 Taken together, such observations lead to
the reasonable assumption that the 5-HT system of the
RVM may play an important role in pain modulation. In
support of this hypothesis, one study has shown that 5-
HT modulates the activity of tonically discharging neu-
rons in the RVM.29 Furthermore, systemic administra-
tion of morphine induces the release of serotonin in the
RVM,30 suggesting that 5-HT in the RVM exerts an
inhibitory influence on pain modulation. Given that
the 5-HT system is impaired in PD,48 it is reasonable
to assume that reduction of 5-HT in the RVM may be
involved in the occurrence of pain in PD.

In the present study, we found that 5-HT concentra-
tion in the RVM was decreased in the RVM of 6-
OHDA-treated rats, which is consistent with our know-
ledge of an impaired 5-HT system in PD.41,48

Furthermore, the administration of citalopram attenu-
ated hyperalgesia in the 6-OHDA-induced PD rat
model. 5-HT within the RVM has been reported to regu-
late the activity of pain-modulating neurons in the RVM
via 5-HT1 and 5-HT2 receptors, and the total effect is

Figure 7. Retrogradely labeling of RVM neurons by injection of FluoroGold into the substantia nigra pars compacta (SNpc). (a) The

injection site of FluoroGold in the right side and left side of SNpc. Green labelings are FG. Red labelings were TH-positive staining. (b) 5-HT

immunostaining in the RVM showed that 5-HT neurons were not labeled by FG.
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antinociceptive.49 However, it has been well recognized
from clinical trial and animal research that only 5-HT/
NA reuptake inhibitors but not selective serotonin reup-
take inhibitors are anti-nociceptive,50 which means that
some anti-depressant drugs used for chronic pain ther-
apy are not predominately dependent on their actions on
blocking 5-HT reuptake. Citalopram-induced effects
may not only result from increasing 5-HT level in the
RVM or the spinal cord. At the moment, we cannot
exclude other mechanisms.

In addition to the pain modulation of the extracellular
5-HT in the RVM, 5-HT neurons in the RVM can also
exert a facilitatory influence on spinal pain transmis-
sion.27,28,51 Our data showed that the descending 5-HT
pathway originating from the RVM was impaired but
still involved in the hypersensitivity to thermal and
mechanical stimuli, which is consistent with a previous
report on the effect of the impaired descending 5-HT
pathway in a model of neuropathic pain.52 However, it
remains unclear why the descending 5-HT facilitatory
pathway is activated. Given the loss of 5-HT neurons
in the RVM, we infer that the factors that lead to the
death of some 5-HT neurons in the RVM or the death of
these 5-HT neurons themselves triggered the activation
of the descending 5-HT facilitatory pathway or reduction
in descending inhibition. Notably, hyperalgesia to ther-
mal and mechanical stimuli was significantly attenuated
rather than exacerbated when we intrathecally injected
citalopram in the 6-OHDA-treated rat. The conflicting
results may be explained by two possible reasons: First,
several studies have reported that 5-HT at the spinal
dorsal horn can cause biphasic modulation. The reduced
amount of 5-HT may contribute to hyperalgesia by
reduction in descending inhibition by subtypes of 5-HT
receptors on one hand or by altered facilitation by regu-
lation of inhibitory transmission in the spinal cord on the
other. Since some neurotransmitters bind functional
diversity of the receptor subtypes, thus their effects
should depend on an integration of all subtype activa-
tions. Descending 5-HT from the RVM induces facilita-
tory or inhibitory influences on pain behaviors based on
its activation of excitatory or inhibitory subtype recep-
tors and its targeted excitatory or inhibitory neurons in
the spinal dorsal horn. Pharmacological and electro-
physiological studies showed that effect of 5-HT is
dose-dependent: higher dose produces pain inhibition;
lower dose facilitates pain responses.53–55 Therefore, we
may not exclude that intrathecal citalopram-induced
attenuation of hyperalgesia is related to its increase of
5-HT. Second, although citalopram is traditionally
recognized as a selective serotonin reuptake inhibitor,
recent studies has reported its role in immune suppres-
sion and its effect on Ca2þ channel.56,57 As a result, we
cannot exclude that the antinociceptive effect of citalo-
pram in our PD rat model is due to other mechanism in

addition to its effect on impaired 5-HT function. The
differences in onset of behavioral changes (at three
days or 3 h) and mechanical hypersensitivity (no effect
or significant effect) after intra-RVM or intrathecal
application of citalopram may be caused by the different
5-HT-dependent pathways or just the pharmacological
effect of citalopram itself.

Since 5,7-DHT and citalopram are not selective, intra-
RVM injection of 5,7-DHT could damage both RVM 5-
HT-containing neuronal soma and inputting 5-HT
fibers. Also, 5-HT reuptake proteins exist in both 5-HT
terminals and soma, intra-RVM injection of citalopram
could inhibit reuptake of 5-HT both from neuronal soma
and inputting fibers. Therefore, effects of these drugs
after injection into the RVM on pain behaviors cannot
simply boil down to only change in descending 5-HT
functions induced by 5,7-DHT or ascending 5-HT
fibers induced by citalopram. Further investigation into
the detailed mechanisms is definitely needed.

To exclude a direct toxic effect of 6-OHDA on 5-HT
neuronal loss in the RVM, we used FluoroGold retro-
grade tracer and showed that no labeled cells in the
RVM demonstrated 5-HT immunoreactivity. This find-
ing indicates that 5-HT neuronal loss in the RVM is not
caused by a direct toxic effect of 6-OHDA. Although the
primary cause of neuron loss remains largely unknown,
it is thought that PD affects several neurotransmitter
systems including dopaminergic and serotonergic
system according to Braak’s staging of PD. Lots of
pathogenic factors including oxidative stress, mitochon-
drial dysfunction, inflammatory reaction, and signaling
cascades involved in apoptosis may be related to the
changes in 5-HT systems in PD.

Although we investigated the role of 5-HT in pain
sensory abnormalities in a PD rat model induced by
bilateral lesions of the SNpc, we did not explore the
role of the loss of the dopaminergic neurons in the
SNpc in hyperalgesia. Since intra-RVM injection of
10 ml 5,7-DHT or 5 ml citalopram may spread these
drugs out of the RVM, the neighboring structures
might be involved as well. Therefore, further studies
are needed to confirm the effects of small volume of
these drugs and the role of DA in the SNpc in pain sen-
sory abnormalities in the PD rats. As the fact that 5-HT
may regulate spinal motor neurons, at the moment, we
did not rule out this possibility that animal pain behav-
ioral responses were affected by altered motor function.
However, since the running time on the rotarod per-
formed by 6-OHDA-treated was significantly decreased
while the pain behavioral responses were enhanced, it is
obvious that the decrease in motor performance did not
give rise to the enhanced pain behaviors. Instead, it
would dampen the pain hypersensitivity.

In summary, our data indicate that a PD rat model
induced by bilateral lesions of the SNpc manifests

Wang et al. 11



hyperalgesia to thermal and mechanical stimuli. This
hypersensitivity can be attributed at least partially to
the decreased 5-HT contents in the RVM and spinal
dorsal horn.
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