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Summary
	 Background:	 Osthole (Ost), a natural coumarin derivative, has been shown to inhibit many pro-inflammatory mediators 

and block voltage-gated Na+ channels. During inflammation, acidosis is an important pain inducer which 
activates nociceptors by gating depolarizing cationic channels, such as acid-sensing ion channel 3 (ASIC3). 
The aim of this study was to examine the effects of Ost on nucleus pulposus-evoked nociceptive responses 
and ASIC3 over-expression in the rat dorsal root ganglion, and to investigate the possible mechanism.

	Material/Methods:	 Radicular pain was generated with application of nucleus pulposus (NP) to nerve root. Mechanical allodynia 
was evaluated using von Frey filaments with logarithmically incremental rigidity to calculate the 50% proba-
bility thresholds for mechanical paw withdrawal. ASIC3 protein expression in dorsal root ganglions (DRGs) 
was assessed with Western blot and immunohistochemistry. Membrane potential (MP) shift of DRG neu-
rons induced by ASIC3-sensitive acid (pH6.5) was determined by DiBAC4 (3) fluorescence intensity (F.I.).

	 Results:	 The NP-evoked mechanical hyperalgesia model showed allodynia for 3 weeks, and ASIC3 expression was 
up-regulated in DRG neurons, reaching peak on Day 7. Epidural administration of Ost induced a re-
markable and prolonged antinociceptive effect, accompanied by an inhibition of over-expressed ASIC3 
protein and of abnormal shift of MP. Amiloride (Ami), an antagonist of ASIC3, strengthened the anti-
nociceptive effect of Ost.

	 Conclusions:	 Up-regulation of ASIC3 expression may be associated with NP-evoked mechanical hyperalgesia. A single 
epidural injection of Ost decreased ASIC3 expression in DGR neurons and the pain in the NP-evoked 
mechanical hyperalgesia model. Osthole may be of great benefit for preventing chronic pain status of-
ten seen in lumbar disc herniation (LDH).
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Background

Chronic sciatica and low back pain induced by lumbar disc 
degeneration or herniation (LDH) is a common musculo-
skeletal disease affecting about 5% of all individuals world-
wide [1]. LDH refers to a process in which there is rup-
ture of the anulus fibers and subsequent displacement of 
the central mass of the disc in the intervertebral space, 
common to the posterior or posterolateral aspect of the 
disc [2–7]. This disease most commonly occurs in indi-
viduals aged 30 to 50 years. Alterations in the vertebral 
endplate lead to loss of disc nutrition and disc degenera-
tion. Aging, cellular apoptosis, abnormalities in collagen 
and proteoglycan, loads placed on the disc, and vascular 
ingrowth contribute to disc degeneration [8]. However, 
the pathophysiologic mechanism of painful radiculopa-
thy caused by a herniated intervertebral disc remains un-
clear. Compression of the nerve has been shown to create 
edema formation and eventually cause intraneural inflam-
mation and hypersensitivity [9,10]. This will result in in-
creased mechanosensitivity of the nerve root with regard 
to compression and the induction of pain. It is now gen-
erally accepted that a combination of mechanical and ab-
normal biochemical events/pathways is involved in the 
generation of radicular pain [9]. Many chemical and in-
flammatory mediators such as phospholipase A2, interleu-
kins, and nitric oxide, induced by extruded or sequestrat-
ed intervertebral discs, are involved in the pathogenesis of 
painful radiculopathy in LDH [9,11]. In addition, family 
and twin studies have shown that genetic factors may play 
an important role in the development of LDH [12]. Two 
collagen IX alleles (COL9A2 and COL9A3) have been as-
sociated with sciatica and lumbar disc herniation [13] and 
disc degeneration has been shown to be related to an ag-
grecan gene polymorphism, a vitamin D receptor and ma-
trix metalloproteinase-3 gene alleles [14,15].

It is well established that alterations in nociceptors and el-
evated neuronal activity can lead to the development of in-
flammatory pain hypersensitivity. Tissue acidosis is com-
monly observed as a dominant contributor to hyperalgesia 
[16,17]. Acid-sensing ion channel (ASIC3) in dorsal root 
ganglion (DRG) neurons may play an important role in 
nerve root pain caused by LDH [18]. The ASIC family en-
tails neuronal voltage-insensitive cationic channels acti-
vated by extracellular protons [19,20]. Around the LDH-
induced inflammation tissue, the up-regulation of ASIC3 
in DRG neurons might be an important integrator of allo-
dynia [18]. ASIC3 could induce a transient inward current 
as a dominant sensor of pain responding to weak acidifica-
tion, while a sustained current might be induced when pH 
drops to 5.0 [21].

Pharmacotherapy and regional nerve block is the corner-
stone of management of LDH-associated pain. It seems 
likely that a combination of multi-modal and multi-disci-
plinary treatment is preferable. In traditional Chinese med-
icine, some herbal medicines such as Cusson and Angelica 
are considered to have great curative effects for LDH and 
arthritis. Osthole (7-methoxy-8-(3-methylpent-2-enyl) cou-
marin, Ost) (Figure 1) is extracted from Cnidium monnieri 
(L.), Cusson and Angelica pubescens maxin. To date, the an-
titumor [22], anticonvulsant [23] and memory-enhancing 
[24] activities of Ost have been demonstrated. Recently, 

this herbal compound has also been found to exhibit po-
tent anti-inflammatory properties through the inhibition 
of cyclooxygenase (COX), inducible-nitric oxide synthase 
(iNOS) and tumor necrosis factor-a (TNF-a) [25]. In a rat 
model of nucleus pulposus (NP)-evoked hyperalgesia, a sin-
gle dose of epidural injection of Ost showed a potent anti-
nociceptive effect [26]. However, its specific antinociceptive 
mechanism is unclear and controversial in different mod-
els of inflammatory pain [27].

We hypothesized that the regulation of ASIC3 was involved 
in the mechanism by which herbal compounds such as Ost 
induced an antinociceptive effect. As such, this study was 
designed to explore the effects of osthole on autologous 
nucleus pulposus (NP) – evoked hyperalgesia and ASIC3 
overexpression in the rat dorsal root ganglion. The varia-
tion of membrane potentials (MP) of DRG neurons evoked 
by ASIC3-sensitive acid and the synergistic effect of Ost and 
Ami on pulposus-evoked hyperalgesia and ASIC3 expres-
sion was explored as well. Since amiloride (Ami) is a non-
selective antagonist of ASICs and exhibits a moderate ef-
fect at high concentration in a mouse pain model [27]; 
the synergistic effect of Ost and Ami was also investigat-
ed in this study.

Material and Methods

Chemicals and reagents

Ost (analytical purity: 99%) was obtained from Nanjing 
TCM Institute of Materia Medica, Nanjing, China. Ami and 
dimethyl sulfoxide (DMSO) were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Animals

Male Sprague-Dawley (SD) rats weighing 237.5±12.3 g were 
purchased from The Medical Laboratory Animal Center 
of Guangdong. A total of 151 SD rats were used, including 
109 rats in the autologous NP-evoked hyperalgesia group 
(NP-rats), 21 sham-operated control rats and 21 blank 
control rats. All experiments were approved by the Ethics 
Committee of the First Affiliated Hospital, Sun Yat-sen 
University, Guangzhou, China. Rats were kept in colony cages 
with free access to food and water, under standardized hous-
ing conditions (12 hr light-dark cycle, temperature 22–24°C, 
relative humidity 55±5%). Experiments were carried out in 
compliance with the Experimental Animal Management Bill 
of the November 14th 1988 Decree No.2 of National Science 
and Technology Commission, Beijing, China.

O O O

Figure 1. Chemical structure of osthole.
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Autologous NP-evoked hyperalgesia model

In accordance with the methods of Kawakami et al. [11] 
and Ohtori et al. [28], 109 rats were anesthetized with 
20% urethane (0.8 ml/100g by intraperitoneal injection). 
Laminectomies were performed, exposing the left L5 nerve 
roots and associated DRGs. Autologous nucleus pulposus 
(about 0.4 mg) was harvested from the 2 near-end inter-
vertebral spaces of each tail and gently placed onto the ex-
posed left L5 DRG. A PE-0503 catheter was put into the epi-
dural space cranially where the exposure was performed. In 
21 sham control rats, nucleus pulposus was harvested using 
the above procedures but it was not applied to the L5 DRG. 
The blank control rats were normal SD rats without surgery.

Drug treatment

For behavioral assessment and ASIC3 expression assay, Ost 
and Ami (100 µg/kg, Sigma-Aldrich, St. Louis, MO, USA) 
were dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA) 
and diluted in distilled water. The vehicle control was dis-
tilled water containing 0.1% DMSO. All the solutions were 
adjusted to a pH value of approximately 7.4. The drugs were 
injected through a PE-0503 catheter on day 6. The volume 
of injection was 50 μl. For the MP analysis, Ost and Ami were 
dissolved in DMSO and diluted in DMEM/F12. The vehicle 
control was DMEM/F12 containing 0.1% DMSO. All the test-
ed drugs were adjusted to pH 7.4. Each rat’s neurons were 
pretreated with the tested drugs 1 h before testing.

Mechanical pain threshold study

Before the behavioral study, a 72-h adaptation to the exper-
imental condition was made for all the rats. Fifty-six NP rats 
were randomly assigned to receive 1% Ost, 2% Ost, 5% Ost, 
Ami, 2% Ost plus Ami, and DMSO alone. The thresholds of 
NP rats were measured on day 1 and days 1, 3, 5, 7, 10, 14, 
17, 21 and 28 after NP application (day 0, the surgery day 
for NP application; day 6, the treatment day). Hyperalgesia 
was assessed using von Frey filaments with logarithmically 
incremental rigidity (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, 
and15.1 g; Stoelting, Wood Dale, IL, USA) to calculate the 
50% probability thresholds for mechanical paw withdrawal 
[18]. Filaments were applied to the pad of the left paw for 
6–8 seconds in an “up-down” method [29]. Ost, Ami, Ost 
plus Ami, or DMSO was injected to the experimental and 
control rats on day 6 through the PE-0503 catheter. The 
tested drugs or vehicle control were given at the same vol-
ume of 50 µl with a pH value of approximately 7.4. The in-
vestigators were blind to all treatments.

Determination of ASIC3 protein expression in DRG 
neurons

There were 63 rats used for evaluation in this study, including 
33 in the NP, 15 in the sham control and 15 in the blank con-
trol group. All rats were anesthetized using carbon dioxide 
and decapitated for exsanguination. The left L4-L5 DRGs were 
rapidly dissected and homogenized in 50 mM Tris HCl, pH 
7.5/5mM EDTA/150 mM NaCl/1%Triton X-100/Complete 
protease inhibitors (Boster, Beijing, China). The protein con-
centration was measured using a bicinchoninic acid (BCA) as-
say kit (Pierce, Rockford, IL, USA). Equal amounts of protein 
were resolved in SDS-10% polyacrylamide gels and transferred 

to Immobilon-P membranes (Millipore Inc., Billerica, MA, 
USA). After the membranes were blocked with 5% dry milk, 
they were incubated overnight at 4°C with anti-ASIC3 (1:1000, 
Abcam, Cambridge, MA, USA) or anti-b-actins (1:5000; Santa 
Cruz Biotechnology Inc., Santa Cruz, CA, USA) antibodies 
followed by extensive washes. A 1:5,000 dilution of anti-rab-
bit horseradish peroxidase-labeled antibody (Santa Cruz 
Biotechnology Inc., Santa Cruz, CA, USA) was added and in-
cubated for another 1 h. Finally, blots were developed with en-
hanced chemiluminescence (ECL plus, Amersham Pharmacia, 
Piscataway, NJ, USA) and exposed onto X-films for 2–10 min. 
Image-Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, USA) 
was used for the analysis of optic density of ASIC3 and b-ac-
tin. Multiple Western blots of ASIC3 were quantified by den-
sitometric analysis. The expression levels of each group were 
normalized to the corresponding level of b-actin.

Immunohistochemistry

Fifteen rats were used, including 9 in the NP, 3 in the blank 
control and 3 in the sham control group. The rats were deep-
ly anesthetized with sodium pentobarbital (40 mg/kg body 
weight, by intraperitoneal injection) and perfused transcardial-
ly with 500 ml 4% paraformaldehyde in 0.1 M phosphate buf-
fer (pH 7.4). The L5 DRGs were resected and post-fixed with 
the same fixative for 30 min and then soaked in phosphate-
buffered 20% sucrose overnight. Frozen sections (12 µm) 
were made on a cryostat and pretreated with a blocking so-
lution containing 0.3% Triton X-100 and 3% normal goat se-
rum (Sigma-Aldrich, St. Louis, MO, USA) for 1.5 h at room 
temperature. Sections were processed for ASIC3 immunohis-
tochemistry analysis using an avidin-biotin complex technique 
that involved with rabbit polyclonal body to ASIC3 (1:1000, 
Abcam, Cambridge, MA, USA) for 48 h at 4°C, followed by 
incubation with goat anti-rabbit staining kits (FITC; 1:200; 
Boster, Beijing, China) for 2 h at room temperature. The sec-
tions were finally examined using a fluorescence microscope 
(Leica Co., Solms, Germany). We counted 10 serial sections 
exhibiting the greatest number of labeled cells in each rat. 
DRG neurons were counted at 100× magnification using a 
counting grid. The number of ASIC3 immunoreactive cells 
per 0.0225 mm2 were counted and averaged for each animal.

Acid-induced MP change assessment

The left L4-L6 DRG neurons of rats were prepared on day 7. 
In brief, the DRG neurons were isolated by a standard enzyme 
protocol and cultured in DMEM/F12 (Invitrogen, Carlsbad, 
CA, USA) plus 10% fetal bovine serum (Invitrogen, Carlsbad, 
CA, USA). Neurons from each rat were plated (1×105 cell/ml) 
on the bottom of each well (200 µl/well, 24-well plate) and 
maintained at 37°C in a humidified atmosphere containing 
5% CO2 up to 5 h. Then the neurons were labeled with a so-
lution containing 50 nM bis (1,3-dibutyl barbituric acid) tri-
methine oxonol (DiBAC4(3), Sigma-Aldrich, St. Louis, MO, 
USA) for 20 min. After DiBAC4(3) staining, the neurons were 
washed by physiological salt solution (PSS, pH 7.4, 10 mM 
HEPES, 124 mM NaCl, 25 mM KCl, 2 mM MgCl2, 10 mM 
glucose, and 2 mM CaCl2) for 30 sec followed by acidic PSS 
(added HEPES 15 mM, pH 6.5) stimulation through a glass 
micropipette at a rate of 1 ml/min for 60 sec. Dynamical mea-
surements of the intracellular fluorescence intensity (F.I.) 
were performed using a fluorescence microscope. The val-
ues of F.I. were recorded every 5 sec.
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Statistical analysis

Statistical analysis was performed using SPSS 16.0 soft-
ware (SPSS Inc., Chicago, IL, USA). All data are present-
ed as means ±SEM unless otherwise stated. A Shapiro-Wilk 
test for normality was performed when appropriate. A val-
ue of P<0.05 was considered to be statistically significant. 
Statistical analysis was performed by 2-way ANOVA analy-
sis, followed by Bonferroni-type multiple t-test for behav-
ioral experiments and MP assessment experiments among 
groups over the time. Comparison of acid-induced MP 
change of each group was made by Student’s paired t-test. 
Comparison of ASIC3 protein expression between groups 
was made by 1-way ANOVA analysis followed by Bonferroni-
type multiple t-tests.

Results

Antinociceptive effect of Ost on NP-evoked hyperalgesia

NP was applied on the left DRG on day 0. NP rats were equal-
ly randomized into 4 groups and received epidural admin-
istration of 1%, 2%, 5% Ost and DMSO on day 6, respec-
tively. Autologous NP-evoked hyperalgesia was expressed as 
a decrease of mechanical pain threshold value. There was 
no significant difference of the threshold values (about 1 
g) among the 4 groups on day 5. In the 2% Ost-treated and 
5% Ost-treated groups, the hyperalgesia was rapidly and per-
sistently inhibited after the administration. The nociceptive 
threshold only increased transiently and slightly in the 1% 
Ost group from day 7 to day 10 (Figure 2A). Based on the 
results, the concentration of 2% was selected for the subse-
quent experiments. Then the antinociceptive effect of Ami, 
Ost and Ami plus Ost was compared in NP rats. The threshold 
values on day 7 were 10.54±1.20, 16.47±2.49, and 21.76±2.58 

g for Ami, 2% Ost, and Ami plus 2% Ost groups, respective-
ly, indicating that the antinociceptive effect of Ost was more 
potent than that of Ami (P<0.05). The combination of Ami 
and Ost resulted in a short-term (day 7 to day 10) but stron-
ger antinociceptive effect than Ost (P<0.05) (Figure 2B).

Effect of Ost on ASIC3 protein expression in DRG 
neurons of NP rats

Western blots were performed using antibodies to ASIC3, 
recognizing a band at 59 kDa. The Western blotting analysis 
showed a significant increase of ASIC3 protein in DRG of 
NP rats compared with that in the blank and sham groups. 
The elevation of ASIC3 expression was delayed and grad-
ual, reaching peak on day 7 and then decreasing slowly 
(Figure 3A). To investigate the effect of Ost on ASIC3 pro-
tein expression in DRG of NP rats, the drugs were admin-
istered on day 6 and the Western blotting analysis was per-
formed on day 7 (NP was applied on the left DRG on day 
0). The data show that Ost resulted in a decreased expres-
sion of ASIC3 protein, but not in a totally concentration-
dependent manner. The ASIC3 protein expression in the 
Ami plus 2% Ost group was significantly lower compared 
with that in the 2% Ost group, indicating that the inhibito-
ry effect of Ost on ASIC3 protein expression was enhanced 
by the combination treatment of Ami (Figure 3).

The immunohistochemistry assay showed that ASIC3 was ex-
pressed predominantly in the small and medium neurons 
(Figure 4). The number of ASIC3-positive cells was increased 
in DRG from NP group compared with that of the sham 
group (NP group, 42±11; sham group, 11±5; P<0.05). The 
number of labeled nuclei was decreased in the Ost group 
(23±7, P<0.05) and the Ami-Ost group (17±8, P<0.05) as 
compared with the NP group.

Figure 2. �Mechanical pain threshold measured by von-Frey hair stimulation of the hind paw. Data from the paw withdrawal of all the groups are 
expressed as 50% of threshold and showed as means ± s.e.m. (n=8). NP was applied on the left L5 DRG on Day 0 and drugs were injected 
on Day 6. Autologous NP-evoked hyperalgesia are expressed as a decrease of threshold value. (A) There was no significant difference 
of the threshold values (about 1 g) among the 4 groups on Day 5. In 2% Ost and 5% Ost-treated groups, hyperalgesia were rapidly 
and persistently inhibited. In 1% Ost-treated group the nociceptive threshold only increased transiently and slightly. n=8, * P<0.05, 
compared with DMSO group; # P<0.05, compared with 2% Ost group. Two-way ANOVA with Bonferroni correction as post-hoc test. 
(B) Antinociceptive effect of 2% Ost was more potent than that of Ami (100 µg·kg–1), while the antinociception of 2% Ost in combination 
with Ami (2% Ost + Ami) at early time points (on Day 7 and Day 10) was more potent than that of the pretreatment using 2% Ost only. 
* P<0.05, compared with 2% Ost group. Two-way ANOVA with Bonferroni correction as post-hoc test.

A B
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Effect of Osthole on acid-induced changes of MP

On day 7, DRG neurons from blank, sham and NP groups 
were sampled and aliquoted into 3 wells. When extracellu-
lar pH was shifted from 7.4 to 6.5, the F.I. of NP neurons 
increased rapidly and significantly compared with that of 
the blank control and sham control neurons at the same 
time-points (Figures 5, and 6A).

To test the effects of Ost on acid-induced changes of MP, 
DRG neurons from 8 NP rats were treated with 1% Ost 
(100 µg), 2% Ost (200 µg), 5% Ost (500 µg), Ami (10 µg), 
Ami (10 µg) plus 2% Ost (200 µg), or DMEM/F12 con-
taining 0.1% DMSO. Both Ost and Ami were found to in-
hibit the acid-evoked increase of MP. Effects of Ost (1%, 
2% and 5%) showed a concentration-dependent inhibi-
tory effect. Combination of Ami and 2% Ost was still the 
most potent pretreatment, inducing an almost complete 

A B

Figure 3. �Western blot analysis of ASIC3 proteins in cell lysates of DRGs. A.Time course of change in ASIC3 expression in DRGs. (A) The protein 
expression of ASIC3 in DRGs of blank, sham and NP rats; (B) The relative densitometric values showed significant increase of ASIC3 protein 
in DRGs of NP rats compared with that in blank and sham group. Data represent mean ± s.e.m. from 6 individual analyses. * P<0.05, 
compared with the value of NP rats on Day 7. # P<0.05 compared with the value of NP rats at the same time points. B. Effect of Ost & Ami 
on ASIC3 protein expression in DRGs of NP rats. (A) The ASIC3 protein expression in DRG of NP rats treated with Ost, Ami & vehicle control on 
Day 7. (B) There was no significant difference in ASIC3 expression between 2% Ost and 5% Ost groups, both of which showed a lower level 
of ASIC3 compared with 1% Ost group. The expression of ASIC3 protein of the Ami group was lower than that of the DMSO group (vehicle 
control) but higher than that of 2% Ost group. Combination of Ami and 2% Ost resulted in a significant decrease of ASIC3 expression. 
* P<0.05, compared with the value of DMSO group; # P<0.05, compared with the value of 1%Ost group;  P<0.05, compared with the 
value of Ami group;  P<0.05, compared with the value of 2%Ost group. One-way ANOVA.

A

C

B

D

Figure 4. �Representative images of 
immunofluorescence detection of ASIC-IR 
cells in DRG sampled from three rats per 
group on Day 7. Positive ASIC3-IR cells 
were stained with FITC (green) in (A) DRG 
from the rat of sham group; (B) DRG of 
NP rat; (C) DRG of NP rat after treatment 
of Ost in combination with Ami; (D) 
DRG from rat of Ost-treated group. 
Magnification, ×100.
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inhibition in the change in F.I. stimulated by acidic PSS 
(Figure 6B).

Discussion

The most prominent observation from the present study is 
the inhibitory effect of epidural Ost on ASIC3 overexpres-
sion in a NP-evoked inflammatory pain rat model, whose 
hyperalgesia was markedly relieved by Ost. Depolarization 
of DRG neurons induced by ASIC3-sensitive acid was pre-
vented following pretreatment of Ost. The inhibitory effect 
of Ost was increased when combined with the non-specific 
ASIC3 antagonist Ami.

According to previous observations, LDH-associated me-
chanical allodynia is thought to be related to abnormal 
spontaneous activity of DRG neurons, caused by excess re-
lease of inflammatory mediators, decreased blood circu-
lation of DRG, and local accumulation of protons [9,11]. 
ASIC3 has been reported to be abundantly present in mid-
dle and large sensory neurons of DRG, 50% of which are 
activated when pH decreases to 6.5. The increase of ASIC3 
mRNA levels in inflammatory tissues suggests that ASIC3 
modulation of sensory neurons is important for the produc-
tion of inflammatory pain [30–32]. To determine the alter-
ation of ASIC3 expression in an inflammatory pain model, 
a time-course analysis of ASIC3 expression was performed 

in this study. The peak time of ASIC3 expression was at day 
7 after NP application, which is consistent with findings of 
other studies on the up-regulation of ASIC3 [18,21,33].

Ost, mainly extracted from Cnidium monnieri (L.), has showed 
anti-inflammatory and analgesic effects when used system-
ically [34] or locally at the site of inflammation [27]. The 
antinociceptive effect of Ost might result from the potent 
anti-inflammatory effect [25], nerve block action, and inhi-
bition of central nervous system activity. Our study focused 
on epidural usage of Ost and found that the antinocicep-
tive effect was persistent and almost complete, but was not 
concentration-dependent. The behavioral assessment results 
of the present study are consistent with our earlier work, 
which found that epidural administration of Ost could alle-
viate the mechanical hyperalgesia following NP application 
to DRG, suggesting its clinical analgesic activity.

Ami is a non-specific but potent antagonist of ASIC3, which 
proved its antinociceptive effect on thermal and mechanical 
hypersensitivity [35,36]. In the present study using the NP rat 
model, Ami was used to evaluate the activity of Ost in absence 
and presence of inhibition of AISC3. Although the effect of a 
single epidural injection of Ami was not as potent as Ost, the 
inhibitory effect of Ost on hyperalgesia and ASIC3 expression 
was strengthened by Ami. To the best of our knowledge, ours 
is the first study to compare the efficacy of Ost with Ami on 

A B C

Figure 6. �Acid-evoked MP changes of DRG neurons. Neurons were stimulated with acidic PSS (pH 6.5) at a rate of 1 mL/min and F.I. were detected 
with DiBAC4(3) at 5 sec intervals. (A) Data of blank, sham and NP group are obtained from nine individual experiments (three wells per rat 
× three rats per group). * p<0.05, compared with the corresponding values of blank neurons at the same time points. (B) Effects of six 
pretreatments were represented with mean ± s.e.m. from eight individual experiments (once per rat × eight rats). * p<0.05, compared 
with the corresponding values of control neurons (vehicle control) at the same time points; # p<0.05, compared with the corresponding 
values of 2% Ost-pretreated neurons at the same time points. (C) Histograms of relative F.I. of DRG neurons before (dark) and after low 
pH stimulation (light). Values were shown as% F.I. increase (Δ F.I.) relative to control neurons (neurons from Blank rats before stimulus). 
* p<0.05, compared with the value of control neurons 5 s after acidic stimulus; # p<0.05, compared with the value of 2% Ost-pretreated 
neurons 5 s after acidic stimulus. Two-way ANOVA with Bonferroni correction as post-hoc test was used for Figure 5A and B, paired-
sampled t test was used for Figure 5C.

Figure 5. �Fluorescent photomicrograph 
of DGR neurons in NP rat. 
(A) DRG neurons were incubated in 
DiBAC4(3) solution with PSS (pH 7.4) 
before acidic stimulus. (B) The F.I. 
of DRG neurons was increased after 
extracellular stimulus of acidic PSS 
(pH 6.5) for 5 sec. Bar, 40 µm.
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antinociception and down-regulation of ASIC3. We hypothe-
sized that the decrease of ASIC3 protein might be closely cor-
related with Ost’s analgesic effect; however, the pathological 
significance of such as association has not been established. 
The mechanism of Ost treatment may be explained, at least 
partly, by other mechanisms such as modulation of COX-2, 
phospholipase A2, nitric oxide and 5-HT, which are all poten-
tially involved in DRG local inflammation.

DiBAC4(3) is a voltage-sensitive fluorescent dye used for semi-
quantitative measurement of MP [36,37]. It can enter depo-
larized cells, exhibiting enhanced fluorescence. Increased de-
polarization results in more influx of the anionic dye, with a 
concurrent increase in F.I.; therefore the F.I. increase of NP 
rat’s DRG neurons indicates an elevated amplitude of acid 
(pH 6.5)-evoked depolarization. Ost is observed to partial-
ly block the acid-evoked F.I. shift, indicating that the ampli-
tude of depolarization is inhibited to some extent. In previ-
ous studies, activation of ASIC3 channel has been reported 
to be able to directly induce the action potential (AP) gener-
ation [18,38,39]. Based on this data, we propose the paranor-
mal activity of ASIC3 channel might partly underlie the rapid-
ly inactivating and sustained change of MP in DRG neurons.

To our knowledge, there are few reports about the possible 
impact from Ost on the MP of neurons. In rat hippocampal 
synaptosomes, Ost could not alter the resting synaptosomal 
membrane potential or 4-aminopridine-mediated depolar-
ization [40]. However, our present study shows that about 
50% of acid-evoked depolarization amplitude (expressed 
as ∆F.I.) of NP rats’ DRG neurons could be inhibited by 
Ost, and the inhibition of Ost on MP was enhanced by Ami.

The conformity of the findings in the behavior study, ASCI3 
protein analysis and MP detection indicate that the inhibi-
tory effect of Ost on ASIC3 might correlate with its antino-
ciception. However, other mechanisms might be involved, 
and some possible channels and proteins deserve consider-
ation. Firstly, in the recent studies on neuroblastoma cells 
of mice, Ost has been proved to block voltage-gated Na}+ 
channels intracellularly with state- and frequency-depen-
dence, and to cause a concentration (0.3–100 mM)-depen-
dent inhibition on voltage-dependent L-type Ca2+ current 
(I(Ca, L)) [12,13]. Secondly, Ost may alter the extent of 
acid-sensitivity through transient receptor potential vanil-
loid 1 (TRPV1) [41] by disrupting the PKC pathway [40]. 
Further study is needed to compare the antalgic effect of 
Ost between ASIC3–/– rats and wild-type rats, and to direct-
ly observe the structural and functional reactivity of ASIC3 
channel to Ost.

Conclusions

In the current study, we systematically investigated the ef-
fect of Ost on hyperalgesia behavior, ASIC3 protein expres-
sion, and MP shift of DRG neurons in an LDH rat model. 
Ost showed the capability to ameliorate NP-associated hy-
peralgesia for at least 3 weeks. ASIC3 expression and MP de-
creased after administration of Ost; the mechanism of pain 
relief by the epidural injection using Ost may be through 
partial blockade of ASIC3 production in the DRG cells. 
The potency and cheapness of Ost may make it a practical 
choice to prevent the chronic pain state often seen in pa-
tients suffering from LDH with continuing inflammation 

and acidosis. Hence, further refinement is needed in or-
der to explore the potential of Ost as a pain killer for LDH.
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