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Abstract Activation of inflammatory responses regulates

the transmission of pain pathways through an integrated

network in the peripheral and central nervous systems. The

immunopotentiator thymosin alpha-1 (Ta1) has recently

been reported to have anti-inflammatory and neuroprotec-

tive functions in rodents. However, how Ta1 affects

inflammatory pain remains unclear. In the present study,

intraperitoneal injection of Ta1 attenuated complete Fre-

und’s adjuvant (CFA)-induced pain hypersensitivity, and

decreased the up-regulation of pro-inflammatory cytokines

(TNF-a, IL-1b, and IL-6) in inflamed skin and the spinal

cord. We found that CFA-induced peripheral inflammation

evoked strong microglial activation, but the effect was

reversed by Ta1. Notably, Ta1 reversed the CFA-induced

up-regulation of vesicular glutamate transporter (VGLUT)

and down-regulated the vesicular c-aminobutyric acid

transporter (VGAT) in the spinal cord. Taken together,

these results suggest that Ta1 plays a therapeutic role in

inflammatory pain and in the modulation of microglia-

induced pro-inflammatory cytokine production in addition

to mediation of VGLUT and VGAT expression in the

spinal cord.
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Introduction

Up to 10% of adults suffer from chronic pain [1], which not

only compromises the quality of life but also imposes

medical and financial burdens on society. Inflammation, a

necessary process that protects against tissue injury and

disease, involves, in part, circulating and resident immune

cells and mediators [2]. The inflammatory state is charac-

terized by the production of pain initiated by a normally

innocuous stimulus, and is referred to as inflammatory pain

[3]. Inflammation is also a driving force for pathogenic

mechanisms of chronic pain. Inflammatory pain caused by

inflamed tissues may occur in the absence of external

stimuli. Moreover, noxious triggers enhance pain responses

(hyperalgesia) while innocuous stimuli may induce pain

(allodynia). The pathological mechanism of inflammatory

pain involves both the central and peripheral nervous

systems [4] and arises from the sensitization of primary

nociceptors and central sensitization by the release of

direct-acting inflammatory mediators contributing to pain

hypersensitivity [5, 6]. Multiple inflammatory factors such
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as pro-inflammatory cytokines (e.g., TNF-a and IL-1b) and
chemokines sensitize peripheral nociceptors in inflamed or

damaged tissues [7, 8]. The pain signal induced by

peripheral sensitivity is transmitted upstream to the spinal

cord and brain regions through a cascade of electrical and

chemical signals [11]. Pain and chronic pain involve the

central nervous system (CNS), the immune system, and

glia [9, 10]. Some evidence suggests that activation of an

immune response can regulate the transmission of pain

signals in an integrated network of immune cells, glia, and

neurons [10, 11]. Inflammatory pain models usually

employ the intraplantar injection of chemical agents, such

as complete Freund’s adjuvant (CFA) or carrageenan [12].

Thymosin alpha 1 (Ta1) is a naturally-occurring

polypeptide of 28 amino-acids, that is primarily expressed

in the thymus [13]. Ta1 is a type of widely-used

immunopotentiator in infectious diseases, immunodefi-

ciency disorders, chronic lung inflammation, and malig-

nancies. The drug serves as an immune manipulator

through a mechanism that functions by immune-associated

modulation via innate immune receptors [14]. Previous

reports have suggested that specific cell populations in the

rat CNS can express and respond to stimulation by Ta1
[15]. In a preliminary in vitro study using whole-cell

recordings, Ta1 has been shown to regulate synaptic

transmission in hippocampal neurons [16], but the route by

which Ta1 influences neuronal function remains unclear.

Our preliminary findings revealed that Ta1 plays beneficial

roles in cognitive function and hippocampal neurogenesis

associated with immune modulation after peripheral

administration [17].

Glial activation commonly occurs in CNS diseases, and

is regarded as a feature of the tissue response to infectious

disease or inflammation [18]. Glia, including microglia and

astrocytes, are able to switch from a quiescent or resting

state to a reactive state depending on the triggers, and serve

as immune cells to coordinate neuronal activity [19]. The

activated microglia transform their morphology by pro-

ducing various mediators, including pro-inflammatory

cytokines such as tumor necrosis factor alpha (TNF-a),
interleukin (IL)-1b, and IL-6 [20]. Glia-associated neuro-

inflammation has been reported to be a pathogenic

mechanism of nervous disorders, and inhibition of pro-

inflammatory cytokines attenuates the disease processes

[21, 22]. Recent research has revealed the potential impact

of spinal astrocytes and microglia on the initiation and

development of pain induced by peripheral inflammation

[23, 24]. Upon triggering activation, microglia secrete a

large amount of algesic substances, including TNF-a, IL-
1b, and IL-6 into the spinal cord [25]. The pro-inflamma-

tory cytokines released by spinal glia have been consis-

tently shown to boost and maintain allodynia and

hyperalgesia [26, 27]. In addition, direct intrathecal

administration of TNF-a, IL-1b, and IL-6 peptides pro-

motes mechanical allodynia and heat hyperalgesia while

blockade of the pro-inflammatory cytokines abates inflam-

matory pain [28, 29]. Therefore, active signals from glia

are relayed to terminal brain regions by way of peripheral

immune activation and through afferent nerve inputs, and

glia are regarded as the probable signal-relay station

[30, 31]. The anti-inflammatory cytokine IL-4 has anal-

gesic effects that are possibly related to blockade of the

pro-inflammatory cytokines TNF-a and IL-1b released by a

peripheral mechanism [32].

The vesicular glutamate transporter (VGLUT) is one of

the transporters that package glutamate (a dominant, fast

excitatory transmitter) into synaptic vesicles, followed by

fast excitatory synaptic transmission in the CNS [33].

VGLUT type 2 (VGLUT2) is abundantly distributed in the

spinal cord [34], a finding that suggests that it is involved

in the transmission of pain signals [35]. In contrast, the

vesicular c-aminobutyric acid transporter (VGAT), which

belongs to the family of vesicular amino-acid transporters,

functions in the uptake of both c-aminobutyric acid

(GABA) and glycine, which are dominant, fast inhibitory

transmitters, into synaptic vesicles in the spinal cord

[36–38]. Both GABAergic and glycinergic inhibitory

control of superficial neurons is reduced in the dorsal horn

of the spinal cord by peripheral stimuli [37, 38]. Disruption

of this inhibitory action commonly induces inflammatory

pain hypersensitivity [39]. Importantly, enhanced excita-

tory and weakened inhibitory synaptic transmission evoke

central sensitization, which is critical for the development

and maintenance of persistent pain [40, 41]. In this study,

we used a CFA-induced inflammatory pain model to

investigate the influence of Ta1 on inflammatory pain, and

explored the potential mechanisms by which the peripheral

and central systems affect Ta1-mediated inflammatory

pain.

Materials and Methods

Animals

C57BL/6 J mice (male, 8 weeks–10 weeks old) were

obtained from Sun Yat-Sen University Laboratory Animal

Center (Guangzhou, China). The mice had free access to

water and food with a 12-h light/12-h dark cycle, and were

individually housed under constant humidity (55%) and

temperature (22 �C ± 2 �C) in a specific pathogen-free

facility. All experiments were approved by the Ethics

Committee of Guangzhou University of Chinese Medicine,

and were carried out according to the guidelines of the

International Association for the Study of Pain.
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Animal Model and Drug Treatment

The inflammatory pain model was created by intraplantar

injection of CFA (Sigma, St. Louis, MO) into the plantar

surface of the left hindpaw (30 lL per mouse) under brief

anesthesia with 3% isoflurane. The control group was

injected with saline. Ta1 (Zadaxin) in lyophilized powder

form was reconstituted in sterile distilled water. Mice were

treated intraperitoneally (i.p.) with Ta1 (200 lg/kg,
100 lL saline) [42] daily for 3 consecutive days in CFA-

injected mice beginning 1 day after intraplantar injection

of CFA. The vehicle group was treated with saline at the

same time points. In addition, another group of mice was

given with Ta1 i.p. (50 lg/kg, 100 lg/kg, 200 lg/kg, or
500 lg/kg, 100 lL saline) daily for 3 consecutive days

beginning 1 day after intraplantar injection of CFA.

Study Design

C57BL/6 J mice were randomly divided into four groups

(saline ? vehicle, saline ? Ta1, CFA ? vehicle, and

CFA ? Ta1 groups) for pain behavior tests, immunoflu-

orescence, and enzyme-linked immunosorbent assay

(ELISA), as well as western blot analysis. The study

design and time points of all manipulations are shown in

Fig. 1.

Behavioral Analysis

Baseline thresholds were tested prior to intraplantar CFA

injection, and the nociceptive thresholds were tested in the

ipsilateral hind paw at 1 day (d1), d2, d4, and d6 after CFA

injection.

Thermal hyperalgesia was assessed by the latency of

paw withdrawal using a radiant heat apparatus (Ugo Basile,

Gemonio, Italy) and the Hargreaves method [43]. Each

mouse was put in an individual restrainer on a glass plate

and allowed to adapt for 30 min before testing. The plantar

surface of the hind paw was exposed to a noxious thermal

beam from the radiant heat apparatus until the paw was

withdrawn. A cutoff latency of 20 s was set to avoid

potential injury. Each test was applied at 5-min intervals,

and an average of three values from each mouse was

calculated for the latency.

Each mouse was acclimated to a Plexiglas chamber on

an elevated mesh floor for 30 min prior to measurements

using the ‘‘up-down’’ method to assess mechanical allody-

nia [44]. Successive calibrated von Frey monofilaments

(Ugo Basile) were applied vertically to the plantar surface

of the ipsilateral hind paw with enough force to bend the

monofilament over 6 s. The minimum filament force

evoking at least 3 responses (such as sharp paw with-

drawal, shaking, or licking/biting the stimulated hind paw)

over 5 stimulations in total during a round of testing was

defined as the mechanical threshold. The manipulation was

repeated twice, and the mean value was defined as the

threshold.

The cotton swab method was performed using a cotton

swab as described previously to assess dynamic mechanical

allodynia [45]. Each mouse was habituated to a Plexiglas

chamber on an elevated mesh floor for 1 h prior to testing.

The tip of a cotton swab was trimmed. The swab was

lightly stroked across the surface of the injured hind paw

from heel to toe, and a positive response (such as lifting,

shaking, or licking the paw) was recorded; negative

responses were recorded in the absence of such behavior.

Fig. 1 Schematic and timeline

of the experimental design.

ELISA, enzyme-linked

immunosorbent assay; IF,

immunofluorescence; WB,

Western blot.
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The application was repeated 10 times, and the percentage

of positive response was used to indicate the degree of paw

withdrawal.

To avoid the effect of sensorimotor coordination on pain

behavior, an accelerating rotarod (Shanghai Ji-liang Tech-

nology Co., Ltd, Shanghai, China) was used according to a

published protocol 5 days after CFA injection [46]. Mice

were initially trained to stay on the rotarod at 5 rpm for

5 min. If mice fell off, they were repositioned on the

rotarod until they remained in position for 5 min. This

training was carried out over two consecutive days. After

the initial training period, the rotarod test was performed.

The rotarod rotation rate was increased from 4 rpm to

40 rpm over 5 min. The mice were tested twice at 20-min

intervals, and the time of falling was recorded; the average

time was defined as the latency of the rotarod test.

ELISA

Mice were transcardially perfused with 0.9% sterile saline

after anesthesia with 10% chloral hydrate 4 days after CFA

injection. The L4–6 spinal segments and hind paws

(including skin and underlying muscle) were immediately

dissected and homogenized on ice in radioimmunoprecip-

itation assay (RIPA) lysis buffer (Beyotine Biotechnology,

Shanghai, China) containing a protease inhibitor cocktail

(Sigma) and 1 mmol/L phenylmethane sulfonyl fluoride

before centrifugation for 15 min at 12,000 rpm (4 �C). The
total protein concentration in the supernatant was deter-

mined using the Enhanced BCA Protein Assay kit (Bey-

otine Biotechnology), and the concentrations were adjusted

to 4.0 mg/mL according to the manufacturers protocol. The

concentrations of cytokines (TNF-a, IL-1b, and IL-6) in

hind paws and spinal cord were determined with an ELISA

kit (Beyotine Biotechnology) according to the product

protocols. The absorbance at 450 nm was quantified with a

microreader (Biotek Elx800, Winooski, VT).

Western Blot

Western blotting was performed using a published protocol

[47]. Briefly, mice were euthanized after deep anesthesia

with 10% chloral hydrate. The L3–5 spinal segments were

removed and homogenized in RIPA lysis buffer 4 days

after CFA injection. The protein content was quantified

using the Enhanced BCA Protein Assay Kit (Beyotine

Biotechnology), and all samples were adjusted to 4.0 mg/

mL. The extracted protein was boiled for 5 min at 95 �C
with 5 9 loading buffer (Beyotine Biotechnology), and an

equal volume of the protein mixture was loaded onto an

SDS-PAGE gel and transferred onto PVDF membranes in a

Western blot system (Bio-Rad, Hercules, CA) at an

appropriate voltage and duration. The membranes were

blocked with 5% nonfat milk for 1 h at room temperature

(RT) before being probed with the primary antibodies

rabbit anti-VGULT1 (1:3000, Invitrogen, Carlsbad, CA),

rabbit anti-VGULT2 (1:3000, Synaptic System, Goettin-

gen, Germany), rabbit anti-VGAT (1:3000, Millipore,

Darmstadt, Germany), mouse anti-GFAP (1:2000, Sigma-

Aldrich, Darmstadt, Germany), rabbit anti-Iba1 (1:2000,

Abcam), and rabbit anti-b-actin (1:5000, Abbkine, San

Diego, CA) at 4 �C overnight followed by incubation with

HRP-conjugated secondary antibodies (1:4000, goat anti-

rabbit, goat anti-mouse; Abbkine) for 1 h at RT. Immuno-

blots were visualized with a chemiluminescence system

(Peiqing Science and Technology Co., Ltd, Shanghai,

China). Densitometry of the selected bands was determined

using ImageJ software (NIH, Bethesda, MD).

Immunofluorescence

Immunofluorescence staining was performed as previously

described [48]. Briefly, anesthetized mice were transcar-

dially perfused with normal saline followed by 4%

paraformaldehyde 4 days after CFA injection. Intact lum-

bar spinal cords were quickly removed and post-fixed in

the same fixative. The spinal cords were then cryoprotected

in 0.1 mol/L phosphate buffer containing 30% sucrose at

4 �C. Sections were cut at 20 lm on a freezing microtome.

The sections were washed 3 times (10 min per wash) in

PBS, then blocked in 5% goat serum containing 0.3%

Triton X-100 for 1 h at RT. After incubation in the primary

antibody overnight at 4 �C, sections were incubated with

the secondary antibodies Alexa Fluor 488 goat anti-rabbit

(1:500, Abways Technology, Shanghai, China) and Alexa

Fluor 488 goat anti-mouse (1:500, Abways Technology).

The primary antibodies were rabbit anti-IBa1 (1:2000,

Abcam), mouse anti-GFAP (1:4000, Sigma-Aldrich, Darm-

stadt, Germany), mouse anti-NeuN (1:500, Millipore),

rabbit anti-VGULT2 (1:400, Synaptic System). Rabbit

anti-VGAT (1:500, Millipore), and mouse anti-Calretinin

(CR) (1:500, Millipore). The sections were counterstained

with DAPI to observe nuclei, and then cover-slipped. The

images were acquired under a laser scanning confocal

microscope (Nikon A1 Confocal System, Tokyo, Japan).

Statistical Analysis

Data are presented as the mean ± SEM. Data were

statistically analyzed by one-way or two-way ANOVA of

the LSD post-hoc test or Tukey’s test with the Statistical

Package for Social Sciences 21.0. The statistical signifi-

cance was determined as P\ 0.05.

123

640 Neurosci. Bull. August, 2019, 35(4):637–648



Results

Ta1 Alleviates CFA-Induced Pain Hypersensitivity

The CFA-induced pain model is widely used to investigate

chronic inflammatory pain [49]. To explore whether Ta1 is

able to alleviate such pain, we injected 30 lL CFA into the

plantar surface of the left hind paw of mice followed by

administration of Ta1. Initially, we performed dose-

response studies for Ta1. When given Ta1, CFA-treated
mice displayed a dramatic increase in mechanical with-

drawal threshold in a dose-dependent manner from 50 lg/
kg to 500 lg/kg (Fig. S1A). A significant increase in

mechanical withdrawal threshold was detected at 200 lg/
kg Ta1. Consistent with the Ta1 dose-dependence of

mechanical withdrawal threshold, there was a significant

decrease in mechanical response to the cotton swab and an

increase in thermal latency at 200 lg/kg Ta1 (Fig. S1B and

C), indicating that pain behavior is sensitive to the 200 lg/
kg dose of Ta1. No differences in falling latencies

measured by the rotarod test were found (Fig. S1D).

The first dose of Ta1 was given 1 day after CFA

injection, followed by daily administration for 3 consec-

utive days. The pain behavior was assessed on days 1, 2, 4,

and 6 after CFA injection. The mechanical allodynia was

assessed by the ‘‘up-down’’ method and the cotton swab

method. The mechanical withdrawal threshold showed a

decrease after the first CFA injection while Ta1 reversed

the change in threshold induced by CFA (P\ 0.05,

Fig. 2A) after the first Ta1 administration. However, Ta1
had no significant effect on the saline group (Fig. 2A).

Likewise, CFA increased the mechanical response to the

cotton swab, while Ta1 reduced the CFA-induced response

(P\ 0.05, Fig. 2C). Nonetheless, significant differences in

responses between the saline ? Ta1 group and the saline

group were found (Fig. 2C).

To evaluate heat hyperalgesia, we measured thermal

latency using the Hargreaves method. The thermal latency

in the CFA group was lower than that in the saline group at

6 days after CFA injection (P\ 0.05, Fig. 2B). Ta1
significantly increased the thermal latency only on the

third day of treatment (P\ 0.05, Fig. 2B). Ta1 had no

influence on thermal latency in the saline group (Fig. 2B).

The four groups showed no differences in falling latencies

(Fig. 2D). These findings suggest that Ta1 is effective

against chronic inflammatory pain, but does not signifi-

cantly impact sensorimotor coordination in mice.

Ta1 Reduces CFA-Induced Upregulation

of Pro-inflammatory Cytokines in the Spinal Cord

and Inflamed Paw

Microglia release multifarious pro-inflammatory cytokines

that contribute to chronic pain [20, 26]. The protein

expression of cytokines in the spinal cord and inflamed

paw of CFA-induced inflammatory pain model mice were

determined. Our data showed that the protein levels of

TNF-a, IL-1b, and IL-6 were significantly up-regulated in

the spinal cord and inflamed paw of mice in the CFA group

compared with the saline group (paw: TNF-a, P\ 0.05;

IL-1b, P\ 0.01; and IL-6, P\ 0.01; spinal cord: TNF-a,
P\ 0.05; IL-1b, P\ 0.05; and IL-6, P\ 0.05, Fig. 3A

and B). By contrast, the levels of TNF-a, IL-1b, and IL-6

in the CFA ? Ta1 group were significantly decreased with

respect to those in the CFA group after the last treatment

with Ta1 (Fig. 3A, B). No differences in the expression of

TNF-a, IL-1b, and IL-6 in the spinal cord and inflamed

paw of mice were found between the saline alone and the

saline ? Ta1 groups (Fig. 3A, B). There was no difference

in the expression level of IL-4 in the spinal cord and

inflamed paw among the four groups (Fig. 3A, B). These

results confirmed the anti-neuroinflammatory effect of Ta1
in vivo.

Ta1 Suppresses CFA-Induced Activation

of Microglia, but Not GFAP

To determine whether the role of Ta1 in CFA-induced

inflammatory pain is regulated via glial activation, the

expression and morphology of astrocytes and microglia

were studied in the spinal cord after the last Ta1 treatment.

Astrocytes and microglia were labelled with immunofluo-

rescence markers for GFAP and IBA-1. Immunostaining

showed that microglia (Fig. 4A) and astrocytes (Fig. 5A)

normally expressed fine, long processes in the saline group.

In the CFA group, the microglia appeared to have

extensively branched processes and hypertrophy of the

cell body (Fig. 4A). However, the morphology of astro-

cytes was not changed by CFA (Fig. 5A). After treatment

for 3 days, Ta1 inhibited the reactive state of microglia

(Fig. 4A). There were no morphological differences for

microglia (Fig. 4A) and astrocytes (Fig. 5A) between the

saline and saline ? Ta1 groups. Moreover, the protein

expression level of IBA-1 (Fig. 4B, C; P\ 0.05), but not

GFAP (Fig. 5B, C), was significantly increased after CFA

treatment. However, Ta1 treatment decreased IBA-1

expression (Fig. 4B, C; P\ 0.05), but not GFAP expres-

sion (Fig. 5B, C), compared with the CFA group after the

last treatment with Ta1. The results revealed that the CFA-

induced inflammatory pain is closely associated with
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microglial activation [50], and that consecutive Ta1
treatment relieves microglial activation in the spinal cord.

Ta1 Reverses CFA-Induced Expression of VGLUT2

and VGAT in Spinal Cord

There are findings that cytokines are involved in the

modulation of excitatory and inhibitory synaptic transmis-

sion and activity in dorsal horn neurons [28]. VGLUT2 and

VGAT (excitatory and inhibitory neuronal markers, respec-

tively) are located in the spinal cord [51]. We co-stained

for VGLUT2/NeuN and VGAT/CR to determine their

localization. Immunofluorescence analysis showed

co-expression of VGLUT2/NeuN and VGAT/CR in the

dorsal horn (Fig. S2).

To further explore the effect of Ta1 on synaptic

transmission in the spinal cord, the expression of VGLUT2

and VGAT after the last Ta1 treatment was determined by

western blot analysis. VGLUT2 protein expression in the

CFA group was increased relative to the saline group

(Fig. 6A, B; P\ 0.001), while this up-regulation was

decreased by Ta1 treatment (Fig. 6A, B; P\ 0.001). There

was no significant difference between the saline ? Ta1

group and the saline group. Western blot analysis demon-

strated that the CFA group had lower expression of VGAT

than the saline group (Fig. 6A, C; P\ 0.05). VGAT

expression was higher in the CFA ? Ta1 group than in the

CFA group (Fig. 6A, C; P\ 0.01), and there was no

difference in VGAT expression between the saline ? Ta1
group and the saline group. Moreover, there was no

difference in VGLUT1 expression among the four groups

(Fig. S3).

Discussion

We set out to investigate whether repetitive treatment with

Ta1 contributes to CFA-induced inflammatory pain and

explore the mechanisms involved. Our results demon-

strated that consecutive treatment with Ta1 had an anti-

nociceptive and anti-inflammatory effect in mice after CFA

injection. Ta1 treatment attenuated pain hypersensitivity

and the spinal activation of microglia, but not of astrocytes,

induced by CFA. Ta1 decreased CFA-induced pro-inflam-

matory cytokines (TNF-a, IL-1b, and IL-6) in the inflamed

hind paw and the spinal cord. Moreover, Ta1 inhibited the

Fig. 2 Effect of i.p. injection of

Ta1 on CFA-induced mechani-

cal allodynia and thermal

hyperalgesia in mice. A The

mechanical withdrawal thresh-

old in response to von Frey

filaments in mice treated with

saline ? vehicle, saline ? Ta1,
CFA ? vehicle, and CFA ?

Ta1. B The paw withdrawal

latency to a noxious thermal

beam in mice treated with

saline ? vehicle, saline ? Ta1,
CFA ? vehicle, and CFA ?

Ta1. C The percentage of

positive paw withdrawal in

response to a cotton swab in

mice treated with saline ? ve-

hicle, saline ? Ta1,
CFA ? vehicle, and CFA ?

Ta1. D Falling latency in the

rotarod test. Data are expressed

as mean ± SEM

(n = 10/group); *P\ 0.05,

**P\ 0.01, CFA ? vehicle vs

saline ? vehicle; #P\ 0.05,
##P\ 0.01, CFA ? Ta1 vs

CFA ? vehicle.
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expression of VGLUT2 in the spinal cord, but reversed the

decrease of VGAT expression induced by CFA. These data

suggest that Ta1 might be effective in easing chronic

inflammatory pain via non-neuronal and neuronal pathways

associated with possible suppression of the inflammation

response in mice.

Intraplantar injection of CFA is commonly used to

investigate inflammatory pain because of the intense

inflammation, fine reproducibility, and generally-accepted

pain phenotype [2]. The location of CFA injection is

primarily characterized by a local immune response [52]

leading to a granulomatous type of inflammation [53].

Previous reports suggest that Ta1 plays an essential role in

the diagnosis and cure of immune diseases [54]. Ta1 has

also been used to enhance cognition via immune regulation

[17]. In this study, repetitive Ta1 treatment at 200 lg/kg
alleviated mechanical allodynia and heat hyperalgesia in

the inflammatory pain model. It should be noted that

repetitive, but not single, treatment with Ta1 suppressed

chronic inflammatory pain. Intriguingly, when Ta1 was

administered 1 day after CFA injection, an analgesic role

for Ta1 appeared, and the effect persisted until 6 days after

CFA injection with daily treatment for 3 consecutive days.

However, the analgesic effect of Ta1 on heat hyperalgesia

appeared on day 3, the last Ta1 treatment. These data

suggest that Ta1 has a delayed effect on heat hyperalgesia.

Inflammatory pain arises from the activation and

sensitization of nociceptors through inflammatory media-

tors [5]. The mediators are secreted by infiltrating and

activating leukocytes in response to inflammatory stimuli

such as viruses, parasites, and bacteria [55]. Cytokines may

also directly activate nociceptors [56, 57]. Intraplantar

injection of small doses of IL-1b induces a strong

mechanical sensitization of nociceptors [5, 58]. TNF-a is

recognized as an effective pro-inflammatory factor, and is

also rapidly produced by macrophages in response to a

variety of inflammatory stimuli. Moreover, TNF-a-induced
inflammatory hyper-nociception is attenuated by deletion

of the TNFR1 gene, and blockade of IL-6 is also an

alternative route to control the inflammatory sensitization

of nociceptors [5]. In addition, IL-1b has been implicated

in mediating the TNF-a-induced thermal and mechanical

sensitization of nociceptors induced by intraplantar admin-

istration of CFA [59]. Our data showed that TNF-a, IL-1b,
and IL-6 expression increased in the inflamed skin after

intraplantar injection of CFA. This result is consistent with

previous findings that showed the expression levels of these

cytokines are increased in the paws of rats subsequently

given the antigen [60]. Meanwhile, consecutive treatment

with Ta1 suppressed the up-regulation of these pro-

inflammatory cytokines induced by CFA.

Fig. 3 Effects of Ta1 on pro-inflammatory cytokines in skin and

spinal cord. A Expression levels of TNF-a, IL-1b, IL-6, and IL-4 in

inflamed skin tissue by ELISA. B Expression levels of TNF-a, IL-1b,

IL-6, and IL-4 in spinal cord by ELISA. Data are expressed as the

mean ± SEM (n = 6/group); *P\ 0.05, **P\ 0.01, CFA ? vehicle

vs saline ? vehicle; #P\ 0.05, CFA ? Ta1 vs CFA ? vehicle.
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Glial activity is involved in multiple pain-associated

pathways in response to peripheral injury [53, 61, 62].

Microglia are activated in response to pathological events

in the CNS [18, 63]. Activated microglia demonstrate

amoeboid morphology, increased expression of cell mark-

ers, and functional changes (including production or

release of pro-inflammatory cytokines) [27]. In CFA-

injected rats, elevated expression of Mac-1 mRNA and

enhanced immunoreactivity of OX-42 at various phases of

inflammation have been reported in the spinal cord during

the acute, subacute, and chronic phases of CFA-induced

peripheral inflammation [50]. Accumulating evidence

suggests that spinal microglia play a crucial role in the

development and maintenance of inflammatory pain and

neuropathic pain [64, 65]. An antagonist of microglial

activation, minocycline is significantly more potent in

delaying the initiation of mechanical allodynia [66]. Our

results are consistent with studies showing that the protein

expression level of IBA-1 is up-regulated by CFA. And

Ta1 not only attenuated pain hypersensitivity and the

release of pro-inflammatory cytokines in skin, but also

suppressed the IBA-1 protein expression and progression

of amoeboid morphology induced by CFA.

Astrocytes perform a variety of functions in the

modulation of nearby neuronal activity [67]. When lesions

are produced by multiple types of stimuli, astrocytes

undergo modification with massive hyperplasia of the cell

bodies and cytoplasmic branches, and the biochemical

marker of astrogliosis exhibits over-expression of GFAP.

Our data showed that the protein expression level of GFAP

was not increased by CFA, and Ta1 did not affect astrocyte
morphology or GFAP expression. Previous research has

established that astrocyte activation is initiated just after

the subacute phase, while microglia activation occurs after

the acute phase of peripheral inflammation, which indicates

that astrocytes are activated after microglia activation

following peripheral inflammation in the CNS [53]. In our

study, astrocytes might not be activated in the early stage

Fig. 4 Effect of i.p. injection of

Ta1 on microglial activation

induced by CFA. A IBa-1-im-

munoreactive cells in the spinal

cord of mice treated with

saline ? vehicle, saline ? Ta1,
CFA ? vehicle, and CFA ?

Ta1 (scale bars, 100 lm and

50 lm). B Representative gel

images of IBa-1 in the spinal

cord. C IBa-1 protein expres-

sion in the spinal cord. Data are

expressed as mean ± SEM

(n = 5/group); *P\ 0.05,

CFA ? vehicle vs saline ? ve-

hicle; #P\ 0.05, CFA ? Ta1
vs CFA ? vehicle.
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of CFA-induced pain. Moreover, the dose of intraplantar

CFA injection in this study differed from that of previous

studies [50, 68], which may result in different GFAP

expression after CFA. Our data suggest that the anti-

nociceptive influence of Ta1 probably derives from the

blockade of microglial activation.

Glia are activated to induce pain hypersensitivity

possibly through the production of pro-inflammatory

cytokines such as TNF-a, IL-1b, and IL-6 [27]. Inhibiting

Fig. 5 Results for GFAP acti-

vation treated with a combina-

tion of Ta1 and CFA. A GFAP

immunoreactivity in the spinal

cord of mice treated with

saline ? vehicle, saline ? Ta1,
CFA ? vehicle, and CFA ?

Ta1 (scale bars, 100 lm for the

left panels and 50 lm for the

right three-column panels).

B Representative gel images of

GFAP in the spinal cord.

C GFAP expression in the

spinal cord. Data are expressed

as mean ± SEM (n = 5/group).

Fig. 6 Ta1 modulates the expression of VGLUT2 and VGAT

induced by CFA in the mouse spinal cord. A Representative gel

images of VGLUT2 and VGAT. B VGLUT2 protein levels. C VGAT

protein levels. Data are expressed as mean ± SEM (n = 5/group);

*P\ 0.05, ***P\ 0.001, CFA ? vehicle vs saline ? vehicle;
##P\ 0.01, ###P\ 0.001, CFA ? Ta1 vs CFA ? vehicle.
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TNF-a, IL-1b, and IL-6 by gene-knockout or intrathecal

injection of neutralizing antibody alleviates inflammatory

pain [29, 66, 69]. Furthermore, intrathecal delivery of

exogenous TNF-a, IL-1b, and IL-6 induces the develop-

ment and maintenance of mechanical allodynia and thermal

hyperalgesia [28, 69, 70]. Ligustilide has been reported to

exert anti-nociceptive effects by inhibition of microglial

activation and the production of pro-inflammatory cytoki-

nes (TNF-a, IL-1b, and IL-6) [71]. In line with these

findings, we also found that the expression of pro-

inflammatory cytokines and microglial activation paral-

leled the pain hypersensitivity following intraplantar injec-

tion of CFA. The results indicate that pro-inflammatory

cytokines derived from activated microglia may initiate

and maintain pain behavior following the peripheral stimuli

of inflammation, but the effect is attenuated by treatment

with Ta1. Surprisingly, neither Ta1 nor CFA affected IL-4

expression, suggesting that IL-4 is not associated with the

analgesic and anti-inflammatory effects of Ta1 on CFA-

induced inflammatory pain. We speculate that Ta1 sup-

presses inflammatory pain through a decrease of pro-

inflammatory cytokines.

Central sensitization, defined as enhanced synaptic

transmission in dorsal horn neurons, has been demonstrated

to contribute to chronic pain [40, 41, 72]. Both increased

excitatory and reduced inhibitory synaptic transmission

induce central sensitization. In addition, failure of inhibi-

tory synaptic transmission, or dis-inhibition, has been

suggested to be a critical mechanism for neuropathic pain

sensitization [37, 73]. Patch-clamp recordings in spinal

neurons have shown that the frequency of spontaneous

excitatory postsynaptic currents (sEPSCs) is enhanced by

TNF-a and that IL-6 decreases the frequency of sponta-

neous inhibitory postsynaptic currents (sIPSCs), but IL-1b
increases the frequency and amplitude of sEPSCs and

reduces the frequency and amplitude of sIPSCs [28]. The

results demonstrated that pro-inflammatory cytokines give

rise to central sensitization via enhanced excitatory or

attenuated inhibitory synaptic transmission in dorsal horn

neurons. The frequency of sEPSCs is strongly enhanced in

lamina II neurons after TNF-a treatment because of

increasing glutamate release from presynaptic terminals

[8], and TNF-a may induce central sensitization by

increasing glutamate release from presynaptic terminals

[41]. In addition, GABA and glycine, acting as fast

inhibitory neurotransmitters, exert inhibitory control over

spinal neurons through both presynaptic and postsynaptic

mechanisms [74]. VGLUT2 and VGAT act as transporters

of packaged glutamate and GABA and glycine, respec-

tively. The expression and localization patterns of

VGLUT2 and VGAT in the spinal cord are consistent

with the nociceptive pathway, suggesting that they are

associated with the transmission of pain signals

[35, 74–76]. In the present study, western blot analysis

showed increased VGLUT2 and VGAT expression in the

CFA group that was paralleled by up-regulation of pro-

inflammatory cytokines in the spinal cord and the initiation

of pain-related behavior. Nevertheless, these effects were

attenuated by Ta1. In addition, co-expression of VGLUT2/

NeuN and VGAT/CR was shown by immunofluorescence,

demonstrating the expression of VGLUT2 and VGAT in

neurons of the dorsal horn. These data suggest that Ta1
reverses the CFA-induced mechanical allodynia and ther-

mal hyperalgesia, possibly via VGLUT2 and VGAT

expression indirectly mediated by pro-inflammatory

cytokines released by microglia.

In summary, the present study demonstrated that

systematic delivery of Ta1 significantly attenuated the

mechanical allodynia and thermal hyperalgesia induced by

CFA. The analgesic role of Ta1 may involve the blockade

of microglial activation and the production of pro-inflam-

matory cytokines (TNF-a, IL-1b, and IL-6) as well as the

modulation of VGLUT2 and VGAT expression. These

findings provide support for the idea that alleviation of

Ta1-induced inflammatory pain may be related to the

down-regulation of pro-inflammatory cytokines in the

inflamed skin and the spinal cord and the blockade of

microglial activation in addition to modulation of

VGLUT2 and VGAT expression in the spinal cord.
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