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Abstract

In this study, a model of migraine was established by electrical stimulation of the superior sagittal
sinus in rats. These rats were then treated orally with paroxetine at doses of 2.5, 5, or 10 mg/kg per
day for 14 days. Following treatment, mechanical withdrawal thresholds were significantly higher,
extracellular concentrations of 5-hydroxytryptamine in the periaqueductal grey matter and nucleus
reticularis gigantocellularis were higher, and the expression of phosphorylated p38 in the trigeminal
nucleus caudalis was lower. Our experimental findings suggest that paroxetine has analgesic
effects in a rat migraine model, which are mediated by inhibition of p38 phosphorylation.
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INTRODUCTION

Migraines are often associated with a
sensitized central pain syndrome, which
causes an altered processing of sensory
input in the brainstem, principally in the
trigeminal nucleus caudalis (TNC)™. Central
sensitization impacts the efficacy of
symptomatic therapy and is responsible for
the maintenance of head pain in chronic
migraine patients®®.. A low
5-hydroxytryptamine (5-HT) tone facilitates
the activation of trigeminovascular
nociceptive pathways and may predispose
patients to migraine attacks™. Long-term
antidepressant treatment has been shown to
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increase extracellular 5-HT in several brain
structures including the nucleus reticularis
gigantocellularis (NGC) and the
periaqueductal grey matter (PAG)™. Thus,
an enhancement of 5-HT neurotransmission
at these postsynaptic areas could reduce
the frequency of migraines, although few
papers have examined the effects of chronic
paroxetine treatment on migraines.

TNC neurons in the brainstem are more
excitable due to changes in receptor
sensitivity®. Among various second
messenger systems associated with pain
responses, the p38 family of
mitogen-activated protein kinases contains
likely candidates for the development and
maintenance of central pain sensitization!".,
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One important consequence of p38 activation appears to
be higher expression of genes important for synaptic
remodeling and long-term changes in synaptic efficacy™**.
It is furthermore known that the p38 is a stress induced
kinase that plays a critical role in pathological pain.
Therefore, the present study was designed to directly
investigate extracellular concentrations of 5-HT in the
NGC and PAG and phosphorylated p38 in the TNC after
chronic paroxetine treatment, to elucidate how chronic
paroxetine treatment potentiates serotonergic
transmission, which may underlie its analgesic effects.

RESULTS

Quantitative analysis of experimental animals
Atotal of 90 rats were randomly assigned to five groups,
including a sham-surgery group, a model group, and
groups treated with paroxetine at doses of 2.5, 5 or

10 mg/kg per day. Six animals per group underwent the
various experimental procedures. The migraine model
was established by electrical stimulation in four groups,
but not the sham-surgery group. All rats were orally
treated with vehicle or paroxetine. One rat in the model
group died at 10 days, and the remaining 89 rats were
included in the final analysis.

Influence of paroxetine on mechanical withdrawal
thresholds in a rat migraine model

The analgesic effects of paroxetine in a rat migraine
model were tested using an electronic von Frey
anesthesiometer. In the sham-surgery group, the mean
baseline withdrawal threshold of the masseter muscle
was 52.2 + 3.3 g. After electrical stimulation of the
superior sagittal sinus, there was a dramatic decrease in
withdrawal thresholds in the model group and all three
paroxetine-treated groups (P < 0.05). However, with
paroxetine therapy at doses of either 2.5, 5, or 10 mg/kg,
withdrawal thresholds against the tactile stimulation
steadily increased in a time- and dose-dependent
manner (Figure 1). Starting at 2 days and becoming
evident after 7 days of paroxetine treatment, there was a
significant increase in withdrawal thresholds in all three
treatment groups (P < 0.05). When paroxetine was given
at 10 mg/kg, withdrawal thresholds increased to about
80% of those in the sham-surgery group at 14 days of
treatment (P < 0.05). In contrast, no changes in
withdrawal thresholds were observed in sham-surgery or
model groups throughout the experiment.

Extracellular concentrations of 5-HT in the PAG and
NGC after administration of paroxetine in a rat
migraine model

Extracellular concentrations of 5-HT in the PAG and

NGC were evaluated by microdialysis and high
performance liquid. As presented in Figure 2, the mean
dialysate concentrations of 5-HT in the PAG and NGC
were significantly lower in the model group compared
with the sham-surgery group (P < 0.05). After 14 days of
paroxetine administration at 2.5 mg/kg per day, there
were higher 5-HT levels in dialysates from both the PAG
and NGC. At 5 or 10 mg/kg, 5-HT levels were even
higher in the PAG and NGC dialysates. One-way
analysis of variance showed that the paroxetine-treated
animals show significantly higher 5-HT levels compared
with the sham-surgery and model controls (P < 0.05).
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Figure 1 Time-effect relationship of the analgesic effects
of paroxetine on mechanical withdrawal thresholds in a rat
migraine model.

Animals in different groups were given vehicle or
paroxetine, at doses of 2.5, 5, or 10 mg/kg per day, for 14
days, except for those in the sham-surgery group. There
was a significant and rapid increase in withdrawal
thresholds after paroxetine administration compared with
sham-surgery and model groups (P < 0.05).

The data were expressed as mean + SEM of six rats in
each group. The data were analyzed by one-way analysis
of variance with repeated measures followed by Fisher’s
least significant difference test.

Phosphorylated p38 expression in the TNC after
administration of paroxetine in a rat migraine model
The p38 activity in TNC neurons was detected using
immunofluorescence and western blot assay. Electrical
stimulation of the superior sagittal sinus induced p38
phosphorylation in the TNC of model rats. However, this
activation was markedly smaller by 14 days of
administration of paroxetine at 2.5, 5, or 10 mg/kg.
One-way analysis of variance showed that
phosphorylated p38 expression was significantly lower in
the paroxetine-treated animals compared with the
sham-surgery or model controls (P < 0.05; Figures 3, 4).
Our data demonstrated that p38 was activated in the
TNC of migraine animals, and it was inhibited by
paroxetine treatment.
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Figure 2 Extracellular concentrations of
5-hydroxytryptamine (5-HT) in rat nucleus reticularis
gigantocellularis (NGC) and the periaqueductal grey
matter (PAG) after paroxetine administration. The
extracellular concentrations of 5-HT in rat PAG (A) and
NGC (B) decreased markedly in the model group
compared with the sham-surgery group (P < 0.01, n = 6).
After 14 days of paroxetine treatment at doses of 2.5, 5, or
10 mg/kg, 5-HT levels were significantly higher compared
with the model group.

The data were the expressed as mean + SEM of dialysate
5-HT levels. P < 0.01, vs. sham-surgery group; °P < 0.05,
vs. model group. The data were analyzed by one-way
analysis of variance with a post-hoc Scheffe’s test.
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Figure 3 Phosphorylated p38 and tubulin expression in
the trigeminal nucleus caudalis after administration of
paroxetine in a rat migraine model.

Tubulin staining was used to localize the cytoplasm (red).
Double-immunofluorescent staining verified the
localization of phosphorylated p38 within the cytoplasm of
trigeminal nucleus caudalis neurons (green), suggesting
the activation of p38 in these neurons (confocal
laser-scanning microscope). Scale bars: 50 pm.
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Figure 4 Paroxetine inhibited p38 activation in the
trigeminal nucleus caudalis (TNC) in a rat migraine model.

Phosphorylation of p38 in the TNC was measured in rats
that underwent electrical stimulation of the superior sagittal
sinus during 14 days of administration of vehicle or
paroxetine at a dose of 2.5, 5, or 10 mg/kg per day.

Western blot assays were used to evaluate the level of
phosphorylated p38 (p-p38) in the TNC (A).

Relative protein expression was expressed as the ratio of
phosphorylated p38/p38 gray values. In comparison with
sham surgery group, the model rats showed higher
phosphorylated p38 levels after electrical stimulation of the
superior sagittal sinus (B). This difference was significantly
attenuated by paroxetine treatment.

3p < 0.01, vs. sham-surgery group; °P < 0.05, vs. model
group. The data were expressed mean = SEM from three
independent experiments. Six rats were included in each
group. The data were analyzed by one-way analysis of
variance with a post-hoc Scheffe’s test.
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DISCUSSION

5-HT plays a pivotal role in migraines that do not include
an aura™™, A previous study documented that selective
serotonin reuptake inhibitors were more effective than
conventional migraine medications, and therefore could
be used in patients if conventional therapy fails™**®. The
current study showed that the extracellular
concentrations of 5-HT decreased markedly after
electrical stimulation of the superior sagittal sinus
compared with sham-surgical animals. In contrast, after
14 days of paroxetine administration, 5-HT levels
increased significantly in both the PAG and NGC. This is
consistent with previous studies, which showed that long
term antidepressant treatment enhances extracellular
5-HT levels in brain structures, including the PAG and
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NGC™. Three doses of paroxetine were tested in our
migraine model, all of which showed significant
up-regulation of mechanical withdrawal thresholds and
5-HT levels in a dose-dependent manner, and
down-regulation of phosphorylated p38. However, other
work reported that drug challenges did not alter
extracellular levels of 5-HT in the rat brainstem following
chronic treatment with paroxetine, perhaps because
dose of paroxetine used was too low. In this study,
potential adverse effects were not detected™®. Our data
support the potential application of paroxetine in the
treatment of mild to moderate migraines at doses lower
than those used for depression. However, high doses are
indicated in patients with serious migraines.

It is widely believed that central sensitization reflects a
cascade of events that is initiated, in part, by the release
of excitatory amino acids and peptides™. Persistent p38
activation plays a key role in intracellular pathways
involved in neuronal hyperexcitability, by providing
substrates for sustained central neuropathic pain®#. In
this investigation, immunofluorescence staining showed
a very low but detectable level of phosphorylated p38 in
the TNC of control rats, even when they did not undergo
electrical stimulation of the superior sagittal sinus. In our
induced neuropathic pain rats, there was
phosphorylation and activation of p38 in the TNC
following 14 days of electrical stimulation of the superior
sagittal sinus, implying that TNC p38 was
phosphorylated as a result of TNC excitotoxic lesions.
Our results lent strong support to the hypothesis that the
activation of TNC p38 is essential to further processing of
downstream events in response to electrical stimulation
of the superior sagittal sinus. This finding is consistent
with a literature that suggests p38 in the TNC is
important in pain processing, which leads to behaviorally
defined hyperalgesia™®!. More importantly, with
paroxetine treatment over 14 days at various doses,
there was a significant suppression of TNC
phosphor-p38 compared with in the model group. These
results indicate that chronic administration of paroxetine
attenuated activation of p38 in the TNC in our migraine
model. Other studies have reported there are 5-HT
receptors in the TNC. Moreover, these studies have
reported that there is dual modulation of excitatory
synaptic transmission by 5-HT in the nucleus tractus
solitarius in rat brain stem, with presynaptic inhibition of
the peripheral inputs synapsing to the relay neurons via
5-HT(2) receptors and presynaptic excitation of inputs
from the intrinsic local network via 5-HT(3) receptors?*2,
Our works suggest 5-HT concentration-dependently
decreased phosphorylation of p38 in TNC following 14
days of paroxetine treatment, which was accompanied
by an increase in mechanical withdrawal thresholds.
However, the types of 5-HT receptors that are involved

remain unclear.

In conclusion, our results show that chronic
administration of paroxetine suppresses central
neuropathic pain in a migraine model. This suppression
presented as higher mechanical allodynia thresholds
after paroxetine treatment in rats undergoing electrical
stimulation of the superior sagittal sinus. Our results
support the use of paroxetine as an analgesic agent for
migraine treatment. It also provided insights into potential
therapeutic targets for migraine prophylaxis.

MATERIALS AND METHODS

Design
A randomized controlled animal experiment.

Time and setting

The experiment was performed at the Medical Research
Center, Sun Yat-sen Memorial Hospital, Sun Yat-sen
University, China, from March 2010 to June 2011.

Materials

Animals

Experiments were performed on adult male
Sprague-Dawley rats weighing 250-300 g. All rats were
supplied by the Experimental Animal Center of Sun
Yat-Sen University, China (license No. SCXK (Yue)
2011-0029). They were housed one animal per cage and
maintained on a 12-hour light-dark cycle in a
temperature-controlled environment (22-24°C), with food
and water continuously available. All animal procedures
were in strict accordance with the Guidance Suggestions
for the Care and Use of Laboratory Animals, issued by
the Ministry of Science and Technology of China®®®.

Drugs

Paroxetine was kindly donated by Lilly Corporate Center
(Indianapolis, IN, USA). Paroxetine was dissolved in
distilled water. Drugs were daily administered between
11:00 and 12:00.

Methods

Establishment of a migraine model by electrical
stimulation of the superior sagittal sinus

All rats except those in the sham surgery group were
immobilized in a Stereotaxic Alignment System (David
Kopf, Tujunga, CA), and a craniotomy was performed to
expose the sagittal sinus. Bipolar stimulating electrodes
were placed on the dura mater. Single pulse, constant
current electrical stimulation (1 mA, 0.25 ms, 1 Hz) was
delivered by a bipolar stimulating electrode made from a
silver ball (interpolar distance: 2 mm) and placed on the

exposed sagittal sinus, as described in previous studies®’.
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Electrical stimulation of the superior sagittal sinus was
performed in the model group and all three paroxetine-
treated groups for 30 minutes per day for 14 days®.

Mechanical withdrawal thresholds

Rats were tested for their response to mechanical
stimulation of the masseter muscle region using an
electronic von Frey anesthesiometer (IITC Inc. Life
Science, Woodland Hills, Canada). All behavioral
assessments were carried out in a quiet room, generally
between 09:00 and 16:00. Rats were habituated using a
methodology described previously, and a continuously
variable force transducer with a fixed contact area was
used to measure the withdrawal thresholds®?.
Mechanical withdrawal thresholds were tested by probing
the masseter muscle through the skin surrounding the
mystacial vibrissae. The force needed to elicit a withdrawal
of the head was recorded following five stimulus
presentations at approximately one minute intervals, and
the mean values of the five readings in grams were used
for analysis®™. Repeated measures were conducted in
sham control animals to determine the variability in head
withdrawal upon repeated testing on different days. The
right masseter muscle was tested following unilateral
electrical stimulation of the superior sagittal sinus.

Guide cannula implants for microdialysis

The microdialysis surgeries were conducted after

14 days of paroxetine treatment. The rats were initially
anesthetized with sodium pentobarbital at 45 mg/kg. The
head of each rat was positioned in a Stereotaxic
Alignment System (David Kopf, Model 1911, Kent, UK)
with the incisor bar 3 mm below the horizontal zero.
Small craniotomies were performed®". Two holes were
drilled on the surface of the skull over the brain stem for
inserting the guide cannulae (CMA 11 Guide Cannula
8309017, Solna, Sweden) into the PAG and NGC for
microdialysis. The locations of the PAG (7.32 mm caudal
to Bregma, 0.5 mm left of the midline sagittal plane, and
5.5 mm below the horizontal plane passing through
bregma and lambda on the surface of the skull) and the
NGC (11.40 mm caudal to bregma, 1 mm left of the
midline sagittal plane, and 9 mm below the cortical
surface) were determined according to The Rat Brain in
Stereotaxic Coordinates, 6™ Edition®?. In all cases, the
guide cannulae were lowered to 1 mm above the
intended sites. After insertion, the probes were secured
with dental cement™®. After completion of the surgeries,
the rats were housed individually and maintained under
standard laboratory conditions.

Extracellular concentrations of 5-HT
The microdialysis probes (CMA11 8309581, Solna,
Sweden) were inserted into the unilateral PAG and NGC
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via the guide cannula to 1 mm beyond the tip of the guide
cannula. The dialysis probe was connected to a
microdialysis pump (CMA/100, CMA, Sweden) and the
outlet cannula was connected to the microfraction
collector (CMA/200, Solna, Sweden). The perfusion fluid
was infused at 2 yL/minute using a CMA/100
microdialysis pump as previously described®". After the
dialysate levels stabilized (about 60 minute), 30-minute
samples of the PAG and NGC were collected. Aliquots
were frozen at —-80°C for later analysis.

Extracellular concentrations of 5-HT were evaluated by
high performance liquid chromatography (Beckman
Fullerton, CA, USA) with an electrochemical detector
(Beckman Fullerton). Standard solution or samples

(20 uL) were injected into the column, separated using a
mobile phase, detected by a chemical detector at an
oxidation potential of 700 mV against an Ag/AgCl
electrode, and quantified using BAS Chromgraph
programs. Comparisons among the groups were
performed with one-way analysis of variance.

Phosphorylated p38 and tubulin expression in the
TNC

Rats were anaesthetized by overdose of chloral hydrate
(80 mg/kg) and perfused transcardially with normal
saline followed by 4% paraformaldehyde. Coronal
brainstem sections (20 um) in were cut in a cryostat
(Leica 1900, Solms, Germany) and processed for
immunofluorescence®.. Briefly, the sections were
incubated overnight at 4°C with a mixture of rabbit
anti-phospho-p38 MAPK (1:800; CST, MA, USA) and
mouse anti-tubulin antibodies (1:1 000; Millipore, MA,
USA) in phosphate buffered saline containing 1% normal
goat serum and 0.3% Triton X-100. Following three
rinses (15 minutes each) in phosphate buffered saline,
the sections were incubated with a mixture of Alexa Fluor
488 goat anti-rabbit IgG (H+L) (1:500; Jackson) and
Alexa Fluor 594 goat anti-mouse IgG (H+L) (1:500;
Jackson) in phosphate buffered saline containing 1%
normal goat serum, for 1 hour at room temperature
followed by 2 hours at 4°C. All sections were
coverslipped with a mixture of 50% glycerin in phosphate
buffered saline, and observed under a ZEISS LSM710
confocal laser-scanning microscope (ZEISS,
Oberkochen, Germany).

Phosphorylated p38 protein expression

At 24 hours after the last behavioral evaluation of
mechanical thresholds (14 days of paroxetine treatment),
rats were sacrificed for western immunoblotting®®. The
brainstems from five groups of rats were isolated and
mechanically homogenated in ice-cold tris-buffered
saline (Roche, Indianapolis, Indiana, USA).
Homogenates were centrifuged at 10 000 r/minute for
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10 minutes. The supernatant was collected and
centrifuged again at 10 000 r/min for 10 minutes and then
stored at -80°C. Protein concentrations of the
homogenate were determined using the BCA Protein
Assay Kit (Pierce, IL, USA). 40 ug protein sample per
lane in an equal volume of sample buffer was loaded
onto a polyacrylamide gel. The stacking gel was 4%
acrylamide, prepared in 0.13 M Tris, pH 6.8, and 0.1%
sodium dodecyl sulfate. The separating gel was 10%
acrylamide, prepared in 0.38 M Tris, pH 8.8, and 0.1%
sodium dodecyl sulfate. Samples were separated by
electrophoresis in Tris-glycine buffer (25 mM Tris,

250 mM glycine, 0.1% sodium dodecyl sulfate) at 100 V
for approximately 150 minutes. Proteins were transferred
onto a polyvinylidene difluoride membrane (Millipore, MA,
USA) in transfer buffer at 175 mA for 1.5 hours at 4°C.
Membranes were incubated for 1 hour at room
temperature in blocking buffer containing 5% non-fat
powdered milk in Tris-buffered saline Tween-20, then
washed for 10 minutes in Tris-buffered saline Tween-20.
Membranes were incubated with primary rabbit
anti-phospho-p38 polyclonal antibodies (1:1 000; CST,
Upton, MA, USA), rabbit anti-p38 polyclonal antibodies
(1:1 000; CST) overnight at 4°C. Primary antibodies were
detected with horseradish peroxidase-conjugated
secondary antibodies (1:5 000; CST) and blots were
visualized using ECL reagents (Millipore, Billerica, MA,
USA) and X-ray film (Kodak, Rocheston, NY, USA).
Band intensities were analyzed using alpha DigiDoc gel
analysis software (Alpha Innotech, San Leandro, CA,
USA). Relative protein expression was expressed as the
ratio of phospho-p38/p38 gray values. Comparisons
among groups were performed with one-way analysis of
variance.

Statistical analysis

All values were presented as mean £ SEM. All statistical
calculations were performed with the SPSS 13.0
software (SPSS, Chicago, IL, USA). Mechanical
withdrawal thresholds were analyzed using Fisher’s least
significant difference test. One-way analysis of variance
and post-hoc Scheffe test were used to compare the
difference among the groups with different treatments,
and values were considered to be significantly different
when P < 0.05.
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