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The role of satellite glial cells (SGCs) of sensory ganglia in chronic pain begins to receive
interest. The present study aims to investigate the contribution of SGC activation to the
development of neuropathic pain. A neuropathic pain model was established by lumbar 5
spinal nerve ligation (SNL), and glial fibrillary acidic protein (GFAP) was used as a marker
of SGC activation. It was found that SGCs were activated in the ipsilateral dorsal root
ganglia (DRG) increased significantly as early as 4 h following SNL, gradually increased to
a peak level at day 7, and then stayed at a high level to the end of the experiment at day 56.
SGC activation in the SNL group was significantly higher than that in the sham group at
days 1, 3 and 7 after operation. Immunofluorescent double labeling showed that the
activated SGCs encircled large, medium-sized and small neurons. The SGCs surrounded the
small andmedium-sized neurons were preferentially activated in the early phase, but shifted
to large diameter neurons as timewent on. Continuous infusion of fluorocitrate, a glialmetab-
olism inhibitor, to the affected DRG via mini-osmotic pump for 7 d significantly alleviated
mechanical allodynia at day 7. These results suggest that SGCs in the DRG were activated
after SNL. SGC activation contributed to the early maintenance of neuropathic pain.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Glial cells participate in normal and pathological processes
of the central nervous system (CNS) (Allen and Barres, 2009;
Benarroch, 2005; De Keyser et al., 2008; Markiewicz and
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Lukomska, 2006; Miller, 2005). There are strong evidence
that CNS glial cells (microglia and astrocytes) implicate in
induction and maintenance of neuropathic pain (Cao and
Zhang, 2008; Lee et al., 2010; Scholz and Woolf, 2007; Suter
et al., 2007; Watkins and Maier, 2002; Zhuang et al., 2006). In
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Fig. 1 – Development of mechanical allodynia after SNL.
Mechanical allodynia was tested with von Frey filament
within 56 d after SNL. 50% paw withdrawal threshold (PWT)
significantly decreased from 12 h after SNL and continuously
existed until 56 d compared to that in the sham-operated
group. No obvious allodynia was observed in the
sham-operated rats. * p<0.05, ** p<0.01 compared with the
sham-operation group. n=13.
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the peripheral nervous system, neurons located in sensory
ganglia were tightly surrounded by satellite glial cells (SGCs)
(Pannese, 2010). Following injury to a peripheral nerve, SGCs
underwent changes in cell number, structure and function,
similar to those found in the CNS (Cherkas et al., 2004;
Hanani, 2005; Ohara et al., 2009). Peripheral nerve transec-
tion increased gap junction and intercellular coupling of
SGCs, decreased membrane resistance (Cherkas et al., 2004).
SGCs also upregulated the production of proinflammatory
cytokines such as tumor necrosis factor-α (TNF-α) after lum-
bar facet joint injury (Miyagi et al., 2006).

Glial fibrillary acidic protein (GFAP) is a marker of the
activated SGCs as well as astrocytes (Takeda et al., 2007). Sev-
eral reports demonstrated that GFAP expressionwas upregu-
lated in SGCs after tooth pulp injury (Stephenson and Byers,
1995), upper molar extraction (Gunjigake et al., 2009), nerve
transection (Woodham et al., 1989), chronic constriction in-
jury (CCI) (Dubový et al., 2010; Ohara et al., 2008; Vit et al.,
2006), partial nerve ligation (Xu et al., 2008a), spared nerve
injury and L4 spinal nerve ligation (SNL) (Xie et al., 2009).
However, no report has shown the activation of SGCs in dor-
sal root ganglia (DRG) after L5 SNL in rats, especially much
less is known about the possible role of SGCs in neuropathic
pain.

In the present study, we investigated whether SGCs were
activated after L5 SNL first, then we determined whether the
activated SGCs played a role in neuropathic pain. These find-
ings raised the possibility of targeting peripheral SGCs for
the treatment of neuropathic pain.
2. Results

2.1. Development of mechanical allodynia in SNL rats

After ligation of the left L5 spinal nerve, mechanical allodynia
developed in the ipsilateral hind paw. 50% paw withdrawal
threshold (PWT) to calibrated von Frey filaments gradually
decreased as time going on, as shown in Fig. 1. At 12 h, a sig-
nificant decrease in 50% PWT was observed in SNL rats as
compared to that in the sham-operated rats. Up to 56 d after
SNL, mechanical allodynia existed continuously.

2.2. Time course of SGC activation after SNL

In the SNL group, the time course of the SGC activation was
observed. Fig. 2A is an example of immunohistochemical
staining of GFAP-immunoreactivity (GFAP-ir) in L5 DRG on
the pre-operation day (control) and at 4 h, 8 h, 12 h, 1 d, 3 d,
7 d, 14 d, 28 d and 56 d after SNL. The percentages of the
GFAP-ir-encircled neurons were plotted as shown in Fig. 2B.
In control rats, only 16.4%±1.5% of the neurons in the ipsilat-
eral DRG were surrounded by GFAP-ir SGCs. As early as 4 h
after SNL, the GFAP-ir increased (33.5%), then gradually
reached to a peak level (92.2%) at day 7 and stayed at a high
level throughout the remaining observation period of the ex-
periment to 61.7% at day 14, 61.4% at day 28 and at 75.1% at
day 56 (the longest time point examined in the present study).

In the sham-operated rats, the time course of GFAP-ir was
shown in Fig. 3A. It was observed at 4 h, 8 h, 12 h, 1 d, 3 d,
7 d, 14 d, 28 d and 56 d after operation. Percentage of GFAP-
ir-encircled neurons was shown in Fig. 3B. It can be seen
that the percentage of GFAP-ir-encircled neurons also signifi-
cantly increased from 4 h to 56 d.

From Figs. 2 and 3, it was easy to see that the number of the
GFAP-ir-encircled neurons increased in the SNL group and
also in the sham-operation group, but the degree of increase
in the SNL group was much higher. For example, the highest
percentage at day 7 in the SNL group was 92.2%±1.2%, while
in the sham-operation group, it was 67.9%±2.2%.

Comparison between the SNL and the sham-operated
animals showed that the percentage of neurons encircled by
GFAP-ir SGCs in the SNL group was significantly higher than
that in the shamgroup at 1 d, 3 d and 7 d after operation (Fig. 3C).

Western blot was performed to analyze GFAP protein ex-
pression in DRG. Results at different time points up to 28 d
are shown in Fig. 4. A representative result is shown in
Fig. 4A. Statistical results showed that GFAP protein expres-
sion in L5 DRG increased at different time points after SNL
(Fig. 4B) and sham-operation (Fig. 4C). Comparison between
the SNL and the sham-operated animals showed that GFAP
protein expression in the SNL group was significantly higher
than that in the sham group at 3 d, 7 d and 14 d after operation
(Fig. 4D).

2.3. Types of GFAP-ir-encircled neurons

There are large, medium-sized and small neurons in the DRG.
Different types of DRG neurons have different roles in the
development of neuropathic pain. Neurofilament 200 (NF200)
is a commonly used marker for large DRG neurons, isolectin
B4 (IB4) is a marker for the medium-sized and small, non-
peptidergic neurons, and calcitonin gene-related peptide
(CGRP) is a marker for the medium-sized and small peptider-
gic neurons. Double labeling results of GFAP-ir with NF200,
IB4 or CGRP were shown in Fig. 5. The results showed that
the activated SGCs enveloped all three types of DRG neurons,
and results at day 1 was presented here as an example.

To observe the dynamic profile of the GFAP-ir-encircled neu-
rons, the ratio of the GFAP-ir-positive neurons with specific cell



Fig. 2 – Time course of GFAP− ir in the L5 DRG after SNL. (A),
GFAP-ir at 4 h, 8 h, 12 h, 1 d, 3 d, 7 d, 14 d, 28 d and 56 d.
Intense GFAP-ir was seen around neurons after SNL. Scale
bar=50 μm. (B), Percentage of GFAP-ir encircled neurons to
the total neurons. Con=control, ** p<0.01 compared with the
control. n=3.

Fig. 3 – Time course of GFAP− ir in the L5 DRG following sham
operation. (A), GFAP-ir at 4 h, 8 h, 12 h, 1 d, 3 d, 7 d, 14 d, 28 d
and 56 d. GFAP-ir was seen after sham operation. Scale
bar=50 μm. (B), Percentage of GFAP-ir encircled neurons to
the total neurons. Con = control, ** p<0.01 compared with the
control. n=3. (C), Difference of GFAP-ir expression between
SNL and sham-operation groups analyzed with two-way
ANOVA. The percentage of GFAP-ir encircled neurons is
significantly higher in the SNL group than that in the
sham-operation group at 1 d, 3 d and 7 d after operation.
## p<0.01, ### p<0.001 compared with the sham-operation
group.
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Fig. 4 –Western blot analysis of GFAP protein expression in L5 DRG following SNL and sham operation. (A), Western blot bands
at 4 h, 12 h, 1 d, 3 d, 7 d, 14 d and 28 d. (B), Statistical analysis of the ratio between GFAP and GAPDH immunoreactivity in the
SNL rats. Con = control, * p<0.05, ** p<0.01, compared with the control. n=3. (C), Statistical analysis of the ratio between GFAP
and GAPDH immunoreactivity in the sham-operated rats. Con = control, ** p<0.01, compared with the control. n=3. (D),
Two-way ANOVA was used to compare the difference of GFAP protein expression between SNL and sham-operation groups.
GFAP protein expression is significantly higher in the SNL group than that in the sham-operation group at 3 d, 7 d and 14 d
after operation. # p<0.05, ## p<0.01, ### p<0.001 compared with the sham-operation group.
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area ranges over all GFAP-ir-positive neurons was calculated
(Fig. 6). The cell areas ranged from 200 to over 4000 μm2 (equiv-
alent to about 16 to 70 μm of the cell diameters). At different
time points after SNL, neuronswith different sizes had differen-
tial profiles of SGC activation. At 12 h after SNL (Figs. 6A and B),
the small and the medium-sized neurons were mainly sur-
rounded with GFAP-ir positive staining (activated SGCs); at 7 d,
more large neurons were surrounded with the activated SGCs,
although there was no statistical difference between 7 d and
12 h (p=0.16); at 56 d, more large neurons and less small neu-
rons were encircled by the activated SGCs.

In sham-operated rats, it was found that at different time
points (12 h, 7 d and 56 d as examples) after surgery, the distri-
bution pattern of SGCs was similar to that of normal condi-
tions. The activated SGCs wrapped all types of DRG neurons
(Figs. 6C and D).

2.4. Effects of fluorocitrate on mechanical allodynia in SNL
rats

To determine the causal relationship between the SGC acti-
vation and neuropathic pain, we further tested if mechanical
allodynia could be alleviated when SGC activation was inhib-
itedwith fluorocitrate, a glialmetabolism inhibitor, perfusion
to local L5 DRG. Compared with vehicle, continuous infusion
of fluorocitrate to the affected DRG via mini-osmotic pump
for 7 d significantly alleviated mechanical allodynia at day 7,
but not at day 1 and day 3 (Fig. 7A). At day 14 (7 d after fluoroci-
trate withdraw), 50% PWTs in the fluorocitrate-treated group
did not show any significant difference compared to that in
the vehicle-treated group, indicating that the inhibited allody-
nia returned to pain state. Fig. 7B shows the statistical results
with the area under the curve (AUC). Fluorocitrate-treated ani-
mals had higher 50% PWTs compared to vehicle-treated ones
especially at day 7 (p<0.01), suggesting that inhibition of SGC
activation alleviated mechanical allodynia.

An additional experiment was performed to evaluate
whether fluorocitrate perfused into the L5 DRG could diffuse
to the corresponding level of the spinal cord. Alexa Fluor
594, instead of fluorocitrate, was put into the osmotic pump.
It is a fluorescent dye with almost same molecular weight to
fluorocitrate. In SNL rats, microscopic observation of the
DRG in whole-mount showed that Alexa Fluor 594 was steadi-
ly observed 7 d in L5 DRG and its dorsal root, but not in the
adjacent L4 DRG or spinal cord sections to which these DRG
neurons project (data not shown).

2.5. Effects of fluorocitrate on SGCs and neurons in SNL rats

At day 7 (when fluorocitrate application was stopped), the SGC
activation in the ipsilateral L5 DRG was examined. The GFAP-
ir expression in the SGCs was indicated by red fluorescence
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Fig. 5 – An example of immunofluorescent double labeling of GFAP with neuronal markers in L5 DRG after SNL. Distribution of
activated SGCs surrounding different types of neurons was tested by double labeling of GFAP (red) with different neuronal
markers, NF-200 (green) for large DRG neurons, CGRP (green) and IB4 (green) for small and the medium-sized peptidergic and
non-peptidergic neurons. Scale bar=50 μm.
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(Figs. 8A–C). After treatment with fluorocitrate for 7 d, the av-
erage intensity of GFAP-ir staining in the fluorocitrate-treated
group decreased compared with that in the vehicle-treated
group (14.0±0.7 vs 22.0±2.4) (p<0.01).

In order to examine whether fluorocitrate damage neu-
rons, we measured the expression of neuron markers (NF200
and CGRP) in the perfused DRG. The NF200-ir and CGRP-ir ex-
pression in the SGCs was indicated by green fluorescence.
After treatment with fluorocitrate for 7 d, the average intensi-
ty of NF200-ir and CGRP-ir staining in the fluorocitrate-treated
group was similar with that in the vehicle-treated group (20.7
±2.4 vs 25.9±1.8 for NF200; 13.9±2.0 vs 18.3±2.2 for CGRP)
(p>0.05) (Figs. 8D–I).
3. Discussion

3.1. Activation of SGCs after spinal nerve ligation (SNL)

Nerve injury has been shown to lead to activation in SGCs char-
acterized by proliferation and hypertrophy, up-regulation of
GFAP expression, increased number of gap junction and
coupling among SGCs, increased production of various mole-
cules, such as neurotrophins and TNF-α (Hanani, 2005; Ohara
et al., 2009; Takeda et al., 2009). In the present study, we
used GFAP as a major marker for SGC activation in DRG. GFAP
was present at low levels in normal SCGs, making this a particu-
larly usefulmarker for quantitative and semi-quantitativemea-
surement of SGC activation.Up-regulation of GFAP in SGCs after
nerve injury has been reported in other chronic pain models
(Dubový et al., 2010; Gunjigake et al., 2009; Ohara et al., 2008; Ste-
phenson and Byers, 1995; Woodham et al., 1989; Xie et al., 2009;
Xu et al., 2008a). Association of a particularmolecule with SGC
activation was essentially defined by using GFAP to measure
SGC activation (Miyagi et al., 2006; Ohtori et al., 2004; Takeda et
al., 2007; Xu et al., 2006). Hence, GFAP is amost widely used and
robust early marker for activation of SGCs.

A systematic and long-term observation of SGC activation
in DRG after L5 SNL was carried out for the first time in the
present study. By immunohistochemical staining, it was
found that the basal level of GFAP expression of SGCs was
quite low, only about 16.4% neurons were encircled by GFAP-
ir SGCs in normal DRG in our experiment, similar to that in
previous report (Woodham et al., 1989). After SNL, GFAP-ir
expression in SGCs increased in the ipsilateral DRG (Fig. 2).
This activation occurred as early as 4 h (33.5%) to as late as
56 d (75.1%) after SNL, reached a peak level at 7 d (92.2%).
Denser immunohistochemical staining was seen with GFAP-
ir in the SGCs, suggesting that the activated SGCs likely
expressed more GFAP.

We also observed SGC activation in sham-operated rats.
However, the activation degree in sham-operated rats was
much lower than that in SNL rats, especially at 1 d, 3 d and
7 d. For example, the percentage of GFAP-ir encircled neurons
in sham-operated rats was 67.9% at day 7, while in SNL rats, it
was 92.2% (Fig. 3C).

In the present study, Western blot was performed to exam-
ine GFAP protein expression in L5 DRG (Fig. 4). Results
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Fig. 6 – Spatiotemporal distribution diagram of DRG neurons encircled by GFAP-ir SGCs. Each column represents the ratio of
the number of neurons within the given 200-μm2 subdivision to the total number of neurons encircled by GFAP-ir SGCs at
12 h, 7 d and 56 d in SNL (A) and sham-operation group (C). Each column represents the ratio of the number of small,
medium-sized and large neurons to the total number of neurons encircled by GFAP-ir SGCs at 12 h, 7 d and 56 d in the SNL
(B) and the sham-operation group (D). ** p<0.01 compared with the SNL group at 12 h. ## p<0.01 compared with the SNL group
at 7 d. n=3.

70 B R A I N R E S E A R C H 1 4 2 7 ( 2 0 1 1 ) 6 5 – 7 7
obtained from Western blot almost confirmed those obtained
from immunohistochemical staining. For example, GFAP pro-
tein expression was all increased relative to control after L5
SNL or sham-operation. What we should notice is that there
were some differences between the results of two methods.
First, immunohistochemical staining indicated that the SGC
activation occurred as early as 4 h after L5 SNL or sham-
operation. However, Western blot results showed that GFAP
protein expression in L5 DRG did not change at 4 h after L5
SNL or sham-operation. Second, there were some discrepan-
cies in the time courses during which activation degree in
SNL group was higher than that in sham-operation group.
The time courses were from 1 d to 7 d in immunohistochemi-
cal experiments, while the time courses were from 3 d to 14 d
inWestern blot experiments. The difference may be related to
GFAP source in DRG. GFAP originated from the SGCs and the
Schwann cells in peripheral DRG. In immunohistochemical
experiments, we focused on the GFAP-ir SGCs in DRG and cal-
culated the percentage of neurons surrounded with GFAP-ir
SGCs. In Western blot experiments, GFAP protein originated
from SGCs and Schwann cells. Previous study reported that
peripheral nerve injury activated Schwann cells and increased
the GFAP expression (Kirsch et al., 1998; Xu et al., 2008b). So,
for the studies of SGCs activation, immunohistochemistry
may be more sensitive than Western blot.

3.2. Possible role of activated SGCs in L5 DRG in neuro-
pathic pain

In the present study, we found that the animals developed me-
chanical allodynia by 12 h after L5 SNL. In the sham-operation
group, no mechanical allodynia was observed (Fig. 1).

For the first 3 time points (from 4 h to 12 h) and the last 3
time points (from 14 d to 56 d), SGCs were activated in both
SNL and sham-operated rats, and SGC activation in SNL rats
was similar with that in sham-operated rats. But only SNL
rats developed mechanical allodynia. So, this result may sug-
gest that the activated SGCs did not play a role in the initiation
and late maintenance of allodynia after SNL.

From 1 d to 7 d, SGCs were also activated in SNL and sham-
operated rats. But SGC activation in SNL group was signifi-
cantly higher than that in the sham group. SNL rats developed
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Fig. 7 – Effects of fluorocitrate (FC) application through
mini-osmotic pump to DRG on mechanical allodynia.
Mechanical allodynia was tested with 50% PWT,
0.084 mmol·L−1 fluorocitrate was administrated to inhibit
SGC activation for 7 d after SNL. (A), The 50% PWT in the
fluorocitrate or vehicle-treated group. ** p<0.01 compared
with the vehicle-treated group. (B), Statistical analysis with
area under the curve (AUC) of the two groups. Significant
difference was found between fluorocitrate-treated and
vehicle-treated groups with Student's t-test (** p<0.01).
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mechanical allodynia, but sham-operated rats did not. So, the
activated SGCs may play a role in the early maintenance of
allodynia after SNL.

Furthermore, a glial metabolism inhibitor fluorocitrate was
applied to L5 DRG by infusion with mini-osmotic pump. This
application aimed to test the causal relationship between the
SGC activation and mechanical allodynia. Fluorocitrate selec-
tively inhibits the tricarboxylic acid cycle in astrocytes and
microglia by blocking aconitase, a metabolic enzyme just
used in glia, other than neurons. Many previous studies
have reported that, it is a relatively narrow dose range for
fluorocitrate resulting in a reversible inhibition of the me-
tabolism in the glial cells and not destruction of the neurons
(Hayakawa et al., 2010; Paulsen et al., 1987). Optimization
studies were performed to select the fluorocitrate concen-
tration (0.084 mmol·L−1, flow rate: 1 μL·h−1 for 7 d; equal to
2 nmol/d). After fluorocitrate administration to the ipsilat-
eral L5 DRG for 7 d, activation of SGCs (demonstrated by
increased GFAP-ir expression) decreased, as compared with
that in the vehicle-treated group (Figs. 8A–C). At the same
time, mechanical allodynia was also inhibited (Fig. 7). On
the other hand, fluorocitrate at this concentration did not
affect the expression of NF200 and CGRP (Figs. 8D–I). At day
14 (7 d after fluorocitrate withdraw) after SNL, there was a
lack of difference in neuropathic pain behavior between
the fluorocitrate and the vehicle animals, indicating that the
inhibited allodynia returned to pain state. Although SGCs were
activated at day 1 and day 3 after SNL, there was a lack of
difference in neuropathic pain behavior between the fluoro-
citrate and the vehicle animals. These findings provided
direct evidence that SGC activation contributed to the early
maintenance of allodynia after SNL, especially at 7 d.

Concerns have been raised about two likelihoods. First,
during the delivery for 7 d, fluorocitrate may diffuse into
adjacent DRG, the spinal cord from the perfused DRG, then
relieve the mechanical allodynia. Alexa Fluor 594, which has
a molecular weight similar to that of fluorocitrate (820 vs.
826.16) was put into the osmotic pump. Microscopic observa-
tion of the DRG in whole-mount showed that fluorescence
was steady in the perfused DRG and its dorsal root, but not
in the adjacent DRG or spinal cord. So, the first likelihood
seemed unlikely in view of the local perfusion of Alexa Fluor
594. Secondly, the dose of fluorocitrate (0.084 mmol·L−1,
flow rate: 1 μL·h−1 for 7 d; equal to 2 nmol/d) may result in
damage to neurons. In the previous reports, microinjection
of fluorocitrate (2 nmol/d) resulted in irreversible degenera-
tion of neurons (Hayakawa et al., 2010; Paulsen et al., 1987).
In the present study, fluorocitrate administration (2 nmol/d)
for 7 d, inhibited the activation of SGCs (demonstrated by
decreased GFAP-ir expression), but did not affect neurons
(demonstrated by no obvious change of NF200-ir and CGRP-
ir expression). This discrepancy may be related to differences
in the route of drug application. For example, in Paulsen's
study, one microliter fluorocitrate (1 mmol·L−1, flow rate:
0.25 μl·min−1; equal to 2 nmol/d) was injected continuously
by a slow-injection pump, whereas in our experiment, fluor-
ocitrate (0.084 mmol·L−1, flow rate: 1 μL·h−1 for 7 d; equal to
2 nmol/d) was infused with mini-osmotic pump. Compared
with their studies, the concentration are lower and infusion
speed of are more slow in the present studies. The effect of
fluorocitrate is mild and long-lasting in the present studies.
So, the second likelihood seemed unlikely in view of the appli-
cation method. We suggest that fluorocitrate (0.084 mmol·L−1,
flow rate: 1 μL·h−1 for 7 d; equal to 2 nmol/d) infused to L5 DRG
in SNL rats with mini-osmotic pump, induces an in vivo con-
dition inwhich the SGCs energymetabolism is selectively im-
paired, and that this condition could be used as a model for
study of the relationships between neurons and SGCs and
the importance of SGCs for neuropathic pain in vivo.

Under normal conditions, SGCs mainly locate in a dis-
persed manner in all types of DRG neurons (Fig. 2, Control).
In the sham-operation rats, at different time points (12 h,
7 d and 56 d) after surgery, the distribution pattern of SGCs
was similar to that under normal conditions, i.e., the activated
SGCs wrapped all types of DRG neurons (Figs. 6C and D). In
SNL rats, the distribution pattern changed dramatically at dif-
ferent time points (Figs. 6A and B). Activated SGCs surrounded
small to the medium-sized neurons at 12 h after SNL. As
time passed, there was a shift of GFAP-ir SGCs distribution
from small to large ones. The activated SGCs seemingly
wrapped more large DRG neurons at day 7, and wrapped
more large neurons at day 56. It is well known that large Aβ-
fiber DRG neurons participated in mechanical allodynia in
SNL rats (Song et al., 2003; Xie et al., 2005). Previous reports
have shown that the number of small neurons decreased
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Fig. 8 – Effects of fluorocitrate (FC) on GFAP-ir, NF200-ir and CGRP-ir expression at day 7 in SNL rats. GFAP-ir of SGCswas labeled
as red fluorescence. NF200-ir and CGRP-ir of SGCs was labeled as green fluorescence. Fluorocitrate or vehicle was applied
through osmotic pump after SNL same as in Fig. 7. (A), GFAP-ir expression in vehicle-treated group. (B) GFAP-ir expression in
fluorocitrate group. (C), Statistical analysis GFAP-ir expression of the two groups. (D), NF200-ir expression in vehicle-treated
group. (E) NF200-ir expression in fluorocitrate group. (F), Statistical analysis NF200-ir expression of the two groups. (G), CGRP-ir
expression in vehicle-treated group. (H) CGRP-ir expression in fluorocitrate group. (I), Statistical analysis CGRP-ir expression of
the two groups. ** p<0.01 compared with the vehicle-treated group. Scale bar=50 μm. n=5 in fluorocitrate group; n=4 in
vehicle-treated group.
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after axotomy (Tandrup et al., 2000), whichmay partially con-
tribute to this phenomenon. Our results provide another
possible mechanism underlying participation of large DRG
neurons in mechanical allodynia.

How activated SGCs participated in neuropathic pain was of
great interest andmay open a range of newpossibilities for neu-
ropathicpain treatment (Jasminet al., 2010). Recent studies have
demonstrated that SGCs were able to modulate neuronal excit-
ability, then lead to neuropathic pain (Hanani, 2005; Takeda et
al., 2009). Potassium ion channels expressed by SGCs regulated
the extracellular K+ concentration, which determined the neu-
ronal excitability. It has been shown that glia-specific inward
rectifying K+ (Kir4.1) channels in SGCs were reduced after CCI
of the infraorbital nerve, resulting in a decrease of K+ buffering
capacity of SGCs, an increase in extracellular K+ concentration
and augmented excitability of neurons (Vit et al., 2006, 2008). Re-
duction of the Kir4.1 channel in SGCs was sufficient to produce
neuropathic pain-like behavior in rats. In addition, coupling be-
tween adjacent SGCs via gap junctions regulated perineuronal
environment. Following peripheral nerve injury, there was a
great increase in gap junction-mediated coupling among SGCs
(Cherkas et al., 2004; Hanani et al., 2002), consistent with an
up-regulation of the gap junction protein connexin 43
and a decrease in membrane resistance (Ohara et al., 2008;
Pannese et al., 2003). Augmented coupling may facilitate com-
munication between neurons by increasing the passage of

image of Fig.�8
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electric current and/or movement of nociceptive-related signal-
ing molecules such as ATP and cyclic nucleotides (Ohara et al.,
2008). Gap junction blockers abolished the inflammation-
induced changes in SGCs and neurons (Dublin and Hanani,
2007; Huang et al., 2010).

Previous studies suggested that chemokine signaling has
emerged as a key candidate to mediate glia–neuron interaction.
SGCs upregulated the production of proinflammatory cytokines
such as TNF-α after peripheral nerve injury (Miyagi et al., 2006).
The increased expression of TNF-α in SGCs and the expression
of p55 in the neurons encircled by SGCs indicated that activation
of SGCsmay increase theneuronal excitability via a TNF-α para-
crine mechanism. More recently, it has been reported that SNL
induced persistent up-regulation of matrix metalloproteases-2
(MMP-2) in SGC of the L5 DRG, which maintained neuropathic
pain via interleukin-1beta (IL-1β) cleavage in the DRG (Dev et
al., 2010; Ji et al., 2009; Kawasaki et al., 2008). SGCs in the trigem-
inal ganglia could enhance the neuronal excitability through IL-
1β in inflammatory pain models (Takeda et al., 2007).

3.3. The possible mechanisms of SGC activation

Recently, the mechanism by which peripheral nerve injury
causes activation of SGCs has begun to attract attention. One
possibility was abnormal spontaneous activity in the sensory
neurons. First, blocking spontaneous activity with TTX, bupiva-
caine or lidocaine prevented the activation of the glial cells in
the DRG and the spinal cord in chronic pain models (Guo et al.,
2007; Ren and Dubner, 2008; Wen et al., 2007; Xie et al., 2009).
Secondly, activation of the SGCs after peripheral nerve injury
or inflammation has been reported in several different models
(Chudler et al., 1997; Stephenson and Byers, 1995; Woodham et
al., 1989; Xie et al., 2009; Xu et al., 2008a). Although the time
course anddegree of SGC activationwere not similar in different
neuropathic pain models, they were consistent with abnormal
spontaneous activity (Chudler et al., 1997; Xie et al., 2009).

In our previous study, we have recorded the spontaneous
activity of L5 dorsal root in L5 SNL and sham-operated rats
(Sun et al., 2005). Further experiments may be needed to in-
vestigate whether spontaneous discharges in SNL and sham
groups induce SGC activation.

In conclusion, SGCs in DRG were activated after L5 SNL from
a very early time point (4 h) and remained activated for up to at
least 56 d. SGC activation in the SNL group was significantly
higher than that in the sham group at 1 d, 3 d and 7 d after oper-
ation. The application of fluorocitrate into L5 DRG significantly
alleviated mechanical allodynia, especially at 7 d. These find-
ings suggested that SGC activation contributed to the early
maintenance of allodynia after SNL, especially at 7 d. The pre-
sent study raised a possibility of targeting SGCs for the treat-
ment of neuropathic pain.
4. Experimental procedure

4.1. Experimental animals

Male Sprague–Dawley rats weighing 180–220 g were provided
by the Department of Experimental Animal Sciences, Peking
University Health Science Center and were habituated to the
testing paradigms for 7 d before data collection. Animals had
free access to food and water during experiments and were
maintained on natural diurnal cycles. All protocols were
approved by the Animal Use and Care Committee of our uni-
versity. Measures were taken to minimize the animals' dis-
comfort, and all experiments adhered to the Guidelines of
the Committee for Research and Ethical Issues of the IASP
(Zimmermann, 1983).

4.2. Spinal nerve ligation (SNL)

Ligation of the left L5 spinal nerve was performed as described
by Kim and Chung (Kim and Chung, 1992). Rats were anesthe-
tized with chloral hydrate (0.3 mL/100 g, i.p.). An incision was
made at the left side of the spine at the L4–S2 level. The L5
transverse process was removed to expose the L5 spinal
nerve. The L5 spinal nerve was isolated carefully and ligated
tightly with 6–0 silk thread 5–10 mm distal to the L5 DRG.
The animals in the sham operation group received the same
operation except for ligation of the nerve. Penicillin was
used for infection prophylaxis after surgery.

4.3. Behavioral test

Behavioral evaluationwas done blindlywith respect to the con-
dition of the rats (SNL vs. sham-operation).Mechanical sensitiv-
ity of the left hind pawwas tested before and 4 h–56 d after SNL.
The 50% PWT in response to a series of von Frey filaments was
determined by the up-down method (Chaplan et al., 1994) as
in our previous report (Jiang et al., 2008; Liu et al., 2010, 2011;
Sun et al., 2005; Tong et al., 2010; Xing et al., 2007). Briefly, the
rat was placed on a metal mesh floor covered with an inverted
clear plastic cage (18×8×8 cm) and allowed a 15-min period
for habituation. Eight von Frey filaments with approximately
equal logarithmic incremental (0.224) bending forces were cho-
sen (0.41, 0.70, 1.20, 2.00, 3.63, 5.50, 8.50, and 15.10 g). Each
trial started with a von Frey force of 2.00 g delivered perpen-
dicularly to the plantar surface of the left hind-paw. An
abrupt withdrawal of the foot during stimulation or immediate-
ly after the removal of the filament was recorded as a positive
response. Once a positive or negative response was evoked,
the next weaker or stronger filament was applied. This proce-
dure was repeated until 6 stimuli after the first change in re-
sponse had been observed. The 50% PWT was calculated using
the following formula: 50% PWT=10 (X+kd)/104, where X is the
value of the final von Frey filament used (in log units), k is a
value measured from the pattern of positive/negative re-
sponses, and d=0.224 which is the average interval (in log
units) between the von Frey filaments (Dixon, 1980). If an animal
responded to the lowest von Frey filament, a value of 0.25 g was
assigned; if an animal did not respond to the highest von Frey fil-
ament, the value was recorded as 15.0 g.

4.4. Immunohistochemistry

At time points of 4 h, 8 h, 12 h, 1 d, 3 d, 7 d, 14 d, 28 d and 56 d
after surgery (n=3 for each time point), the rats were anes-
thetized with chloral hydrate and perfused through the
aorta with 200 mL of normal saline (0.9% NaCl), followed by
300 mL of 4% paraformaldehyde (PFA, pH 7.4) in 0.1 mol·L−1
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phosphate buffer (PB, pH 7.4). The L5 DRG was removed, and
post-fixed in PFA for 4–6 h, and then cryoprotected in as-
cending graded sucrose solutions overnight. The DRG was
then cut into 8-μm-thick serial sections with a cryostat
(Cryocut 1800; Leica Instruments) and mounted on gelatin/
chrome alum-coated glass slides.

Immunohistochemistry was performed as in our previous
reports (Jiang et al., 2008; Luo et al., 2004; Tu et al., 2004; Yu
et al., 2008). Sections were blocked with 2% normal goat
serum for 30 min at 37 °C, and then incubated overnight at
4 °C in a humid chamber with primary polyclonal antibody
GFAP (rabbit anti-rat, 1:750; Dako), and diluted in phosphate
buffered saline (PBS) containing 0.3% Triton X-100 and 1% bo-
vine serum albumin. After washing in 0.01 mol·L−1 PBS, sec-
tions were incubated with biotinylated secondary antibody
to rabbit IgG, followed by incubation with streptavidin-
conjugated horseradish peroxidase for 30 min. Sections
were then washed in PBS and processed with chromogen
(diaminobenzidine, 1 mg/mL; ammonium nickel sulfate,
80 mg/mL; 0.001% H2O2).

For immunofluorescent double labeling, DRG sections were
incubated overnight at 4 °C with a mixture of rabbit anti-rat
GFAP antibody (1:200; Dako), goat anti-rat NF200 (1:2000;
Sigma), IB4-FITC (10 μg/mL; Sigma) or goat anti-rat CGRP
(1:1000; Sigma). After washing with PBS, the sections were in-
cubated with a mixture of TRITC- or FITC-conjugated second-
ary antibodies for 1 h at room temperature (for TRITC, 1:100
Sigma; for FITC, 1:100; Sigma). The stained sectionswere viewed
and photographs were taken with a fluorescent microscope
(DMIRB; Leica).

4.5. Western blot detection of GFAP protein expression

Western blot was used to analyze the changes in GFAP protein
expression. According to the immunohistochemical staining
of GFAP in L5 DRG on control and at different time points
after operation, only time points of 4 h, 12 h, 1 d, 3 d, 7 d,
14 d and 28 d were chosen (n=3 for each time point). Western
blot was performed as described in our previous report (Jiang
et al., 2008; Yu et al., 2008). Briefly, animals were decapitated
under anesthesia with an over-dose of chloral hydrate. The
left L5 DRG was removed, quickly frozen in liquid nitrogen
and stored at −80 °C. Frozen tissues were homogenized in
homogenization buffer (50 mmol·L−1 Tris·base, 2 mmol·L−1

EDTA, 40 mmol·L−1 NaF, 1 mmol·L−1 phenylmethylsulfonyl
fluoride). Protein concentration was quantified by the meth-
od of BCA protein assay (Redinbaugh and Turley, 1986;
Smith et al., 1985). Each sample containing 20 μg of protein
was mixed with one fifth volume of 5× loading buffer and
heated to 100 °C for 5 min. Protein samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE, 10%) and transferred to PVDF film. The blots
were blocked with 5% non-fat milk for 1 h and incubated
with polyclonal rabbit anti-GFAP antibody (1:10000, Dako)
and with monoclonal GAPDH (1:8000, Sigma) as loading con-
trol overnight at 4 °C. The blots were then incubated for 1 h at
room temperature with HRP-conjugated goat anti-rabbit IgG
or HRP-conjugated goat anti-mouse IgG secondary antibody
(1:2000, Santa Cruz), developed in chemiluminescence re-
agents for 1 min and exposed to X-ray sensitive film. The
intensity of the blots was quantified with densitometry. For
quantification of Western blot signals, the density of bands
(GFAP and GAPDH) was measured with the Quantity One
Analysis System (Bio-Rad).

4.6. Mini-osmotic pump implantation into DRG and
fluorocitrate application

The dose of fluorocitrate was chosen according to our prelimi-
nary data and to previous reports (Gao and Ji, 2010; Hayakawa
et al., 2010; Paulsen et al., 1987; Sun et al., 2009). Fluorocitrate
(Sigma) at 0.084mmol·L−1 was prepared following the method
of Paulsen et al. (1987), and the pH of the solution was adjusted
to 7.4. Vehicle was prepared with identical procedure except
for addition the fluorocitrate. A mini-osmotic pump (Alzet®
2001) was connected with PE50 (O.D. 0.965 mm, I.D. 0.58 mm)
and PE10 (O.D. 0.61 mm, I.D. 0.28 mm) polyethylene tubing in
succession. All mini-osmotic pumps were incubated in sterile
saline overnight at 37 °C. The front piece of PE10 was pulled in
advance so that the tip of the tube was reduced to a diameter
of about 150 μm (Zhou et al., 1999). Totally 12 mini-osmotic
pumps were filled with fluorocitrate (0.084 mmol·L−1, flow rate:
1 μL·h−1 for 7 d) and 9 pumps with vehicle. The L5 spinal nerve
was exposed as described above, the fine tip of the
catheter was inserted into the L5 spinal nerve and threaded
toward to the L5 DRG (Zhuang et al., 2006). The catheter was
immobilized in situ by tying it up together with the nerve. The
nerve distal to the ligature site was also ligated, the catheter
was fixed again by a suture in the adjacent muscle. After such
connection, themini-osmoticpumpwasplanted subcutaneous-
ly under the skin of the back. Finally, the incision was sutured.

Mechanical allodynia was tested with von Frey filaments as
described above on day 1 before mini-osmotic pump implan-
tation, and 1 d, 3 d, 7 d and 14 d after pump implantation. An
investigator other than the one who carried out the pump im-
plantation performed the behavior tests blindly.

At day 7 after pump implantation, 7 rats from fluorocitrate
group and 4 rats from vehicle-treated group were selected
randomly and sacrificed. In order to evaluate the effects of
fluorocitrate on SGCs and neurons, GFAP, NF-200 and CGRP
expression was evaluated in the ipsilateral L5 DRG of fluoro-
citrate or vehicle-treated groups (n=5 in fluorocitrate group;
n=4 in vehicle-treated group). For the remaining rats, the
pumps were withdrawn carefully from the body under anes-
thesia by chloral hydrate. Mechanical allodynia was tested
again at day 14 (1 week after pump withdrawal).

In control experiments to determine the likelihood of fluoro-
citrate diffusing into the spinal cord from the perfused DRG,
fluorocitrate was replaced with Alexa Fluor 594 (Invitrogen),
which has a molecular weight similar to that of fluorocitrate
(820 vs. 826.16). For these experiments, Alexa Fluor 594 in
DRG and dorsal root was examined with a whole mount
DRG preparation and spinal cord sections were prepared
from fresh tissue without fixation to avoid possible washing
out of Alexa Fluor 594 (Xie et al., 2007, 2009).

4.7. Image analysis

The percentage of neurons surrounded with GFAP-ir SGCs was
calculated at each time point from 4 h to 56 d from
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immunohistochemically stained slides as described in our
previous report (Luo et al., 2004; Yu et al., 2008). This was
done in a blinded manner. Three sections were selected for
each DRG with an intervening space of at least 20 μm to
avoid a neuron being counted twice. Only those neurons
with visible nuclei were counted. A neuron was counted as
positive if more than half of its circumference was encircled
by GFAP-ir SGCs. Ratio of the GFAP-ir encircled neurons over
the total number of neuronal profiles was calculated in each
DRG and then averaged for three ganglia at each time point.

Cross-sectional area distribution in positive (GFAP-ir SGC
surrounded) neurons was calculated both in the SNL group
(time points of 12 h, 7 d and 56 d) and in the sham-operation
group. DRG neurons were classified as small (<700 μm2),
medium-sized (700–1200 μm2) and large (>1200 μm2) according
to the measured cross-sectional area (Novakovic et al., 1998).
Only those neurons with visible nuclei were chosen for mea-
surement of their cell area.

For analysis of GFAP, NF-200 and CGRP expression in the
ipsilateral L5 DRG of fluorocitrate or vehicle-treated groups, 5
fields of each section at the same magnification were chosen
randomly to calculate the average gray intensity value. The
average intensity was defined as the difference of the average
gray intensity value of a chosen field and the background (Luo
et al., 2004).

4.8. Statistical analysis

Data are expressed as mean±SEM. Difference between two
groups at different time points was analyzed with two-way
ANOVA, and differences among different time points were ana-
lyzed with one-way ANOVA followed by Dunnett's post-hoc test.
The Student's t-test was used if only two groups were applied.
Values of p<0.05 were taken to be statistically significant.
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