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Abstract

Central sensitization is the potential pathogenesis of chronic migraine (CM) and is related to persistent neuronal
hyperexcitability. Dysfunction of excitatory amino acid transporter 2 (EAAT?2) leads to the accumulation of glutamate
in the synaptic cleft, which may contribute to central sensitization by overactivating glutamate N-methyl-D-aspartate
(NMDA) receptors and enhancing synaptic plasticity. However, the therapeutic potential of CM by targeting
glutamate clearance remains largely unexplored. The purpose of this study was to investigate the role of EAAT2 in
CM central sensitization and explore the effect of EAAT2 expression enhancer LDN-212320 in CM rats. The
glutamate concentration was measured by high-performance liquid chromatography (HPLC) in a rat model of CM.
Then, q-PCR and Western blots were performed to detect EAAT2 expression, and the immunoreactivity of astrocytes
was detected by immunofluorescence staining. To understand the effect of EAAT2 on central sensitization of CM,
mechanical and thermal hyperalgesia and central sensitization-associated proteins were examined after administration
of LDN-212320. In addition, the expression of synaptic-associated proteins was examined and Golgi-Cox staining
was used to observe the dendritic spine density of TNC neurons. Also, the synaptic ultrastructure was observed by
transmission electron microscope (TEM) to explore the changes of synaptic plasticity. In our study, elevated
glutamate concentration and decreased EAAT2 expression were found in the TNC of CM rats, administration of
LDN-212320 greatly upregulated the protein expression of EAAT2, alleviated hyperalgesia, decreased the
concentration of glutamate and the activation of astrocytes. Furthermore, reductions in calcitonin gene-related peptide
(CGRP), substance P(SP), and phosphorylated NR2B were examined after administration of LDN-212320. Moreover,
evaluation of the synaptic structure, synaptic plasticity- and central sensitization-related proteins indicated that
EAAT?2 might participate in the CM central sensitization process by regulating synaptic plasticity. Taken together,
upregulation of EAAT2 expression has a protective effect in CM rats, and LDN-212320 may have clinical therapeutic

potential.
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Introduction

Migraine is a common clinical disorder of the central nervous system (CNS) that afflicts up to 15% of the world’s
population (Lipton et al. 2007), and approximately 2.5% of people with episodic migraine develop chronic migraine
(CM) each year. CM patients’ life and work are both severely affected during headache attacks. The molecular
mechanism of CM is not fully understood, effective drugs and treatments are currently lacking, and more than half of
the CM patients report dissatisfaction with their treatments (Tfelt-Hansen & Olesen 2012). Therefore, there is an

urgent need for effective drugs and treatment strategies.

Central sensitization is thought to be the underlying mechanism of CM, which suggests that peripheral nociceptive
stimulation leads to an increase in the excitability and synaptic efficacy of the central neurons in the nociceptive
pathway of the trigeminal nerve, predominantly the trigeminal nucleus caudalis (TNC) (Bernstein & Burstein 2012;
Mathew 2011). The induction and maintenance of central sensitization depends on the activation of glutamate
N-methyl-D-aspartate (NMDA) receptors, revealing the key participation of glutamate and its receptors (Latremoliere

& Woolf 2009; Woolf & Thompson 1991).

Glutamate, as the most important and major excitatory neurotransmitter in the CNS, is essential for the development
of the nervous system and the maintenance of synaptic plasticity (Willard & Koochekpour 2013; Gegelashvili &
Bjerrum 2014). Under disease conditions, abnormal release of glutamate and/or dysfunction of glutamate clearance
result in elevated extracellular glutamate concentrations. This causes excessive stimulation of glutamate NMDA
receptors, leading to enhancement of synaptic plasticity, and an abnormal excitability of neurons, thus inducing

central sensitization (Latremoliere & Woolf 2009).

NMDA receptor blockade has been extensively studied to attenuate excitatory synaptic transmission in a variety of
neurological diseases. In our previous study, inhibition of phosphorylated NR2B (the most important tyrosine
phosphorylation protein of NMDA receptors) alleviated allodynia in CM rats (Wang et al. 2018). However,
neuroprotective effects were obtained in animal experiments using glutamate receptor antagonists, their clinical

application maybe limited by their neurotoxicity and the considerable mental side effects(Boyko et al. 2014; Li et al.
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2002). Therefore, targeting the glutamate clearance to reduce the NMDA receptors activation may be a more effective

way to lower the excitability of neurons.

Excitatory amino acid transporter 2 (EAAT?2), as a glutamate scavenger, is responsible for the majority of glutamate
uptake (90%) and predominantly expressed on astrocytes (Rao et al. 2015; Danbolt 2001; Gegelashvili & Bjerrum
2019). Pronounced changes in the expression and function of EAAT2 may occur after damage to the CNS.
Downregulation of the expression of EAAT2 and dysfunction of the glutamate uptake system would lead to sustained
accumulation of extracellular glutamate and be the main cause of excitotoxicity. Recovery of EAAT2 expression
levels and function have a good clearance of extracellular glutamate and thus prevent the excitotoxicity of neurons.
LDN-212320 is a new generation of EAAT2 expression enhancer and has a potent ability to increase EAAT2
expression through translational activation, which shows a prominent protective effect in animal models of ALS and

epilepsy (Takahashi et al. 2015b; Kong ef al. 2014).

However, since neurons have been the focus of CM treatments, few studies have been conducted to explore the role of
astrocytes in the central sensitization mechanism of CM. Whether astrocyte EAAT?2 is a potential therapeutic target
for CM and the therapeutic potential of LDN-212320 stays unclear. In this study, we investigated the role of astrocyte
EAAT?2 in the central sensitization mechanism of CM, and assessed the therapeutic effect of LDN-212320 on CM
rats. The expression levels of EAAT2 in TNC were decreased in a rat model of CM, and upregulation of EAAT2
alleviated central sensitization by reducing the synaptic plasticity in CM rats. In addition, LDN-212320 showed a
good effect on upregulating the expression of EAAT2 and analgesia in CM rats. Our study provides the first
experimental evidence that EAAT?2 is a potential therapeutic target of CM and LDN-212320 has a neuroprotection

effect in CM animal studies.

Experimental procedures
Animals

A total of 205 healthy adult male Sprague—Dawley rats (250-300 g, RRID: 2012-0001) born and raised in the
Experimental Animal Center of Chongqing Medical University (Chongqing, China) were used for this study. Rats

were housed in plastic cages (20 cm in height, 30 cm in width and 40 cm in length) with 5 rats per cage and
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maintained in a standard experimental environment with a 12:12 light and dark cycle at room temperature of 22 +
1 °C where they were free to access water and food. Before the experiment, rats were acclimatized for one week and
assigned to each experimental group after a simple randomization. The process of the simple randomization in this
study was as follows: (1) First, male SD rats of 250~300g were numbered, then entering the numbers into the Excel
form. (2) Next, randomized numbers were created by using the “rand” function of the Excel software and then were
sorted in ascending order. (3) At last, according to the sorting, every 6~10 numbers were divided into different groups.
The time-line and experimental procedures of this study are illustrated in Fig. 1. The experiments were carried out
between 9:00 and 17:00 h. During the trials, the experimenter was blinded to animals’ group assignment, and no
statistical method was used to determine the sample size of this study. The study was carried out after being approved
by the Ethics Committee of the Department of Medical Research at the First Affiliated Hospital of Chongqing
Medical University and the ethical approval reference number is 20187401. All procedures followed the National

Institutes of Health Guide for the Care and Use of Laboratory Animals. The study was not pre-registered.
Surgery

Rats were fasted for 12 hours before craniotomy and cannula fixation to prevent abdominal dilation. Rats were
anesthetized with chloral hydrate combined with analgesics. Isoflurane was not used for anesthesia due to the lack of
ventilator equipment in our laboratory, and compared with pentobarbital sodium, the combination use of chloral
hydrate and analgesics can achieve a good anesthetic effect during the surgery and reduce the mortality of rats caused
by anesthesia. Therefore, the combination use of chloral hydrate and analgesics was selected in our study for animal
anesthesia. Rats were first anesthetized with 10% chloral hydrate (4 ml/kg, intraperitoneal), then 0.01 mg/kg
buprenorphine was injected subcutaneously for analgesia. In addition, 1 ml of bupivacaine (5 mg/1 ml) was applied as
a local preventive anesthetic under the surgical area of the skin as described in our previously studies(Liu ef al. 2018;
He et al. 2019), and placed in a stereotactic instrument (ST-51603; Stoelting Co., Chicago, IL, USA). The surgical
area was first disinfected with iodide, and an incision was made on the midline of each rat’s head by using a surgical
blade to completely expose the skull. Then, a 1-mm diameter craniotomy (+1.5 mm from bregma, +1.5 mm lateral)
was performed carefully using a burr drill, and attention was taken not to damage the dura mater. Rat with damaged
dura mater will be excluded from the experiment. A total of 205 rats underwent surgery and 9 rats were excluded due

to the dural damage during the surgery (2 in CM group, 1 in CM+dimethyl sulfoxide (DMSO) group, 3 in
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CM+LDN-212320 low dose (LD) group, 2 in sham+LDN-212320 LD group and 1 in sham group were excluded).
Subsequently, the cannula was fixed to the skull using dental fixation acrylic, and then inflammatory soup or
phosphate buffered saline (PBS) could be delivered to the dura through the cannula. A matched occlusion cap was
used to seal the cannula. After the skin was sutured with 4-0 nylon, the rats were placed on a thermostat until they
awoke from anesthesia (about 1-2 hours later). The last step, before the follow-up experiments, was to place the rats
back to in their clean cages individually for one week and restoring them to pre-operative activity levels. The wound
was disinfected daily after the surgery, rats with no abscess in the surgical areas and the thermal and mechanical pain
thresholds returning to the pre-operative levels 7 days after the operation were selected for the next experiments (2 in
sham group, 1 in CM group, 1 in CM+ LDN-212320 LD were excluded due to the infection at the surgical sites; 1 in
CM+Ceftriaxone (Cef) LD group, 1 in CM+DMSO group were excluded because the thermal and mechanical
thresholds did not return to the pre-operative levels after seven days). The excluded rats were replaced in the group
and experimental stage in which they were excluded. To minimize animal suffering, the depth of the anesthesia was
carefully monitored and the analgesic drugs of buprenorphine and bupivacaine were used to minimize the pain during

the experiments.
Repeated dural infusions

Rats were placed in individual transparent glass cages and allocated to either the CM group or the sham group using
the simple randomization method described above. Rats in the CM group were stimulated with inflammatory soup for
7 days;inflammatory soup was composed of 1 mM serotonin (Sigma-Aldrich, Cat.No. H7752, (year 2018)), | mM
bradykinin (Sigma-Aldrich, Cat.No. B3259, (year 2018)), I mM histamine (Sigma-Aldrich, Cat.No. H7375, (year
2018)) and 0.1 mM prostaglandin E2 (Sigma-Aldrich, Cat.No. P5640, (year 2018)), which was dissolved in PBS (pH
7.4). The sham group received PBS of the same volume as the CM group for 7 consecutive days. 2 ul of inflammatory
soup or PBS was stably delivered to the dura mater in 5 minutes by using a microinfusion pump through the cannula,

and rats were free to move during the infusion.
Behavioral pain tests

Mechanical pain thresholds and the thermal pain thresholds were measured as a baseline prior to the first
inflammatory soup or PBS infusion, and the tests were performed 24 hours after each dural infusion and before the

next dural stimulation.
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Mechanical allodynia

To assess mechanical allodynia, withdrawal thresholds of the periorbital and hind paw in rats were measured using the
Von Frey test as previously described (Zhou ef al. 2019). Rats were placed in wire mesh cages (16 cm in height, 14
cm in width and 27 cm in length) individually for 30 minutes of acclimatization, and then stimulated with the pressure
probe tip of the electronic von Frey apparatus (Electrovonfrey, no. 2450, IITC, Inc., Woodland Hills, CA, USA) at the
periorbital and hind paw areas. The generated force values of the device ranged from 0 to 900 g, and stimulations
gradually increased until positive reactions of rats occurred, such as rapid claw lifting and head retraction. Each rat

was tested at least three times per site with an interval of one minute of each stimulation.

Thermal allodynia

Thermal allodynia after repeated dura inflammatory soup infusions was evaluated by a plantar test instrument (model
PL-200, IITC, Taimeng, Chengdu, China) based on Hargreaves’ method (Hargreaves et al. 1988). Briefly, after 30
minutes of acclimation in a smooth, glass-floored transparent cage (15 cm in height, 20 cm in width and 20 cm in
length), infrared radiation (intensity: 20) was applied to the center of each rat’s hind paw, and withdrawal latency was
recorded automatically when the hind paw moved. Stimulation was stopped after 20 seconds to prevent tissue damage,

and each rat was recorded three times to calculate the average latency.
Drug administration

To understand the role of EAAT2 in CM rats, animals were treated with EAAT2 expression enhancers LDN-212320
(MedChemExpress / MCE, Cat.No. HY-12741 (year 2018), American) and Cef (Selleck, Cat.No. S4158, (year 2018),
China) (Fontana 2015). Rats were randomizedinto the following groups using a simple randomization method as
described above: (1) sham group, (2) CM group, (3) CM+DMSO group, (4) CM+LDN-212320 LD group (5 pg), (5)
CM+LDN-212320 high dose (HD) group (20 pg), (6) CM +Cef LD group (50 pg), (7) CM+Cef HD group (200 pg),
(8) sham+LDN-212320 HD group (20 pg). The doses of LDN-212320 and Cef were based on the previous studies
(Kong et al. 2014; Chen et al. 2016). Rats were anesthetized with 10% chloral hydrate (4 ml/kg, intraperitoneal) and
subcutaneously injected with 0.01 mg/kg buprenorphine the day after the 7t inflammatory soup infusion and injected
with the designated treatment solution (5 pl) in the lateral ventricle (— 1.0 mm rear from the bregma, + 1.5 mm lateral

to the bregma, 4.0 mm from the skull plane). An equal volume of DMSO was used as the corresponding vehicle
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control.
High-performance liquid chromatography (HPLC)

The total glutamate concentration in the TNC was measured by HPLC. After anesthesia with 10% chloral hydrate (4
ml/kg, intraperitoneal) and subcutaneous injected with 0.01 mg/kg buprenorphine, rats were killed through rapid
decapitation. Subsequently, the TNC areas were separated in a glass dish placed on ice. To remove the surface blood,
tissues were washed in PBS for 2 to 3 seconds, then the PBS solution attached to the tissues was absorbed with the
filter paper. After the tissues were precisely weighed, was added the internal standard solution at weight 1:1 (mg : pl)
and then fully homogenized the tissues, the internal standard solution was BABA (3-aminobutyric acid) solution with
a concentration of 600 pug/mL prepared with the ultra-pure water. In accordance with the weight ratio 1:5 (mg : pl),
acetonitrile was added to precipitate the proteins, and then centrifuged at 4 °C (12000 xg, 10 min). The supernatants

were diluted 10 times to obtain the sample to be tested, and the glutamate concentration was determined by HPLC.
Quantitative real-time polymerase chain reaction (q-PCR)

Total RNA was extracted from TNC fragments using the RNAiso Plus reagent (TaKaRa, Cat.No. 9108, (year 2018),
Dalian, China) according to the manufacturer's instructions. Then, the RNA yield and purity were assessed using
NanoDrop (Thermo, USA), and cDNA was synthesized using PrimeScript TM RT kit (TaKaRa,Cat.No. 5005, (year
2018)). To quantify the expression of EAAT2, q-PCR was performed on a CFX96 Touch thermocycler (Bio-Rad)
using SYBR® Premix Ex Taq™ II (Takara, Cat.No. RR820A, (year 2018)). Primer sequences for EAAT2 and

GADPH (Sangon Biotech, Shanghai, China) were used as follows:

EAAT2 (Forward Primer): 5'-CTTTGCCTGTCACCTTCCGT-3', ETTA2 (Reverse Primer):

5'-GGGCTGTACCATCCATGTTAA-3';

GAPDH(Forward Primer): 5'-ATGACTCTACCCACGGCAAGC-3', GAPDH(Reverse Primer):

5-GGATGCAGGGATGATGTTCT-3".

PCR amplification was carried out at 95 ° C for 30 seconds, followed by 45 cycles of 95 °C for 5 s and 55 °C for 30 s.
GAPDH was used as an endogenous control to normalize differences. All fluorescence data were processed by a PCR

post-data analysis software program. The differences of gene expression were analyzed with the 2-AACT method.
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Western blot analysis

The fresh TNC tissues were homogenized in RIPA lysis buffer (Beyotime, Cat.No. PO013B (year 2018), China)
containing proteinase inhibitors (Beyotime, Cat.No. P1030 (year 2018), China) and phosphatase inhibitors (Beyotime,
Cat.No. AR1183 (year 2018), China) and homogenized at 4 °C for 2 hours. Then, the BCA protein assay kit
(Beyotime, Cat.No. P0012S, year 2018) was used to detect protein concentrations. An equal amount of protein (40 ng)
was loaded on 10% SDS-PAGE gels (Beyotime, China) for electrophoresis and transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore, USA). The membranes were blocked with 5% skim milk for two hours at
room temperature and incubated overnight at 4 °C with the following primary antibodies: anti-EAAT2 (1:1000,
RRID: AB 2190743, Cell Signaling Technology, USA), anti-CGRP (1:2000, RRID: AB 725807, Abcam, UK),
anti-CREB (1:500, RRID: AB 2567681, Wanleibio, China), anti-pCREB-S133 (1:3000, RRID: Addgene 15222,
Abcam, UK), anti-CREB-S129 (1:1000, RRID: AB 895223, Signalway, USA), anti-c-Fos (1:3000, RRID:
AB 530851, Novus Biologicals, USA), anti-NR2B (1:1000, RRID: AB 10667005, Proteintech), anti-pNR2B-Y 1472
(1:1000, RRID: AB 11074382, Bioss, China), anti-pNR2B-Y 1474 (1:500, RRID: AB 304114, Abcam), anti-PSD95
(1:1000, RRID: AB 298846, Abcam), anti-synaptophysin (1:5000, RRID: AB 765072, Abcam),
anti-synaptotagmin-1 (1:500, RRID: AB 778216, Abcam), anti-GAPDH (1:5000, RRID: AB 2617427, Abways
Technology, China) and anti-B-actin (1:5000, RRID: AB 2750915, Proteintech). The next day, membranes were
washed with Tris-buffered saline Tween 20 (TBST) buffer three times and then incubated with Horseradish
peroxidase-conjugated anti-rabbit (1:5000, RRID: AB 10856483, Bioss) or anti-mouse secondary antibodies (1:5000,
RRID: AB 10858521, Bioss) for 1 h at room temperature. All blots were detected using a BeyoECL Plus kit

(Beyotime). The intensity of the scanned images was analyzed using the imaging system (Fusion, Germany).
Immunofluorescence staining (IF)

After anesthesia with 10% chloral hydrate (4 ml/kg, intraperitoneal) and subcutaneous injection with 0.01 mg/kg
buprenorphine, rats were perfused intracardially with 0.9% saline and then with 4% paraformaldehyde in 0.1% PBS
(pH 7.4). The areas from the medulla oblongata to the first cervical cord were fixed overnight in 4%
paraformaldehyde and successively immersed in a gradually increased concentration of sucrose solution (20% to
30%) until the tissues sank to the bottom. The coronal sections of the TNC were cut into 10 um sections using a low

temperature thermostat (Leica, Japan). For immunofluorescence staining, sections were first washed three times with
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PBS and then incubated with 0.3% Triton X-100 (Beyotime) for 10 minutes, followed by blocking with 10% normal
goat serum for 30 minutes at 37 °C. Then, sections were incubated overnight with the following primary antibodies at
4 °C: anti-EAAT2 (1:100, RRID: AB 2190743, Cell Signaling Technology), anti-CGRP (1:50, RRID: AB 629364,
Santa Cruz Biotechnology, USA), anti-GFAP (1:100, RRID: AB 1124889, Santa Cruz Biotechnology),
anti-substance P (SP) (1:50, RRID: AB 297089, Abcam). On the next day, the sections were rinsed three times with
PBS and incubated with the corresponding secondary antibodies for 90 minutes at 37 °C: Cy3-conjugated goat
anti-mouse IgG (1:200, Beyotime, Cat.No. A0521 (year 2018)), Alexa Fluor 488-conjugated goat anti-mouse IgG
(1:200, Beyotime, Cat.No. A0428 (year 2018)) and Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:200,
Beyotime, Cat.No. A0423 (year 2018)). Then, sections were washed in PBS three times and incubated with
4’ 6-diamidino-2-phenylindole (DAPI) (Beyotime) for nuclear staining at 37 °C for 10 minutes. Negative control
sections were incubated with PBS, and micrographs were analyzed using a fluorescence confocal microscope (ZEISS,
Germany). To determine the immunoreactivity of EAAT2, GFAP, CGRP, SP in the TNC, five slices for each rat were

arbitrarily selected (n = 6 rats per group and 5 images per animal).

Immunofluorescence imaging data analysis

First, sections were observed under the confocal laser scanning fluorescence microscope to find the TNC regions.
Exemplary shown in Fig. 2, the white dotted frame represents the TNC regions. Five TNC sections were arbitrarily
selected from each rat;6 rats were analyzed in each group. Image-pro Plus 6.2 software (Bethesda, MD, USA) was
used to analyze the images. The white solid line rectangular box as shown in Fig. 2 of TNC areas were selected for the
analysis of astrocytes, and the ratio of the number of astrocytes (labeled by GFAP) to the number of total cells
(labeled by DAPI) was analyzed under a 20x objective. The mean optical density (OD) were used to analyze the
fluorescence intensity of CGRP and SP in the TNC at x10 magnification. During the whole process of taking and
analyzing the pictures, the experimenters were only shown the encoding numbers and thus blinded to the experimental
group allocation of the respective sample. After the pictures had been taken for all the samples and the analysis
statistical analysis completed, the group information and the corresponding coding numbers were revealed to

experimenters by the person who had encoded the samples.
Transmission electron microscopy (TEM)

For TEM, rats were anesthetized with 10% chloral hydrate (4 ml/kg, intraperitoneal) and subcutaneously injected with
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0.01 mg/kg buprenorphine, then perfused intracardially with 2.5% glutaraldehyde and the TNC tissues were dissected
and separated rapidly and soaked overnight in 4% glutaraldehyde at 4 °C. Next, the TNC tissues were cut into 3 1-mm
pieces with a sharp blade and sent to Chongqing Medical University for subsequent fixation, embedding, slicing and
staining. Since the glutamatergic synapses are primarily asymmetric synapses (I1zzo & Bolam 1988), based on three
classical criteria for determining the excitatory asymmetric synapses (Guldner & Ingham 1980; Kobayashi et al.
2014): 1) clear circular vesicles, 2) dense postsynaptic density, 3) wide synaptic gap, the asymmetric synapses were
selected for analysis in this study. Ten micrographs were arbitrarily taken from each rat using an EM-1400 PLUS
transmission electron microscope (TEM) and the image analysis was performed using Image-pro Plus 6.2. The
thickness of the PSD and the length of the synaptic activity zone were measured according to the method of Giildner
and Ingham (Guldner & Ingham 1980), the width of the synaptic cleft was measured by the multipoint averaging
method and the curvature of the synaptic interface was measured base on the method of Jones and Devon (Jones &
Devon 1978). During the whole process of taking and analyzing the pictures, the experimenters were blinded to the
experimental groups (only shown the encoding numbers). After pictures had been taken from all the samples and the
statistical analysis completed, the grouping information and the corresponding coding numbers would be revealed to

experimenters by the person responsible for encoding the samples (n = 6 rats per group, 10 images per animal).
Golgi-cox staining

The fresh samples of TNC regions were isolated in a glass dish placed on ice and washed with double distilled water
for 2-3 seconds to remove the blood from the surface. A Golgi Rapid Staining Kit (FD Neuro Technologies) was used
for subsequent tissue preparation and staining procedures, and the entire procedure was performed in strict accordance
with the manufacturer's user manual and material safety data sheet. The extracted TNC tissues were immersed in the
Rapid Golgi-cox solution (solution A/B) prepared one day in advance (the solution was changed after 24 hours) for 14
days and then transferred to the Solution C (the solution was changed after 24 hours) for three days. The whole
process was carried out at room temperature and protected from light. A series of 150-micron coronal sections were
cut with a vibratome (Leica VT 12008, Japan) to ensure inclusion of the entire (non-transected) neural arbor, and the
sections were then applied to gelatin-coated slides. The slides were further processed in accordance with the
manufacturer's instructions and finally covered with Permount™ Mounting Medium (Fisher Scientific Co, Waltham,

MA, USA). The excitatory pyramidal neurons in the TNC regions were selected for dendritic spines analysis. After
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Golgi-Cox staining, the pyramidal neurons can be readily identified through the following three characteristics
(Perez-Cruz et al. 2009): (1) the characteristic triangular soma shape, (2) the apical dendrites extending toward the
surface of the branches, (3) the large number of dendritic spines. Also, the selected pyramidal neurons met the
following criteria: (1) the dendritic structures were in-tact, and the dendrites were clearly visible, (2) black and
consistent Golgi-Cox staining was presented on the whole length of the neuron dendrites, (3) and there was enough
space between each neuron to prevent interference in the analyzing process. The Image-pro Plus 6.2 software
(Bethesda, MD, USA) was used to analyze the images. During the whole process of taking and analyzing the pictures,
the experimenters were only shown the encoding numbers and thus blinded to the experimental groups. After pictures
had been taken for all the samples and after completion of the statistical analysis, the group information and the
corresponding coding numbers were revealed to the experimenter by the person responsible for encoding the samples

(n= 6 rats per group, 5 images per animal).
Statistical analysis

All data are presented as the mean + SD. SPSS 22.0 (SPSS, Inc., Chicago, IL, USA) was used for the statistical
analysis. Graphs were generated using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA) and statistical
analysis results were presented in box-plots (Weissgerber et al. 2015). Prior to statistical analysis, the
Shapiro-Wilk (S-W) normality test was applied to test whether all data conformed with normality, and F test or
Bartlett test, respectively, were used to test homogeneity of variance. Z-score tests were conducted using the SPSS
software to identify the outliers, data with Z scores < -3 or > 3 was considered outliers, and no data was identified as
outliers in this study. Behavioral data (mechanical pain thresholds and thermal pain thresholds) were evaluated using
two-way analysis of variance followed by Bonferroni post-hoc test. Differences between the two groups were
analyzed using an independent-sample T-test, and one-way ANOVA followed by Bonferroni post-hoc test for

multiple comparisons was used for more than two groups. P < 0.05 was considered statistically significant.
Results
Repeated dural inflammatory soup infusions induced hyperalgesia and elevated CGRP levels

A von Frey monofilament was used to examine the changes in mechanical thresholds in the periorbital and hind paw

regions of rats after repeated dural infusions of IS/PBS. The mechanical thresholds of periorbital and hind paws in the
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CM group began to decrease significantly after the second IS infusion. The differences between the CM and sham
groups were most obvious on the 3rd day, showing a significant downregulation of the pain thresholds in the CM
group, and the pain thresholds remained decreased in the next three days after the last IS infusion (Fig. 3b, c). The
thermal pain thresholds were consistent with mechanical pain thresholds (Fig. 3d). As a key neuropeptide of the
trigeminal nervous system, CGRP is considered a trigger for migraine, and its expression level is closely related to the
pathophysiology of CM (Edvinsson 2017). After 7 days of dural infusions, the protein expression of CGRP in the

TNC of the CM group was greatly increased compared to the sham group (Fig. 3e, f).

Repeated dural inflammatory soup infusions increased the glutamate concentration and downregulated the

expression of EAAT?2 in the TNC

To detect whether there was a change in total glutamate concentration in CM group and sham group, the concentration
of glutamate in the TNC was measured by HPLC. As shown in Table 1, the glutamate concentration in the CM group
was significantly higher than that in the sham group. Then, q-PCR and Western blot were used to analyze the
expression of EAAT2, and the results showed that the expression levels of EAAT2 in the CM group were decreased
compared to that in the sham group (Fig. 4a, b, c). In addition, the double immunofluorescence staining revealed that

EAAT?2 was mainly expressed on astrocytes (Fig. 4d).

EAAT?2 expression enhancers attenuated inflammatory soup-induced hyperalgesia and expression of CGRP in

the TNC

EAAT?2 is responsible for almost 90% of glutamate uptake. Two different EAAT2 expression enhancers (Cef,
LDN-212320) were given to explore the effect of upregulating EAAT2 expression on cutaneous hyperalgesia and
CGRP expression induced by repeated dura inflammatory soup stimulations. As shown in Fig. 5, the mechanical
thresholds of periorbital and hind paw and the thermal thresholds of hind paw were significantly lower in the CM and
CM+DMSO groups than those in the sham group. Intracerebroventricular injection of Cef (50 pg) did not change the
pain thresholds or the expression of CGRP in the CM group. However, high doses of Cef (200 pg) greatly improved
the mechanical and thermal pain thresholds and decreased the expression of CGRP in the CM group. Compared with
Cef, LDN-212320 at doses of 5 pg and 20 pg were both capable of upregulating EAAT2 expression, elevating the
pain thresholds in the CM group and restoring CGRP to a normal expression levels. Since 5 pg of LDN-212320

achieved the same effect as 200 pg of Cef and had a significant protective effect on allodynia, LDN-212320 (5 pg)
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was chosen for subsequent experiments (Fig. 5).
LDN-212320 attenuated the expression of CGRP and SP in the TNC of CM rats

CGRP and SP, synthesized and released by primary afferent neurons, are key neuropeptide substances in the
trigeminovascular system (TGVS). Persistent peripheral noxious stimulation increases the release of CGRP and SP,
enhances the transmission of nociceptive signals and induces hyperalgesia (Tajti et al. 2015; Iyengar et al. 2017). To
investigate whether upregulation of EAAT2 expression could attenuate the transmission of nociceptive signals,
expression of CGRP and SP in the TNC was examined. The Western blots showed that the expression of CGRP in the
CM and CM+DMSO groups was significantly higher than that in the sham group. Administration of LDN-212320
highly attenuated the increase in CGRP induced by inflammatory soup infusions (Fig. 6a, b). Then, the
immunoreactivity of CGRP and SP in the TNC were evaluated by immunofluorescence staining (Fig. 6¢). The
fluorescence intensity of CGRP and SP in the CM group was higher than that in sham group, and treatment with

LDN-212320 weakened the increase in CGRP and SP immunoreactivity (Fig. 6d, e).
Repeated dural stimulations activated astrocytes in the TNC

To investigate whether changes in astrocyte response are involved in the pathogenesis of CM, a semi-quantitative
immunofluorescence analysis of GFAP (a specific marker for astrocytes) was performed in the TNC (Fig. 7). In the
analysis areas, the ratio of GFAP-positive cells to the total cells in the CM and CM+DMSO groups was significantly
increased compared with the sham group. Interestingly, administration of LDN-212320 inhibited the proliferation of
astrocytes in the TNC of CM rats (Fig. 7¢). In terms of morphology, astrocytes in the CM and CM+DMSO groups

seemed to be hypertrophic compared with the sham group (Fig. 7a’-d’).

EAAT2 expression enhancer LDN-212320 decreased the glutamate concentration and the expression of

phosphorylated NR2B at tyrosines 1472 and 1474 in the TNC

The increased glutamate concentration could lead to overactivation of NMDA receptors, and phosphorylation of
NMDA receptors is a key factor in stimulating and maintaining central sensitization. To investigate whether
upregulation of EAAT2 expression could attenuate excessive activation of glutamate receptors by reducing the
accumulation of glutamate in the TNC, the glutamate concentration and tyrosine phosphorylation of NR2B

(pPNR2B-Y1472 and pNR2B-Y1474) in CM rats were measured after administration of LDN-212320. Treatment with
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LDN-212320 decreased the glutamate concentration and the expression of pNR2B-Y 1472 and pNR2B-Y 1474 in CM

rats, and no significant difference was found in tNR2B expression among the groups (Table 1, Fig. 8).
Upregulation of EAAT2 expression reduced synaptic plasticity in CM rats

Our previous study found that phosphorylation of NR2B participated in the pathogenesis of CM by regulating
synaptic plasticity (Wang et al. 2018). In addition, since our study revealed that upregulation of EAAT?2 inhibited the
phosphorylation expression of NR2B, to further explore whether EAAT?2 regulated synaptic plasticity in CM rats, we
examined the expression of synaptic-associated proteins Syp, Syt-1 and PSD95 in the TNC. Postsynaptic density
(PSD) is a special structure located in the central nervous system’s postsynaptic membrane and is the key material of
postsynaptic signal transduction and integration (Ehrlich ef al. 2007). Syp is a synaptic vesicle protein closely related
to the function and structure of synapses and is widely used as a marker of synaptic activity(Valtorta et al. 2004).
Syt-1 presents on the vesicle membranes of nerves and endocrine cells and is considered to be the major Ca?* receptor
in the process of cell secretion and is a marker of synaptic transmission (Poskanzer et al. 2003). Western blot analysis
revealed that the expression of Syp, Syt-1 and PSD95 in the CM and CM+DMSO groups was significantly increased
compared with the sham group, and administration of LDN-212320 reduced their expression. In addition, no
difference was found in the expression of Syp, Syt-1 and PSD95 between the sham group and the sham+LDN-212320

group, indicating that LDN-212320 itself did not affect the synaptic plasticity (Fig. 9).

The expression of EAAT2 regulated the ultrastructure of synapses observed by transmission electron

microscopy

The changes in the synaptic ultrastructure of the TNC neurons in each group were observed under TEM (Fig. 10). In
the sham group and the sham+LDN-212320 group, the synaptic cleft was clearly visible, and the presynaptic
membrane was clear and uniform with a complete outline. Numerous synaptic vesicles were observed in the anterior
membrane region, and abundant PSD was detected in the posterior membrane. On the other hand, the synaptic space
in the CM and CM+DMSO groups were widened and blurred. The thickness of postsynaptic densities, the curvature
of the synaptic interface and the length of active regions were increased as well. Administration of LDN-212320

restored the indicators of morphological changes to the synapse (Table 2).

The regulation of EAAT2 expression on the number of dendritic spines in neurons observed by Golgi-Cox
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staining

The dendritic spines of the pyramidal neurons in the TNC region were quantified using Golgi-Cox staining (Fig. 11).
Data analysis showed that increased dendritic spine densities were observed in the CM and CM+DMSO groups
compared with the sham group and sham+LDN-212320 group, and there was no statistical difference between sham
group and sham+LDN-212320 group. Injection of LDN-212320 reduced the density of dendritic spines, indicating an

increase in synaptic transmission efficiency in CM rats that was closely related to EAAT?2 expression.
Upregulation of EAAT?2 expression attenuated central sensitization in CM rats

To investigate whether EAAT?2 is involved in the CM central sensitization process, the expression of proteins
associated with central sensitization were examined. Activation of c-Fos and phosphorylation of CREB have been
used as reliable markers of neuronal activation and central sensitization (Harris 1998; Liang ef al. 2016; Anderson &
Seybold 2000). Our results revealed that the expression levels of c-Fos and phosphorylated CREB (pCREB-S133,
pCREB-S129) in the CM and CM+DMSO groups were significantly higher than those in the sham group. Treatment
with LDN-212320 reduced the expression of c-Fos and phosphorylated CREB, demonstrating that upregulation of
EAAT?2 expression attenuated central sensitization in CM rats. And there was no difference in the expression of
central sensitization-related proteins (c-Fos and phosphorylated CREB) between the sham group and the

sham+LDN-212320 group, indicating that LDN-212320 itself had no effect on neuronal excitability (Fig. 12).

Discussion

In the present study, EAAT2 expression levels were decreased in the a rat model of CM. The novel compound
LDN-212320 could restore the protein expression of EAAT2 through translation activation, and upregulation of the
EAAT?2 attenuated allodynia and alleviated central sensitization by regulating synaptic plasticity in CM rats. A
neuroprotective effect was obtained by the treatment with LDN-212320, indicating that the recovery of EAAT2

expression may be a new strategy for the treatment of CM, and LDN-212320 could be a potential therapeutic drug.

Animal model of CM

Migraine is known to be more prevalent in women and abundant evidence showed the role of estrogen in migraine

pathogenesis (Chai et al. 2014; Allais et al. 2018). Since the estrogen levels of male animals are more stable than that
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of female animals, in order to exclude the influence of estrogen levels fluctuation, the male rats were chosen in our

study.

A seven-day repeated dural inflammatory soup infusions were conducted to build a CM animal model in our study. As
a recognized and reliable animal model of CM, persistent peripheral nociceptive stimulations can activate the
trigeminal neurovascular system and lead to hyperalgesia or allodynia, imitating the common symptoms of CM
patients(Melo-Carrillo & Lopez-Avila 2013). After the repeated inflammatory soup infusions, rats in the CM group
exhibited reduced mechanical pain thresholds and thermal pain thresholds, which remained decreased in the next three
days after the last inflammatory soup infusion. CGRP is a pain signal neuropeptide of the trigeminal nervous system
that can be used as a biological indicator for diagnosing CM(Ramon et al. 2017; Cernuda-Morollon ef al. 2013). The
protein expression levels of CGRP in CM rats were significantly elevated compared with rats in the sham group. Both
results of behavioral and biomarker indicated that a pain model associated with CM was successfully built after

continuous inflammatory soup stimulations.
CM and EAAT2

Glutamate has long been considered to be involved in the pathogenesis of CM. Considering its excitatory effects on
nociceptive neurons along the trigeminovascular pathway, the role of glutamate as a pivotal neurotransmitter in the

procession of migraine-related central sensitization cannot be ignored (Hoffmann & Charles 2018).

Low concentrations of glutamate in the synaptic cleft ensures normal transmission of incoming signals. A large
amount of pre-clinical and clinical evidence indicated that CM patients have increased glutamate levels in peripheral
blood (Ferrari et al. 2009), saliva (Nam et al. 2018; Rajda et al. 1999), cerebrospinal fluid (Vieira et al. 2007), and the
occipital cortex (Zielman et al. 2017) during headache and interictal periods. In our study, HPLC was used to detect
the glutamate concentration in the TNC, which was significantly higher in the CM group than in the sham group,

indicating that abnormal glutamate concentration was involved in the pathogenesis of CM.

EAAT?2 plays a critical role in the clearance of extracellular glutamate and precisely regulated the glutamate
concentration in the synaptic cleft (Takahashi et al. 2015a). The excitotoxicity of glutamate caused by EAAT2
dysfunction has been involved in a variety of neurodegenerative diseases, such as stroke, amyotrophic lateral sclerosis

(ALS), Alzheimer’s disease and epilepsy, among others (Takahashi et al. 2015a). Similarly, in our study of CM rats,
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EAAT2 mRNA and protein expression were significantly downregulated. Although EAAT2 is of paramount
importance in regulating the excitotoxicity of neurological diseases, the practical drugs that can be used in clinical

treatment are limited.

Cef is an FDA-approved beta-lactam antibiotic that increases EAAT2 expression through transcriptional activation
mechanism. In an animal model of ALS, Cef had neuroprotective effects in vitro and in vivo by increasing the
expression of EAAT2. However, a large clinical trial was conducted to test the efficacy of ceftriaxone in ALS
patients, but was stopped because it did not meet the predetermined therapeutic criteria (Fontana 2015). This
disappointing result led us to consider whether Cef could effectively increase the expression of EAAT?2 ’s functional
membrane protein. Since elevation of the overall expression levels of EAAT2 usually does not match the
corresponding increase in EAAT2-mediated glutamate uptake activity, an increase in EAAT2 expression on the

plasma membrane of astrocytes is critical for glutamate uptake (Foran et al. 2014).

Recently, Kong and colleagues described a novel compound, LDN-212320, which effectively increases the expression
of EAAT2 in plasma membrane by enhancing the translation mechanism (Kong et al 2014). In primary
neuron-astrocyte co-cultures, LDN-212320 protected neurons from glutamate-induced excitotoxicity by enhancing
glutamate uptake. In addition, treatment with LDN-212320 provided protective effects in a variety of animal models.
For example, in an animal model of ALS, LDN-212320 delayed the decline of motor function and prolonged survival
of ALS mice (Takahashi et al. 2015b). In epilepsy animal model, LDN-212320 reduced the mortality, neuronal death
and spontaneous recurrent seizures (Kong et al. 2014). Also, LDN-212320 significantly attenuated nociceptive

behavior in mice of formalin-induced pain (Alotaibi & Rahman 2019).

In our study, effects of both EAAT2 expression enhancers (Cef and LDN-212320) were explored in our animal model
of CM. And it was found that LDN-212320 had better efficiency in upregulating EAAT2 protein expression and
relieving allodynia in CM rats (5 pug of LDN-212320 achieved the same effect of 200 pg Cef). As the increased
EAAT?2 through LDN-212320 is mainly expressed in plasma membrane, the total protein expression of EAAT2 was

detected in our experiment.

In our experiment, intraventricular injection of LDN-212320 reduced the glutamate concentration in the TNC of CM
rats, and significantly decreased the expression of CGRP, reducing the transmission of nociceptive signals and

alleviated the mechanical and thermal allodynia in CM rats. LDN-212320 showed a good ability in upregulating the
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EAAT?2 expression and the drug itself did not affect neuronal excitability. Compared with Cef, LDN-212320 has the
advantages of non-toxicity, small molecular weight and better drug efficiency. These results opened the possibility
that LDN-212320 is a therapeutic option for CM. However, the mechanism LDN-212320 upregulates EAAT2
expression is unclear. The study by (Kong et al. 2014) has found that treatment with LDN-212320 led the activation
of PKC, which subsequently stimulated YB-1 (a nucleic acid - binding protein that is important for translational
regulation), and resulting in enhanced EAAT? translation. Future study should focus on the molecular mechanism of
EAAT?2 translation activated by LDN-212320 and more behavioral tests (such as freezing behavior, exploration

behavior, resting behavior) need to be carried out.
CM and central sensitization

Phosphorylation of NMDA receptors is the key molecular mechanism underlying the central sensitization,
overactivated NMDA receptors would lead to an increase in the efficiency of glutamatergic neurotransmission, and
the enhancement of neuronal synaptic plasticity is the basis for the initiation and maintenance of pain (Ji et al. 2003;
Liu & Salter 2010). NR2B is the most important and broadly studied tyrosine phosphorylation protein of the NMDA
receptors, in our previous study, inhibition of phosphorylated NR2B attenuated the central sensitization in CM rats by
modulating synaptic plasticity (Wang et al. 2018). In our experiment, it was found that the restoration of EAAT2
protein expression inhibited the phosphorylation of NR2B. To explore whether upregulation of EAAT2 regulates
synaptic plasticity by inhibiting phosphorylation of NR2B, silver staining and electron microscopy were used to
observe structural changes in the synapse, and synapse-related proteins were analyzed by Western blot. The results
from synaptic structure and synaptic-associated protein analyses showed that the synaptic plasticity of neurons in CM
rats was significantly enhanced, while upregulation of EAAT2 expression restored neuronal synaptic plasticity to

normal levels.

To further evaluate whether EAAT?2 regulated the central sensitization process in CM rats, the expression levels of
phosphorylated CREB and c-Fos were measured. CREB is involved in the sensitization of nociceptive cells and plays
a role through phosphorylation (Anderson & Seybold 2000; Ma & Quirion 2001). Phosphorylated CREB leads to the
activation of c-Fos, which has been widely used as a marker of neuronal activation in the nociceptive pathway

(Mitsikostas et al. 2011; Harris 1998). In our experiment, treatment with LDN-212320 reduced the protein expression
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of pCREB and c-Fos in CM rats, indicating that the upregulation of EAAT2 alleviated the hyperexcitability of

neurons and ameliorated the central sensitization in CM rats
CM and astrocytes

Our understanding of pathological pain led us to focus on the neuronal mechanism. Considering neuronal activity
alone cannot fully elucidate the production and maintenance of chronic neuropathic pain. Activation of glial cells and
interactions with neurons are emerging as a potential mechanism (Loggia et al. 2015). Astrocytes are the most
abundant glial cells in the CNS. Close contact with neurons and synapses enables astrocytes not only to support and
nourish neurons but also to regulate the external chemicals environment during synaptic transmission (Singh &
Abraham 2017). It is well-known that EAAT2 expressed on astrocytes can modulate synaptic plasticity of neurons by
regulating glutamate concentration in the synaptic cleft through the glutamate-glutamine cycle. When the CNS is
damaged, astrocytes can be activated, which is manifested by proliferation, hypertrophy, release of glial medium, and
downregulation of glutamate transporters. Proliferation of spinal astrocytes has been demonstrated in neuropathic pain
models, and injection of astrocyte inhibitor inhibited the proliferation of astrocytes and reduced neuropathic pain (Ji et
al. 2013). In our experiment, we also found that after stimulation by inflammatory soup, astrocytes in the TNC
proliferated and were hypertrophic. Notably, LDN-212320 reduced the activation of astrocytes, which may be the
result of EAAT2 upregulation but may also be a direct LDN-212320 effect. The activation status of astrocytes we
observed in CM rats implicated that astrocytes may be involved in the pathogenesis of CM. Understanding the
molecular mechanism of cross-talk between TNC neurons and astrocytes may contribute to a deep understanding of
CM. Therefore, the duration of astrocytes’ reactivity in CM rats and the studies on the molecular mechanisms in

astrocytes needs to be carried out in the follow-up experiments.
Conclusion

Our study demonstrated downregulated expression of EAAT2 in a rat model of CM, and that recovery of EAAT2
expression can reduce the transmission of nociceptive signals and regulate synaptic plasticity to alleviate central
sensitization. Therefore, regulation of EAAT2 may provide a new therapeutic strategy for CM treatment and

LDN-212320 may be a potential therapeutic drug.

Limitations of this experiment
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Although an increase of the total glutamate level was detected in migraine patients and in our experiment, the
glutamate concentration in the synaptic cleft is sensitive to the excitability of the neurons and will be more objective
and rigorous if measured by microdialysis. Regarding synaptic plasticity, due to the lack of electrophysiological
studies, we only explored the effects of experimental results on structural plasticity. Further studies on

electrophysiology are needed to examine the effects on functional plasticity.
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Picture annotation:
Fig. 1

The time-line and experimental procedures of this study. Rats were acclimatized for one week and assigned to each
experimental group after a simple randomization (6~10 rats per group). At day 8, a total of 205 rats underwent surgery
and 9 rats were excluded due to dural damage during the surgery. Then, rats were recovered for one week to the
pre-operative levels (4 rats were excluded due to the infection and 2 rats were excluded due to the pain thresholds
didn't return to the pre-operative levels). Rats that recovered to the pre-operative levels received a 7-day dura
infusions and behavioral tests (n = 10 rats per group). Next, rats were administrated with drugs and the behaviors were
tested (n = 10 rats per group). Last step, 24 hours after the administrations, rats were sacrificed for the following

HPLC, g-RCR, Western blot, IF, TEM, Golgi-cox experimental studies (n = 6 rats per group).
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Fig.2
Schematic representation of the brain region for TNC.

The white dotted frame represents the TNC regions (Liu et al. 2018) and the white solid line rectangular box in the
TNC areas were selected for the analysis of astrocytes. Nuclei were labeled with DAPI (blue), and astrocytes were

labeled with GFAP (red).

Fig. 3

Pain thresholds and expression of CGRP in TNC after repeated IS or PBS infusions. a. Schematic diagram of infusion
time. b-c. Repeated dural inflammatory soup infusions reduced the mechanical pain threshold of hind paw and
periorbital area of rats, and induced hyperalgesia in rats of the CM group. d. The thermal pain threshold of the hind
paw in the inflammatory soup group was similar to the mechanical pain threshold and was much lower than that of the
PBS group on the third day. e. After 7 days of continuous infusions, the inflammatory soup group showed increased
expression of CGRP in the TNC. f. The statistical analysis result was presented in box-plots, the box dimension shows
the median and interquartile range, the center line show the median and the box limits indicate the 25th and 75th
percentiles and the whiskers shows the remaining 50% of the data range (n= 10 rats per group, *P <0.05 compared

with the sham group). Protein expression in the bar graphs is shown relative to the intensity beta-actin/GAPDH.

Fig. 4

The localization of EAAT?2 and the expression levels in the TNC. a-b. EAAT2 protein expression in the TNC of the
CM group was remarkably decreased compared to that in the sham group. Protein expression in the bar graphs is
shown relative to the intensity beta-actin/GAPDH. c. EAAT2 mRNA expression in the TNC of the CM group was
consistent with EAAT2 protein expression and was also significantly decreased (n = 6 rats per group, *P <0.05
compared with the sham group). d. Double immunofluorescence staining of GFAP (green) with EAAT2 (red) in the
TNC. EAAT2 was mainly expressed on astrocytes (shown by arrows) (n=3 rats, 5 pictures per rats, scale

bar =20 um). The statistical analysis results were presented in box-plots, the box dimension shows the median and
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interquartile range, the center line show the median and the box limits indicate the 25th and 75th percentiles and the

whiskers shows the remaining 50% of the data range.

Fig. 5

Effects of two EAAT2 expression enhancers on pain thresholds and protein expression of EAAT2 and CGRP in CM
rats. a-c. The mechanical and thermal pain thresholds of the periorbital and hindpaw in each experimental group. Rats
in CM+Cef (200 pg), CM+LDN-212320 (5 png) and CM+LDN-212320 (20 ug) groups had higher pain thresholds of
the periorbital and hindpaw compared with those in CM, CM+DMSO and CM+Cef (50 pg) groups (n = 10 rats per
group, P <0.05, *P vs sham group; *P vs CM+DMSO group). d-f. The protein expression of EAAT2 and CGRP in
each experimental group. Treatment with Cef (200 pg), LDN-212320 (5 pg) and LDN-212320 (20 pg) restored
EAAT?2 to normal expression levels and downregulated CGRP expression, and there was no statistical difference of
EAAT2 and CGRP protein expression in CM, CM + DMSO and CM+Cef (50 pg) groups (n = 6 rats per group,
P <0.05, *P vs sham group; P vs CM+DMSO group). The statistical analysis results were presented in box-plots, the
box dimension shows the median and interquartile range, the center line show the median and the box limits indicate
the 25th and 75th percentiles and the whiskers shows the remaining 50% of the data range. Protein expression in the

bar graphs is shown relative to the intensity beta-actin/GAPDH.

Fig. 6

The protein expression of CGRP and immunofluorescence staining of CGRP and SP in the TNC. a-b. Compared with
the sham group, the protein expression of CGRP in the CM and CM+DMSO groups was highly increased, and
administration of LDN-212320 recovered the expression of CGRP to normal expression levels (n = 6 rats per group,
P <0.05, *P vs Sham group; *P vs CM+DMSO group). Protein expression in the bar graphs is shown relative to the
intensity beta-actin/GAPDH. c-e The immunofluorescence staining showed that the fluorescence intensity of CGRP
and SP in the CM and CM+DMSO groups was significantly higher than that in sham group, and treatment with
LDN-212320 alleviated the increase of CGRP and SP fluorescence intensity in CM rats (n = 6 rats per group, P <0.05,

*P vs Sham group; #*P vs CM+DMSO group, scale bar =200 pum). The statistical analysis results were presented in
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box-plots, the box dimension shows the median and interquartile range, the center line show the median and the box

limits indicate the 25th and 75th percentiles and the whiskers shows the remaining 50% of the data range.

Fig. 7

Effect of repeated dural inflammatory soup stimulations on the astrocyte response in the TNC. a, sham group; b, CM
group; ¢, CM+DMSO group; d, CM+LDN-212320 group. a’-d’. Magnified images of a-d. a’-d’. Morphologically,
astrocytes were observed under a 40x objective, the CM and CM+DMSO groups showed hypertrophy compared with
the sham group, and administration of LDN-212320 restored the morphology of astrocytes to normal. e. The ratio of
the number of astrocytes (labeled by GFAP) to the number of total cells (labeled by DAPI) was analyzed under a 20x
objective. Compared with the sham group, inflammatory soup stimulations increased the percentage of astrocyte cells,
and treatment with LDN-212320 alleviated the proliferation of astrocytes. (n = 6 rats per group, P <0.05, *P vs sham
group; ¥P vs CM+DMSO group, scale bars =100 um (a-d), scale bars =20 pm (a’-d’). The statistical analysis result
was presented in box-plots, the box dimension shows the median and interquartile range, the center line show the
median and the box limits indicate the 25th and 75th percentiles and the whiskers shows the remaining 50% of the

data range.

Fig. 8

Expression of phosphorylated NR2B (pNR2B-Y1472 and pNR2B-Y474) and tNR2B in each group. a-c.
Immunoblotting bands of tNR2B, pNR2B-Y 1472, pNR2B-Y 1474 and f-actin. d. There was no significant difference
in the expression of tNR2B in each group. e-f. Expression of pNR2B-Y1472 and pNR2B-Y1474 in the CM and
CM+DMSO group was significantly higher than that in the sham group, and treatment with LDN-212320 decreased
the expression of pPNR2B-Y 1472 and pNR2B-Y 1474 in the TNC. (n = 6 rats per group, P <0.05, *P vs sham group; #P
vs CM+DMSO group). The statistical analysis results were presented in box-plots, the box dimension shows the
median and interquartile range, the center line show the median and the box limits indicate the 25th and 75th
percentiles and the whiskers shows the remaining 50% of the data range. Protein expression in the bar graphs is shown

relative to the intensity beta-actin/GAPDH.
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Fig. 9

Expression of the synaptic-associated proteins Syp, Syt-1 and PSD95 in the TNC. a-f. Protein expression of Syp,
Syt-1 and PSD95 in the TNC was increased in the CM and CM+DMSO groups compared with that in the sham group,
administration of LDN-212320 decreased the expression of Syp, Syt-1 and PSD95 in CM rats. e-l. There was no
significant difference in the expression of Syp, Syt-1 and PSD95 bewteen the sham group and the sham+LDN-212320
group. (n = 6 rats per group, P <0.05, *P vs sham group; *P vs CM+DMSO group). The statistical analysis results
were presented in box-plots, the box dimension shows the median and interquartile range, the center line show the
median and the box limits indicate the 25th and 75th percentiles and the whiskers shows the remaining 50% of the

data range. Protein expression in the bar graphs is shown relative to the intensity beta-actin/GAPDH.

Fig. 10

The changes in the synaptic ultrastructure of the TNC neurons in each group were observed under TEM.
a-e.Ultrastructure of synapses in each group (a, sham group; b, CM group; ¢, CM+DMSO group; d,
CM+LDN-212320 group; e, sham+LDN-212320 group, scale bar =200 nm). a’-¢’. Magnified images of a-¢ (a’, sham
group; b’, CM group; ¢’, CM+DMSO group; d’, CM+LDN-212320 group; e, sham+LDN-212320 group, scale
bar = 80 nm). PSD, postsynaptic density; SC, synaptic cleft; SV, synaptic vesicle (n = 6 rats per group, 10 images per

rats were arbitrarily taken, P <0.05, *P vs sham group; *P vs CM+DMSO group).

Fig.11

Density of dendritic spines in TNC neurons. a-e. Morphology of pyramidal neurons in each group (a, sham group; b,
CM group; ¢, CM+DMSO group; d, CM+LDN-212320 group; e, sham+LDN-212320 group, scale bar =20 pm). a’-¢’.
Magnified images of neurons to analyze the density of dendritic spines per 20 um (a’, sham group; b’, CM group; ¢’,
CM+DMSO group; d’, CM+LDN-212320 group; ¢’, sham+LDN-212320 group, scale bar =4 pm). f. Data analysis

showed that increased dendritic spine densities were observed in CM and CM+ DMSO groups compared with sham
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group, and there was no significant difference between CM and CM+DMSO groups. Administration of LDN-212320
reduced the density of dendritic spines, and no statistical difference was found between the sham group and the
sham+LDN-212320 group (n = 6 rats per group, 5 images per rats were arbitrarily taken, P <0.05, *P vs sham
group; #P vs CM+DMSO group). The statistical analysis result was presented in box-plots, the box dimension shows
the median and interquartile range, the center line show the median and the box limits indicate the 25th and 75th
percentiles and the whiskers shows the remaining 50% of the data range. Protein expression in the bar graphs is shown

relative to the intensity beta-actin/GAPDH.

Fig. 12

Expression of the central sensitization-associated proteins p-CREB-S129, t-CREB, p-CREB-S133, and c-Fos in the
TNC. a-h. Expression of p-CREB-S129, p-CREB-S133, and c-Fos in the CM and CM+DMSO groups was
significantly increased compared to the sham group, and treatment with LDN-212320 reduced the expression of these
proteins. There was no difference in tCREB expression among groups. i-n. In addition, there was no statistical
difference in the expression of p-CREB-S129, p-CREB-S133, and c-Fos in the sham and the sham+LDN-212320
groups (n = 6 rats per group, P <0.05, *P vs sham group; *P vs CM+DMSO group). The statistical analysis results
were presented in box-plots, the box dimension shows the median and interquartile range, the center line show the
median and the box limits indicate the 25th and 75th percentiles and the whiskers shows the remaining 50% of the

data range. Protein expression in the bar graphs is shown relative to the intensity beta-actin/GAPDH.

Fig.13

Schematic diagram of the astrocyte excitatory amino acid transporter 2 (EAAT?2) participating in central sensitization
process through modulating synaptic plasticity. Central sensitization is the potential pathogenesis of chronic migraine
(CM) and is related to the persistent neuronal hyperexcitability. In our study, downregulated EAAT2 was found in
CM rats, which may contribute to central sensitization by leading the accumulation of extracellular glutamate and
enhancing the synaptic plasticity. The novel compound LDN-212320 greatly upregulated the protein expression of

EAAT?2, alleviated hyperalgesia, decreased the glutamate concentration and provided a neuroprotective effect in CM
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rats, indicating that the recovery of EAAT2 expression may be a new strategy for the treatment of CM, and

LDN-212320 could be a potential therapeutic drug.

Table 1

Glutamate concentration in the TNC of rats

Group(n=6 rats) Glutamate concentration (mg/g)
sham 0.57+0.5909

CM 0.78+0.2999*

CM+DMSO 0.75+0.4628*

CM+LDN-212320 0.55+0.6757*

The glutamate concentration in the CM group and the CM+DMSO group was significantly increased compared with

the sham group, and it was decreased after the treatment with LDN-212320. Data are presented as the mean =+ SD.

P <0.05, *P vs sham group, *P vs CM+DMSO group, n = 6 rats per group.

Table 2

Synaptic morphological parameters in the TNC of rats

n=6 rats per group sham CM CM+DMSO CM+LDN-212320

sham+LDN-212320

Thickness of the 14.32+1.3206 45.50+4.9798* 46.77+4.4873* 20.21+1.4771#

PSD/nm

16.27+3.4063*
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Width of the synaptic  19.29+1.2399 30.07+3.532* 28.86+0.9860* 22.69+1.3576% 20.98+2.1810%

cleft/nm

Synapticinterface 1.08+0.0097 1.32+0.5317* 1.26+0.3396* 1.11£0.0399* 1.07+0.3257#
curvature

Active zones/nm 3114£21.3528 512.60+48.1851*  498.02+49.4603* 329.20+41.4636*  320.23£32.0048*

The Thickness of the PSD, width of the synaptic cleft, synapticinterface curvature, and active zones in the CM group
and the CM+DMSO group were significantly increased compared with the sham group, while treatment with
LDN-212320 restored them to the normal expression levels. In addition, there was no statistical among the sham,
CM+LDN-212320 and sham+LDN-212320 groups. Data are presented as the mean + SD. P<0.05, *P vs sham

group; #P vs CM+DMSO group, n = 6 rats per group.
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