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Abstract: Granulocyte colony-stimulating factor (G-CSF) has been reported to modulate pain function
following nerve injury. However, the expression of endogenous G-CSF in the dorsal root ganglion
(DRG) and the response to nerve injury remain unclear. In the present study, we demonstrated that
G-CSF and G-CSFR are mainly expressed in both small- and medium-diameter DRG neurons in
rats and are responsible for transmitting pain responses. G-CSF and G-CSFR were co-expressed in
certain nociceptive DRG neurons. In addition, G-CSF was expressed in satellite glial cells around
large-diameter DRG neurons. After sciatic nerve injury, the number of G-CSF-positive DRG neu-
rons was increased in both the ipsilateral and contralateral lesion sites in rats. However, G-CSF
expression in satellite glial cells was not affected by nerve injury. To clarify the role of G-CSF in
pain, exogenous G-CSF was administered to a rat model of neuropathic pain induced by partial
sciatic nerve transaction (PST). Our results indicate that treatment with G-CSF did not attenuate
but exacerbated neuropathic pain. In summary, G-CSF may directly activate sensory neurons and
contribute to nociceptive signaling.

Keywords: G-CSF; G-CSFR; DRG; neuropathic pain

1. Introduction

Neuropathic pain is chronic pain caused by damage to the central or peripheral
nervous system. It is characterized by an abnormal or excessively sensitive response to
external stimuli [1–3]. This condition often impairs patients’ quality of life. At present,
neuropathic pain is difficult to treat. Although opioid analgesics are the main clinical
drugs used for patients, patients often experience poor clinical outcomes [4–6], largely
because the exact pathophysiological mechanism of neuropathic pain remains unclear. It is
important to elucidate the pathological mechanism of neuropathic pain and to find a way
to treat this condition.

Granulocyte colony-stimulating factor (G-CSF) is a 19.6 kDa glycoprotein that is used
clinically as a growth factor to induce the differentiation of murine myelomonocytic leukemia
cells and as a growth factor to promote the survival, proliferation, and differentiation of
neutrophil granulocytes [7]. G-CSF is clinically used in patients with leukopenia and is
administered to donors for the collection of hematopoietic progenitor cells prior to transplan-
tation [8,9]. G-CSF is mainly secreted by monocytes [10,11], but it is also expressed in other
types of cells, including fibroblasts [12], endothelial cells [13], mesothelial cells [14,15], stromal
cells [13], astrocytes [16], nerve cells [17,18], and even tumor cells [19], suggesting that G-CSF
may have different regulatory effects on various cells. The nonhematopoietic effects of G-CSF,
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including its effects on the central nervous system, have also been reported [17,20,21]. In a rat
cerebral ischemia model, it was found that G-CSF can protect neurons from ischemia-induced
cell death and promote nerve regeneration [21,22]. It has also been reported that in mouse
and rat spinal cord injury models, G-CSF can protect neurons and oligodendrocytes from
apoptosis [23,24]. In addition, G-CSF may be involved in the regulation of pain [25,26]. G-CSF
relieves neuropathic pain caused by spinal cord injury and nerve compression by inhibiting
inflammation [24,27,28]. In contrast, another study reported that G-CSF can aggravate neuro-
pathic pain [29]. Although G-CSF is involved in the modulation of pain modality, whether
endogenous G-CSF is expressed in the dorsal root ganglion (DRG) and the changes in its
expression after nerve injury are still unclear.

In this study, we found that endogenous G-CSF was expressed in the DRG and that
G-CSF and G-CSFR were co-expressed in both small- and medium-diameter DRG neurons.
G-CSF expression was increased by sciatic nerve injury. Exogenous administration of
G-CSF increased pain in a rat model of pathological pain, suggesting that G-CSF can act
directly on the DRG and may be involved in the modulation of pathological sensation.

2. Materials and Methods
2.1. Antibodies and Reagents

The following antibodies were used: goat anti-G-CSF, rabbit anti-G-CSFR (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), anti-TRPV1 [BS397] (Abcam, Cambridge, UK),
mouse anti-GFAP (DAKO, Glostrup, Denmark), DyLight™ 488-conjugated donkey anti-
goat IgG, and DyLight™ 594-conjugated donkey anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Baltimore Pike, PA, USA). The dye IB4 was obtained from Sigma-Aldrich
(St. Louis, MO, USA).

2.2. Animals

This study was approved by the Animal Care and Use Committee of the National
Defense Medical Center (Taipei, Taiwan; Approval No. IACUC-16-061) and was conducted
in accordance with the Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health (Bethesda, MD, USA). Male Wistar rats (BioLASCO,
Taipei, Taiwan), weighing 200–250 g, were housed individually with soft bedding on a 12 h
night/day cycle and provided free access to food and water at all times. They were housed
in a similar environment for 7 days for acclimation before the experiment. All efforts were
made to minimize the number of animals used and their suffering. Mechanical allodynia
was assessed in the animals, using a dynamic plantar anesthesiometer (DPA), at which
point there was no clinical evidence of nerve damage, and on various days (1 day, 7 days,
and 14 days) after PST.

2.3. Establishment of the Neuropathic Pain Animal Model

Partial sciatic nerve transection (PST) was performed, according to the previously
reported protocols [30]. All rats then underwent either PST or sham operation. In the PST
rats, the left sciatic nerve was exposed at the mid-thigh level, and a prolene 7–0 ligature
was placed through the midpoint of the nerve just cranially to the branch running to the
musculus biceps femoris. Half of the diameter of the nerve was transected in a ventrocranial
direction up to the ligature; the ligature was then removed. In the sham-operated rats, the
nerve was exposed, and then the wound was closed with sutures.

2.4. Behavioral Testing

Mechanical allodynia was assessed using a dynamic plantar aesthesiometer (DPA)
(Ugo Basile, Comerio, Italy), which is an automated version of the von Frey filament
test that does not induce tissue damage [31,32]. According to the Kyoto protocol of
the International Association for the Study of Pain, Basic Pain Terminology, DPA pro-
duces non-noxious tactile stimuli [33]. Each rat was placed in an individual plastic cage
(25 cm long × 10 cm wide × 14 cm high) with a wire mesh floor and was acclimatized to
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the cage for 15 min before each test session. Both hind paw withdrawal responses were
elicited by applying an increasing force, using a blunt-end metal filament (0.5 mm in
diameter) focused on the area of the sural nerve on the palmar surface of the left ipsilateral
or right contralateral hind paw. The force was increased from 1 to 50 g in steps of 1 g over
20 s and was then held at 50 g for an additional 10 s; the rate of the increase in force was
2.5 g/s. The threshold was recorded as the force that elicited the hind paw withdrawal
reflex (the mean of three measurements performed at 1 min intervals).

2.5. G-CSF Administration

The rats were randomly divided into 7 groups (6 rats in each group): vehicle (nor-
mal saline solution), G-CSF (10 µg/kg), G-CSF (100 µg/kg), the sham+vehicle group,
PST+vehicle, PST+G-CSF (10 µg/kg), and PST+G-CSF (100 µg/kg). G-CSF was adminis-
tered by intravenous (i.v.) tail vein injection once a day for 2 days before PST.

2.6. Tissue Preparation and Sectioning

The rats were anesthetized by intraperitoneal injection of chloral hydrate, perfused
with saline using a peristaltic circulation pump (Cole-Parmer Instrument Company,
Vernon Hills, IL, USA), and then fixed with 4% paraformaldehyde. The L4/5 DRG of
each rat was removed, postfixed with 4% paraformaldehyde, and then sequentially placed
in 20% and 30% sucrose solution for dehydration and cryoprotection. After the tissue
samples sank to the bottom, they were embedded in an optimum cutting temperature
freezing medium (Thermo Electron Co., Waltham, MA, USA) and then sectioned with a
cryostat (Leica, Wetzlar, Germany). The thickness of the slices was 16 µm.

2.7. Immunohistochemistry

Free-floating sections were washed with a phosphate-buffered saline (PBS) and
then treated with 1% hydrogen peroxide (H2O2) for 30 min to block endogenous per-
oxidase activity. After washing with PBS, the sections were blocked with 5% normal
horse serum for 1 h and incubated with primary antibodies at 4 ◦C overnight. After
washing with PBS, biotinylated anti-goat IgG (Vector Laboratories, Inc., Burlingame, CA,
USA) was added for 40 min. After washing with PBS, avidin–biotin complex (1:200,
Vector Laboratories Co., USA) was added for 60 min. After washing with PBS, the sections
were developed with freshly prepared 3,3′-diaminobenzidine (DAB, Vector Laboratories
Co., USA). The sections were dried overnight at room temperature and then mounted with
a mounting medium (Thermo Electron Co., USA).

2.8. Double Immunofluorescence Staining

The sections were blocked with 5% normal horse serum and incubated overnight
at 4 ◦C with primary antibodies. After washing with PBS, the sections were incubated
with secondary antibodies (donkey anti-goat secondary antibody conjugated to Dylight™
488 and donkey anti-goat secondary antibody conjugated to Dylight™ 594 (1:500, Jackson
ImmunoResearch Laboratories, USA). Afterwards, the sections were washed again with
PBS and mounted with 3% n-propyl gallate and 50% glycerol in PBS. The specimens were
viewed under a fluorescence microscope (Nikon, Tokyo, Japan).

2.9. Image Analysis

The sections were imaged with a microscope (Nikon, Japan) connected to a digital
camera and computer. The number of G-CSF-immunoreactive cells and the total number
of cells in the DRG at different time points were calculated and quantified with Image-Pro
Plus 6.0 software (Media Cybernetics Inc., Silver Spring, MD, USA). At least 10 sections
from each animal were assessed.
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2.10. Blood Sample Collection and Analysis

The rats were anesthetized with 1.5% isoflurane (Panion & BF Biotech Inc., Taoyuan,
Taiwan) and blood samples were collected on day 1, day 7 and day 14 after treatment. The
blood samples were collected from the tail vein of the rats and placed into EDTA-containing
tubes. Samples were taken for a complete blood count, including white blood cells and
neutrophils. The samples were analyzed within 1 h of collection, using the ADVIA 2120
analyzer (Bayer HealthCare, Diagnostics Division, Tarrytown, NY, USA).

2.11. Statistical Analysis

Statistical analyses were performed, using the Statistical Program for Social Sciences (SPSS)
software (version 22.0; SPSS Inc., Chicago, IL, USA). Quantitative data are presented as the
mean ± standard derivation (SD). Data were tested for normality, using the Shapiro–Wilk test.
For immunohistochemistry, the quantitative data were statistically analyzed using Student's
t-test. Differences in pain behavior were analyzed using one-way analysis of variance with
Bonferroni’s post hoc test to determine the statistical significance. Differences were considered
significant at # p < 0.05 and highly statistically significant at ## p < 0.01, ### p < 0.001.

3. Results

The Shapiro–Wilk data indicated that all data were normally distributed (p values
ranging from 0.183 and 0.905).

3.1. G-CSFR Is Expressed in Small- and Medium-Sized DRG Neurons

We first examined whether G-CSFR is present in the DRG. We collected the DRG
from wildtype rats and performed immunostaining for G-CSFR. As shown in Figure 1A,
we observed positive immunoreactivity for G-CSFR and suspected that it was present
in small- and medium-sized DRG neurons but not in large-diameter DRG neurons. To
further determine whether G-CSFR was expressed in small- and medium-sized DRGs, we
performed double immunostaining with isolectin B4 (IB4, a marker of small- and medium-
sized DRG neurons), anti-G-CSFR or anti-TRPV1 (markers of nociceptive neurons) and
G-CSFR, respectively. As shown in Figure 1B, we found that G-CSFR was co-expressed
in IB4-positive and TRPV1-positive DRG neurons (Figure 1B, arrowheads), but not in
large-sized DRG neurons (Figure 1B, arrowheads), indicating that G-CSFR was expressed
in small- and medium-sized nociceptive DRG neurons.
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Figure 1. G-CSFR expressed in small- and medium-diameter DRG neurons. (A) G-CSFR immunohis-
tochemistry. Bar = 50 µm. (B) G-CSFR was expressed in small- and medium-diameter DRG neurons
and nociceptive neurons in the DRG. DRG sections were double stained with IB4 and G-CSFR
antibodies or TRPV1 and G-CSFR antibodies. Note that G-CSFR was co-expressed with nociceptive
TRPV1 (arrowhead), but not in large-diameter DRG (arrow). Bar = 30 µm.
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3.2. Endogenous G-CSF Is Expressed in Small and Medium-Size DRG Neurons and Satellite Cells

We then tested whether G-CSF is expressed in the DRG. We collected the DRG from
normal rats and performed immunostaining for G-CSF. As shown in Figure 2A, G-CSF
was expressed, presumably in small- and medium-sized DRG neurons (Figure 2A, arrow).
In addition, anti-G-CSF staining was also found around large-diameter DRG neurons
(Figure 2A, arrowhead). We aimed to determine the identity of cells expressing G-CSF.
As shown in Figure 2B, G-CSF was co-expressed with IB4, indicating that G-CSF was
expressed in small- and medium-sized DRG neurons. We also confirmed that in the DRG,
G-CSF was co-expressed with GFAP, showing that the circular staining pattern seen in the
immunohistochemical staining image corresponded to a satellite glial cell. Furthermore,
G-CSF was co-expressed in G-CSFR-positive DRG neurons (Figure 2B), indicating the
autocrine or paracrine fashion of G-CSF physiological functions.
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Figure 2. Expression of G-CSF in the DRG. (A) G-CSF immunohistochemistry. Note that G-CSF was
expressed in small- and medium-diameter DRG neurons (arrow) and satellite cells around large-
diameter DRG neurons (arrowhead). Bar = 50 µm. (B) Characteristics of the cell types expressing
G-CSF in the DRG. DRG sections were double immunostained with anti-G-CSF and IB4, anti-G-CSF
and anti-GFAP or anti-G-CSF and anti-G-CSFR antibodies. Co-stained cells are indicated by arrows.
Bar = 30 µm.

3.3. Changes in G-CSF Expression in the DRG in Rats with Partial Sciatic Nerve
Transection (PST)

We confirmed that endogenous G-CSF was expressed in the DRG and then assessed
whether the expression of G-CSF was altered in rats with PST. G-CSF expression in the
DRG was compared at 1, 7 and 14 days after surgery. Immunohistochemical staining
for G-CSF showed that G-CSF was expressed in small- and medium-sized DRGs and
satellite glial cells in the sham group (Figure 3A). Beginning on the first day after PST,
intensive G-CSF immunoreactivity was observed in the L4/5 DRG on the ipsilateral side
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(lesion side) and contralateral side and expressed on the small- and medium-sized DRG
neurons. The quantitative results showed that the number of G-CSF-positive DRG neurons
on the ipsilateral side and contralateral side was significantly increased 1 day after surgery,
compared with the sham-operated rats (# p < 0.05), which peaked at 7 days after surgery
(# p < 0.05) and was decreased at 14 days after surgery. At 14 days after surgery, there was
no significant difference between the number of cells expressing G-CSF on the ipsilateral
and contralateral sides in the PST rats, compared with the sham-operated rats (Figure 3A,B).
However, the number of satellite glial cells showing G-CSF immunoreactivity was not
significantly altered at different time points after surgery (Figure 3A,B).
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and vehicle groups. G-CSF (100 ìg/kg)-induced mechanical allodynia subsided with time. 

Figure 3. Changes in endogenous G-CSF expression after sciatic nerve injury. (A) Rats were sacrificed
at 1, 7 and 14 days after PST, and DRG tissues were collected from ipsilateral and contralateral sides
and subjected to immunostaining for G-CSF, which was compared between the PST group and the
sham group. Bar = 50 µm. (B) Quantification of the number of G-CSF-positive DRG neurons on
the ipsilateral and contralateral sides in rats with PST. The data are presented as the mean ± SD,
# p < 0.05.

3.4. G-CSF Induces Pain Behavior

To further elucidate the role of G-CSF in pain transmission, we tested whether the
administration of different doses of exogenous G-CSF affects the pain behavior of rats.
Clinically, G-CSF can cause white blood cells to proliferate. We intravenously injected
low-dose (10 µg/kg) and high-dose (100 µg/kg) G-CSF. At both doses, G-CSF induced the
proliferation of white blood cells and neutrophils within one day (## p < 0.01). However, 7
and 14 days after G-CSF injection, the numbers of white blood cells and neutrophils had
returned to normal (Figure 4A,B). In Figure 4C,D, the mechanical pain test of both feet
showed that wild-type rats developed symptoms of allodynia 24 h after intravenous (i.v.)
injection of 100 ìg/kg G-CSF. One-way ANOVA indicated significant differences between
the means of the three groups in the left side (F(2, 27) = 9.655, p < 0.001) and right side
(F(2, 27) = 11.022, p < 0.001). Bonferroni post hoc analysis further showed that significant
differences were observed between 100 ìg/kg G-CSF and vehicle groups (### p < 0.001) in
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both sides. However, there was no difference between 10ug/kg G-CSF and vehicle groups.
G-CSF (100 ìg/kg)-induced mechanical allodynia subsided with time.
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Figure 4. Effect of exogenous G-CSF on wildtype rat behavior and blood cell numbers. (A) Histograms showing the results
of white blood cell analysis (×103 cells/µL) in the vehicle (normal saline solution) group, G-CSF (10 µg/kg) group and
G-CSF (100 µg/kg) group. White blood cell analysis was performed with a Bayer ADVIA 2120 hematology analyzer.
** p < 0.01, G-CSF (10 µg/kg) group compared with the vehicle group; ## p < 0.01, G-CSF (100 µg/kg) group compared with
the vehicle group. (B) Histograms showing the results of neutrophil analysis in the 3 groups of rats. Neutrophil analysis was
performed with a Bayer ADVIA 2120 hematology analyzer. ** p < 0.01, G-CSF (10 µg/Kg) group compared with the vehicle
group; ## p < 0.01, G-CSF (100 µg/Kg) group compared with the vehicle group. Left (C) and right (D) paw withdrawal
test for mechanical allodynia. Left and right feet of pain behavioral responses of the 3 groups of rats (n = 10 per group).
Mechanical allodynia of both feet was assessed using a DPA. ### p < 0.001, G-CSF (100 µg/Kg) group, compared with the
vehicle group.

3.5. G-CSF Enhances Mechanical Allodynia Following PST

We then examined the effect of G-CSF on the nociceptive response in rats with PST.
Before examination, we tested the effect of G-CSF on changes in the number of white
blood cells in rats with PST. As shown in Figure 5, rats with PST did not exhibit an
increased numbers of white blood cells and neutrophils on days 1, 7 and 14 after surgery
(Figure 5A,B). However, administration of low-dose (10 ìg/kg) and high-dose (100 ìg/kg)
G-CSF induced significant proliferation of white blood cells and neutrophils one day
after surgery, but on the 7th and 14th days after surgery, the number of white blood cells
and the number of neutrophils had returned to normal (Figure 5A,B). In Figure 5C,D,
PST rats exhibited different behavioral responses to pain in the lesion side (left) and no
lesion (right) side. On the lesion side (left), the left hind paw of PST or G-CSF+PST
rats exhibited mechanical allodynia symptoms 1, 7 and 14 days after surgery, compared
to the sham group. One-way ANOVA indicated significant differences on day 1 after
surgery (F(3, 36)= 65.740, *** p < 0.001), 7 day (F(3, 36) = 110.969, *** p < 0.001) and 14 day
(F(3, 36) = 464.080, *** p < 0.001). Bonferroni post hoc analysis further showed that high-
dose (100 ìg/kg), but not low-dose (10 ìg/kg), G-CSF administration aggravated the
symptoms of mechanical allodynia in rats with PST on day 1 after surgery (## p < 0.01).
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However, 7 and 14 days after G-CSF administration, the rats exhibited an equivalent degree
of allodynia as rats with PST (Figure 5C).

On the no lesion side (right), the right hind paw of the PST rats did not develop
mechanical allodynia during experiments performed after surgery. The one-way ANOVA
only indicated a significant difference (F(3, 36) = 10.249, p < 0.001) on day 1 after surgery.
Bonferroni post hoc analysis further showed that high-dose rather than low-dose G-CSF
administration to PST rats exhibited mechanical allodynia (### p < 0.001). This effect faded
over time (Figure 5D).
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Figure 5. Effect of exogenous G-CSF on PST-induced rat behavior and blood analysis. (A) Histograms showing the results
of white blood cell analysis (×103 cells/µL) in the sham group, PST group, G-CSF (10 µg/kg) +PST group and G-CSF
(100 µg/kg) + PST group. White blood cell analysis was performed with a Bayer ADVIA 2120 hematology analyzer.
** p < 0.01, G-CSF (10 µg/kg) + PST group compared with the PST group; ## p < 0.01, G-CSF (100 µg/kg) + PST group
compared with the PST group. (B) Histograms showing the results of neutrophil analysis in the 4 groups of rats. Neutrophil
analysis was performed with a Bayer ADVIA 2120 hematology analyzer. ** p < 0.01, G-CSF (10 µg/kg) + PST group
compared with the PST group; ## p < 0.01, G-CSF (100 µg/kg) + PST group compared with the PST group. Left (C) and
right (D) paw withdrawal test for mechanical allodynia. Pain behavioral responses of the 4 groups rats (n = 10 per group).
Mechanical allodynia was assessed using a DPA. (C) Pain behavior on the left side, ## p < 0.01, G-CSF (100 µg/kg) + PST
group, compared with the PST group. *** p < 0.001, PST and G-CSF+PST groups, compared with sham group. (D) Pain
behavior on the right side, ### p < 0.001, G-CSF (100 µg/kg) + PST group compared with the PST group.

4. Discussion

In this study, we demonstrated that endogenous G-CSF is expressed in small- and
medium-sized DRGs and satellite glial cells. In a rat model of PST, the expression of
endogenous G-CSF in nociceptive neurons increased, and endogenous G-CSF expression
was maintained 7 days after surgery. Using double immunofluorescence staining, we
also confirmed that G-CSF and G-CSFR were co-expressed in nociceptive neurons. This
suggests that G-CSF may act through autocrine or paracrine mechanisms. To clarify the
role of G-CSF in pain transmission, exogenous G-CSF was administered to normal rats
and rats with PST. The results showed that G-CSF can cause pain sensitivity under normal
circumstances. In addition, it may aggravate neuropathic pain symptoms in rats with PST.

This study confirmed that under normal conditions, a small amount of G-CSF was
expressed in nociceptive neurons and satellite glial cells in the DRG. After PST, the G-
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CSF expression level was increased in some nociceptive neurons; the number of G-CSF-
immunoreactive cells was increased on the first day after surgery, continued to increase
until 7 days postoperatively, and tended to be decreased within 14 days after surgery.
Compared with the contralateral side, the lesion side exhibited more pain mechanisms,
such as injury discharge, redistribution of sodium channels, endoneurial upregulation of
neurotrophic factors and proinflammatory cytokines [30], perhaps synergistically with
G-CSF to occur pain behavior. It is known that during the course of neuropathic pain, a
large amount of growth factors and cytokines are expressed in the DRG [34]. The gene
expression of the cytokines TNF-α and IL-1β, which are related to the production of G-CSF,
greatly increased after 1 day [35]. Although it was not confirmed whether endogenous
G-CSF in the DRG is directly induced by TNF-α and IL-1β, this study confirmed that
PST can induce G-CSF expression in the DRG, suggesting that G-CSF is involved in the
development of early neuropathic pain.

It is known that neurotrophic factors are abundantly expressed in the early stages
after nerve injury [36,37]. Previous studies have confirmed that in different rat models
of ischemic stroke, the gene expression level of G-CSF in the cortex increases by more
than a hundred times within 6 h after surgery [18,38]. Similar results were obtained by
immunohistochemical staining [39,40]. This study confirmed that G-CSF expression is
elevated in nociceptive afferent neurons after sciatic nerve injury and is co-expressed
with G-CSFR. G-CSF was found to act on tumor cells and nerve cells through autocrine
and paracrine mechanisms [41], indicating that G-CSF might regulate afferent neurons
through autocrine or paracrine mechanisms in the nervous system. DRG and satellite
glial cells communicate with each other via paracrine signaling [42]. It is generally known
that substance P, ATP and CGRP secreted by sensory neurons can affect the excitability
of satellite glial cells [43], but it is not yet clear which molecules drive the activation of
satellite glial cells under pathological conditions. This experiment confirmed that satellite
glial cells express G-CSF under normal physiological conditions. However, the number of
satellite glial cells exhibiting G-CSF immunoreactivity in the PST model did not change
significantly, indicating that G-CSF secreted by satellite glial cells may not participate in the
development of neuropathic pain. Therefore, more research is needed on the physiological
significance of G-CSF secreted by satellite glial cells in the DRG.

Many studies have reported that G-CSF is neuroprotective, promotes neurogenesis,
and alters neuroplasticity [17]. Schweizerhof et al. demonstrated that G-CSF secreted
by bone cancer cells causes peripheral neurosensitization and increases the expression of
TRPV1 and Nav1.8 via the JAK/STAT and ERK pathways [44]. G-CSF has been shown
to increase TRPV1 and G-CSFR expression via STAT3 signaling in neuronal cultures [45].
Although the mechanism by which G-CSF affects the development of neuropathic pain was
not confirmed in this study, behavioral assessments confirmed that subcutaneous injection
of exogenous G-CSF induces the development of neuropathic pain symptoms. However,
whether G-CSF alters the expression of ion channels involved in abnormal pain, such as
TRPA1 and TRPV4, was not reported in this study; more experimental evidence is needed.

A previous study reported that in G-CSF knockout mice and mice lacking G-CSF
in the CA3 and dentate gyrus of the hippocampus, the density of NMDA receptors was
significantly reduced [46], indicating that G-CSF may regulate NMDA receptors. Therefore,
we infer that administration of low-dose exogenous G-CSF may increase NMDA receptor
expression in postsynaptic neurons, resulting in central neurosensitization. Therefore,
these studies suggest that the treatment of neurological disorders with G-CSF may lead to
unintended pain.

Based on these results, endogenous G-CSF is expressed in nociceptive neurons. Addi-
tionally, nerve damage leads to increased expression of G-CSF, while exogenous admin-
istration of G-CSF increases nociceptive responses, suggesting that G-CSF may play an
important role in pain modulation in nociceptive neurons.
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5. Conclusions

Endogenous G-CSF is expressed in small- and medium-sized DRG neurons and
satellite glial cells. After sciatic nerve injury, the endogenous expression of G-CSF in
small- and medium-size DRG neurons was increased. Treatment with exogenous G-CSF
exacerbated neuropathic pain. Therefore, G-CSF may directly activate sensory neurons and
contribute to nociceptive signaling.

Author Contributions: Conceptualization, C.-C.Y., K.-H.M. and Y.-S.H.; methodology, C.-P.Y.; soft-
ware, Y.-S.H.; validation, C.-C.Y. and Y.-S.H.; formal analysis, Y.-S.H.; investigation, C.-S.T. and
Y.-S.H.; resources, J.-H.S.; data curation, C.-C.Y.; writing—original draft preparation, Y.-S.H.; writing—
review and editing, Y.-S.H.; visualization, Y.-S.H.; supervision, Y.-S.H.; funding acquisition, C.-C.Y.,
K.-H.M. and Y.-S.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan (grant Nos.
MOST 107-2320-B-016-012, MOST 108-2320-B-016-002 and MOST 109-2314-B-016-013) and Tri-Service
General Hospital, Taipei, Taiwan (TSGH-D-109115).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Grace, P.M.; Tawfik, V.L.; Svensson, C.I.; Burton, M.D.; Loggia, M.L.; Hutchinson, M.R. The Neuroimmunology of Chronic Pain:

From Rodents to Humans. J. Neurosci. Off. J. Soc. Neurosci. 2021, 41, 855–865. [CrossRef]
2. Yeh, T.Y.; Luo, I.W.; Hsieh, Y.L.; Tseng, T.J.; Chiang, H.; Hsieh, S.T. Peripheral Neuropathic Pain: From Experimental Models to

Potential Therapeutic Targets in Dorsal Root Ganglion Neurons. Cells 2020, 9, 2725. [CrossRef] [PubMed]
3. Szok, D.; Tajti, J.; Nyari, A.; Vecsei, L. Therapeutic Approaches for Peripheral and Central Neuropathic Pain. Behav. Neurol. 2019,

2019, 8685954. [CrossRef] [PubMed]
4. Rosenblum, A.; Marsch, L.A.; Joseph, H.; Portenoy, R.K. Opioids and the treatment of chronic pain: Controversies, current status,

and future directions. Exp. Clin. Psychopharmacol. 2008, 16, 405–416. [CrossRef] [PubMed]
5. Oelhaf, R.C.; Azadfard, M. Opioid Toxicity. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.
6. O'Brien, J.B.; Roman, D.L. Novel treatments for chronic pain: Moving beyond opioids. Transl. Res. J. Lab. Clin. Med. 2021, 234,

1–19.
7. Jahandideh, B.; Derakhshani, M.; Abbaszadeh, H.; Akbar Movassaghpour, A.; Mehdizadeh, A.; Talebi, M.; Yousefi, M. The

pro-Inflammatory cytokines effects on mobilization, self-renewal and differentiation of hematopoietic stem cells. Hum. Immunol.
2020, 81, 206–217. [CrossRef]

8. Dwivedi, P.; Greis, K.D. Granulocyte colony-stimulating factor receptor signaling in severe congenital neutropenia, chronic
neutrophilic leukemia, and related malignancies. Exp. Hematol. 2017, 46, 9–20. [CrossRef]

9. Chen, S.H.; Wang, T.F.; Yang, K.L. Hematopoietic stem cell donation. Int. J. Hematol. 2013, 97, 446–455. [CrossRef] [PubMed]
10. Ward, A.C.; Hoffmann, B.W.; Csar, X.F.; Hamilton, J.A. Granulocyte colony-stimulating factor-stimulated proliferation of myeloid

cells: Mode of cell cycle control by a range of inhibitors. J. Interferon Cytokine Res. Off. J. Int. Soc. Interferon Cytokine Res. 1996, 16,
869–877. [CrossRef]

11. Lejnieks, D.V.; Han, S.W.; Ramesh, N.; Lau, S.; Osborne, W.R. Granulocyte colony-stimulating factor expression from transduced
vascular smooth muscle cells provides sustained neutrophil increases in rats. Hum. Gene Ther. 1996, 7, 1431–1436. [CrossRef]

12. Leizer, T.; Cebon, J.; Layton, J.E.; Hamilton, J.A. Cytokine regulation of colony-stimulating factor production in cultured human
synovial fibroblasts: I. Induction of GM-CSF and G-CSF production by interleukin-1 and tumor necrosis factor. Blood 1990, 76,
1989–1996. [CrossRef]

13. Sieff, C.A.; Niemeyer, C.M.; Mentzer, S.J.; Faller, D.V. Interleukin-1, tumor necrosis factor, and the production of colony-stimulating
factors by cultured mesenchymal cells. Blood 1988, 72, 1316–1323. [CrossRef]

14. Horio, H.; Nomori, H.; Morinaga, S.; Kikuchi, T.; Tomonari, H.; Kuriyama, S.; Suemasu, K. Granulocyte colony-stimulating
factor-producing primary pericardial mesothelioma. Hum. Pathol. 1999, 30, 718–720. [CrossRef]

15. Shukla, A.; MacPherson, M.B.; Hillegass, J.; Ramos-Nino, M.E.; Alexeeva, V.; Vacek, P.M.; Bond, J.P.; Pass, H.I.; Steele, C.;
Mossman, B.T. Alterations in gene expression in human mesothelial cells correlate with mineral pathogenicity. Am. J. Respir. Cell
Mol. Biol. 2009, 41, 114–123. [CrossRef] [PubMed]

16. Tweardy, D.J.; Mott, P.L.; Glazer, E.W. Monokine modulation of human astroglial cell production of granulocyte colony-stimulating
factor and granulocyte-macrophage colony-stimulating factor. I. Effects of IL-1 alpha and IL-beta. J. Immunol. 1990, 144, 2233–2241.
[PubMed]

http://doi.org/10.1523/JNEUROSCI.1650-20.2020
http://doi.org/10.3390/cells9122725
http://www.ncbi.nlm.nih.gov/pubmed/33371371
http://doi.org/10.1155/2019/8685954
http://www.ncbi.nlm.nih.gov/pubmed/31871494
http://doi.org/10.1037/a0013628
http://www.ncbi.nlm.nih.gov/pubmed/18837637
http://doi.org/10.1016/j.humimm.2020.01.004
http://doi.org/10.1016/j.exphem.2016.10.008
http://doi.org/10.1007/s12185-013-1298-8
http://www.ncbi.nlm.nih.gov/pubmed/23420184
http://doi.org/10.1089/jir.1996.16.869
http://doi.org/10.1089/hum.1996.7.12-1431
http://doi.org/10.1182/blood.V76.10.1989.1989
http://doi.org/10.1182/blood.V72.4.1316.1316
http://doi.org/10.1016/S0046-8177(99)90100-4
http://doi.org/10.1165/rcmb.2008-0146OC
http://www.ncbi.nlm.nih.gov/pubmed/19097984
http://www.ncbi.nlm.nih.gov/pubmed/1690240


Brain Sci. 2021, 11, 956 11 of 12

17. Rahi, V.; Jamwal, S.; Kumar, P. Neuroprotection through G-CSF: Recent advances and future viewpoints. Pharmacol. Rep. PR 2021.
[CrossRef] [PubMed]

18. Hasselblatt, M.; Jeibmann, A.; Riesmeier, B.; Maintz, D.; Schabitz, W.R. Granulocyte-colony stimulating factor (G-CSF) and G-CSF
receptor expression in human ischemic stroke. Acta Neuropathol. 2007, 113, 45–51. [CrossRef]

19. Taichman, R.S.; Emerson, S.G. Human osteosarcoma cell lines MG-63 and SaOS-2 produce G-CSF and GM-CSF: Identification
and partial characterization of cell-associated isoforms. Exp. Hematol. 1996, 24, 509–517.

20. Menzie-Suderam, J.M.; Modi, J.; Xu, H.; Bent, A.; Trujillo, P.; Medley, K.; Jimenez, E.; Shen, J.; Marshall, M.; Tao, R.; et al.
Granulocyte-colony stimulating factor gene therapy as a novel therapeutics for stroke in a mouse model. J. Biomed. Sci. 2020,
27, 99. [CrossRef]

21. Lu, F.; Nakamura, T.; Toyoshima, T.; Liu, Y.; Shinomiya, A.; Hirooka, K.; Okabe, N.; Miyamoto, O.; Tamiya, T.; Keep, R.F.; et al.
Neuroprotection of granulocyte colony-stimulating factor during the acute phase of transient forebrain ischemia in gerbils. Brain
Res. 2014, 1548, 49–55. [CrossRef]

22. Schabitz, W.R.; Kollmar, R.; Schwaninger, M.; Juettler, E.; Bardutzky, J.; Scholzke, M.N.; Sommer, C.; Schwab, S. Neuroprotective
effect of granulocyte colony-stimulating factor after focal cerebral ischemia. Stroke 2003, 34, 745–751. [CrossRef]

23. Guo, Y.; Liu, S.; Wang, P.; Zhang, H.; Wang, F.; Bing, L.; Gao, J.; Yang, J.; Hao, A. Granulocyte colony-stimulating factor improves
neuron survival in experimental spinal cord injury by regulating nucleophosmin-1 expression. J. Neurosci. Res. 2014, 92, 751–760.
[CrossRef] [PubMed]

24. Khorasanizadeh, M.; Eskian, M.; Vaccaro, A.R.; Rahimi-Movaghar, V. Granulocyte Colony-Stimulating Factor (G-CSF) for the
Treatment of Spinal Cord Injury. CNS Drugs 2017, 31, 911–937. [CrossRef]

25. Liao, M.F.; Hsu, J.L.; Lu, K.T.; Chao, P.K.; Cheng, M.Y.; Hsu, H.C.; Lo, A.L.; Lee, Y.L.; Hung, Y.H.; Lyu, R.K.; et al. Granulocyte
Colony Stimulating Factor (GCSF) Can Attenuate Neuropathic Pain by Suppressing Monocyte Chemoattractant Protein-1 (MCP-1)
Expression, through Upregulating the Early MicroRNA-122 Expression in the Dorsal Root Ganglia. Cells 2020, 9, 1669. [CrossRef]
[PubMed]

26. Ro, L.S.; Chen, S.R.; Chao, P.K.; Lee, Y.L.; Lu, K.T. The potential application of granulocyte colony stimulating factor therapy on
neuropathic pain. Chang Gung Med. J. 2009, 32, 235–246.

27. Liao, M.F.; Yeh, S.R.; Lo, A.L.; Chao, P.K.; Lee, Y.L.; Hung, Y.H.; Lu, K.T.; Ro, L.S. An early granulocyte colony-stimulating factor
treatment attenuates neuropathic pain through activation of mu opioid receptors on the injured nerve. Sci. Rep. 2016, 6, 25490.
[CrossRef] [PubMed]

28. Kato, K.; Koda, M.; Takahashi, H.; Sakuma, T.; Inada, T.; Kamiya, K.; Ota, M.; Maki, S.; Okawa, A.; Takahashi, K.; et al. Granulocyte
colony-stimulating factor attenuates spinal cord injury-induced mechanical allodynia in adult rats. J. Neurol. Sci. 2015, 355, 79–83.
[CrossRef]

29. Liou, J.T.; Lui, P.W.; Liu, F.C.; Lai, Y.S.; Day, Y.J. Exogenous granulocyte colony-stimulating factor exacerbate pain-related
behaviors after peripheral nerve injury. J. Neuroimmunol. 2011, 232, 83–93. [CrossRef]

30. Lindenlaub, T.; Sommer, C. Partial sciatic nerve transection as a model of neuropathic pain: A qualitative and quantitative
neuropathological study. Pain 2000, 89, 97–106. [CrossRef]

31. Kalmar, B.; Greensmith, L.; Malcangio, M.; McMahon, S.B.; Csermely, P.; Burnstock, G. The effect of treatment with BRX-220, a
co-inducer of heat shock proteins, on sensory fibers of the rat following peripheral nerve injury. Exp. Neurol. 2003, 184, 636–647.
[CrossRef]

32. Lever, I.; Cunningham, J.; Grist, J.; Yip, P.K.; Malcangio, M. Release of BDNF and GABA in the dorsal horn of neuropathic rats.
Eur. J. Neurosci. 2003, 18, 1169–1174. [CrossRef]

33. Loeser, J.D.; Treede, R.D. The Kyoto protocol of IASP Basic Pain Terminology. Pain 2008, 137, 473–477. [CrossRef]
34. Huh, Y.; Ji, R.R.; Chen, G. Neuroinflammation, Bone Marrow Stem Cells, and Chronic Pain. Front. Immunol. 2017, 8, 1014.

[CrossRef]
35. Chao, P.K.; Lu, K.T.; Lee, Y.L.; Chen, J.C.; Wang, H.L.; Yang, Y.L.; Cheng, M.Y.; Liao, M.F.; Ro, L.S. Early systemic granulocyte-

colony stimulating factor treatment attenuates neuropathic pain after peripheral nerve injury. PLoS ONE 2012, 7, e43680.
[CrossRef]

36. Ha, S.O.; Kim, J.K.; Hong, H.S.; Kim, D.S.; Cho, H.J. Expression of brain-derived neurotrophic factor in rat dorsal root ganglia,
spinal cord and gracile nuclei in experimental models of neuropathic pain. Neuroscience 2001, 107, 301–309. [CrossRef]

37. Terada, Y.; Morita-Takemura, S.; Isonishi, A.; Tanaka, T.; Okuda, H.; Tatsumi, K.; Shinjo, T.; Kawaguchi, M.; Wanaka, A. NGF and
BDNF expression in mouse DRG after spared nerve injury. Neurosci. Lett. 2018, 686, 67–73. [CrossRef] [PubMed]

38. Kleinschnitz, C.; Schroeter, M.; Jander, S.; Stoll, G. Induction of granulocyte colony-stimulating factor mRNA by focal cerebral
ischemia and cortical spreading depression. Brain Res. Mol. Brain Res. 2004, 131, 73–78. [CrossRef]

39. Schneider, A.; Kruger, C.; Steigleder, T.; Weber, D.; Pitzer, C.; Laage, R.; Aronowski, J.; Maurer, M.H.; Gassler, N.; Mier, W.; et al.
The hematopoietic factor G-CSF is a neuronal ligand that counteracts programmed cell death and drives neurogenesis. J. Clin.
Investig. 2005, 115, 2083–2098. [CrossRef] [PubMed]

40. Schneider, A.; Kuhn, H.G.; Schabitz, W.R. A role for G-CSF (granulocyte-colony stimulating factor) in the central nervous system.
Cell Cycle 2005, 4, 1753–1757. [PubMed]

41. Liongue, C.; Wright, C.; Russell, A.P.; Ward, A.C. Granulocyte colony-stimulating factor receptor: Stimulating granulopoiesis and
much more. Int. J. Biochem. Cell Biol. 2009, 41, 2372–2375. [CrossRef] [PubMed]

http://doi.org/10.1007/s43440-020-00201-3
http://www.ncbi.nlm.nih.gov/pubmed/33389706
http://doi.org/10.1007/s00401-006-0152-y
http://doi.org/10.1186/s12929-020-00692-5
http://doi.org/10.1016/j.brainres.2013.12.010
http://doi.org/10.1161/01.STR.0000057814.70180.17
http://doi.org/10.1002/jnr.23362
http://www.ncbi.nlm.nih.gov/pubmed/24829950
http://doi.org/10.1007/s40263-017-0472-6
http://doi.org/10.3390/cells9071669
http://www.ncbi.nlm.nih.gov/pubmed/32664488
http://doi.org/10.1038/srep25490
http://www.ncbi.nlm.nih.gov/pubmed/27180600
http://doi.org/10.1016/j.jns.2015.05.024
http://doi.org/10.1016/j.jneuroim.2010.10.014
http://doi.org/10.1016/S0304-3959(00)00354-7
http://doi.org/10.1016/S0014-4886(03)00343-1
http://doi.org/10.1046/j.1460-9568.2003.02848.x
http://doi.org/10.1016/j.pain.2008.04.025
http://doi.org/10.3389/fimmu.2017.01014
http://doi.org/10.1371/journal.pone.0043680
http://doi.org/10.1016/S0306-4522(01)00353-0
http://doi.org/10.1016/j.neulet.2018.08.051
http://www.ncbi.nlm.nih.gov/pubmed/30189228
http://doi.org/10.1016/j.molbrainres.2004.08.011
http://doi.org/10.1172/JCI23559
http://www.ncbi.nlm.nih.gov/pubmed/16007267
http://www.ncbi.nlm.nih.gov/pubmed/16258290
http://doi.org/10.1016/j.biocel.2009.08.011
http://www.ncbi.nlm.nih.gov/pubmed/19699815


Brain Sci. 2021, 11, 956 12 of 12

42. Villa, G.; Fumagalli, M.; Verderio, C.; Abbracchio, M.P.; Ceruti, S. Expression and contribution of satellite glial cells purinoceptors
to pain transmission in sensory ganglia: An update. Neuron Glia Biol. 2010, 6, 31–42. [CrossRef]

43. Goldschmidt, E.; Fellows-Mayle, W.; Wolfe, R.; Niranjan, A.; Flickinger, J.C.; Lunsford, L.D.; Gerszten, P.C. Radiosurgery to the
spinal dorsal root ganglion induces fibrosis and inhibits satellite glial cell activation while preserving axonal neurotransmission.
J. Neurosurg. Spine 2020, 1–9. [CrossRef] [PubMed]

44. Schweizerhof, M.; Stosser, S.; Kurejova, M.; Njoo, C.; Gangadharan, V.; Agarwal, N.; Schmelz, M.; Bali, K.K.; Michalski, C.W.;
Brugger, S.; et al. Hematopoietic colony-stimulating factors mediate tumor-nerve interactions and bone cancer pain. Nat. Med.
2009, 15, 802–807. [CrossRef]

45. Zhang, E.; Lee, S.; Yi, M.H.; Nan, Y.; Xu, Y.; Shin, N.; Ko, Y.; Lee, Y.H.; Lee, W.; Kim, D.W. Expression of granulocyte colony-
stimulating factor 3 receptor in the spinal dorsal horn following spinal nerve ligation-induced neuropathic pain. Mol. Med. Rep.
2017, 16, 2009–2015. [CrossRef] [PubMed]

46. Diederich, K.; Sevimli, S.; Dorr, H.; Kosters, E.; Hoppen, M.; Lewejohann, L.; Klocke, R.; Minnerup, J.; Knecht, S.; Nikol, S.; et al.
The role of granulocyte-colony stimulating factor (G-CSF) in the healthy brain: A characterization of G-CSF-deficient mice. J.
Neurosci. Off. J. Soc. Neurosci. 2009, 29, 11572–11581. [CrossRef] [PubMed]

http://doi.org/10.1017/S1740925X10000086
http://doi.org/10.3171/2019.11.SPINE191176
http://www.ncbi.nlm.nih.gov/pubmed/32005015
http://doi.org/10.1038/nm.1976
http://doi.org/10.3892/mmr.2017.6853
http://www.ncbi.nlm.nih.gov/pubmed/28656207
http://doi.org/10.1523/JNEUROSCI.0453-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19759304

	Introduction 
	Materials and Methods 
	Antibodies and Reagents 
	Animals 
	Establishment of the Neuropathic Pain Animal Model 
	Behavioral Testing 
	G-CSF Administration 
	Tissue Preparation and Sectioning 
	Immunohistochemistry 
	Double Immunofluorescence Staining 
	Image Analysis 
	Blood Sample Collection and Analysis 
	Statistical Analysis 

	Results 
	G-CSFR Is Expressed in Small- and Medium-Sized DRG Neurons 
	Endogenous G-CSF Is Expressed in Small and Medium-Size DRG Neurons and Satellite Cells 
	Changes in G-CSF Expression in the DRG in Rats with Partial Sciatic Nerve Transection (PST) 
	G-CSF Induces Pain Behavior 
	G-CSF Enhances Mechanical Allodynia Following PST 

	Discussion 
	Conclusions 
	References

