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Background and aim: The administration of growth and neurotrophic factors 
has been attempted experimentally as a new therapeutic strategy for severe 
facial paralysis. Granulocyte colony-stimulating factor (G-CSF) has an effect on 
the treatment of central nervous system injuries, such as cerebral infarction and 
spinal cord injury. This study aimed at examining the effects of G-CSF on facial 
nerve regeneration in rats.

Methods: The left facial nerve of rats was either partially resected (resection 
group) or severed and sutured (suture group) at the main trunk outside the 
temporal bone. In each surgical group, saline or G-CSF was administered via 
the gelatin hydrogel drug delivery system. The suture group was further divided 
into two subgroups for the late administration of G-CSF (2 weeks after surgical 
treatment) or immediate administration of G-CSF after surgical treatment. 
Recovery of the facial nerve was assessed by the evaluation of facial movements 
(after 12 weeks), complex muscle action potential amplitude measurements 
(after 2, 4, 8, and 12 weeks), electroneurography values (after 12 weeks), and 
histological evaluation (comparison of myelinated axon diameters among the 
groups).

Results: Recovery of the function and morphology of damaged nerves was faster 
in the suture groups than in the resection group. In the suture groups, recovery 
was faster for G-CSF-treated rats than for saline-treated rats. Furthermore, 
recovery was faster in the group that received G-CSF immediately after surgical 
treatment than in the group that received G-CSF 2 weeks later. However, the 
group that received G-CSF 2 weeks later also showed faster recovery than did 
the control group.

Conclusion: G-CSF effectively promoted nerve regeneration during facial nerve 
paralysis. Thus, G-CSF may be a potential treatment strategy for injured facial 
nerves as it has been safely administered in clinical treatments for hematological 
diseases.
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1 Introduction

Facial nerve palsy is a common disease with varying degree of 
neurological impairment from mild to complete. Facial paralysis is not 
a fatal disease but has a significant impact on the mental and social life 
of the patient owing to esthetic challenges. Recovery from paralytic 
symptoms can take several months. In cases of severe facial nerve 
degeneration in particular, complete recovery has not yet been 
achieved. This has a significant impact on the quality of life of 
the patients.

Currently, the pharmaceutical treatments for peripheral facial 
nerve paralysis include steroids, antivirals, vitamins, circulatory 
agents, and vasodilators. Although steroids have been established as 
effective medications for the prevention of facial nerve degeneration, 
no drug has been proven effective in promoting the regeneration of 
damaged facial nerves. Growth factors and neurotrophic factors have 
been tested as novel treatment strategies for damaged facial nerves; 
however, they are still not approved for clinical application (Sendtner 
et al., 1991; Hughes et al., 1993; Spector et al., 1993; Yan et al., 1995; 
Koyama et al., 2003; Hato et al., 2012).

Granulocyte colony-stimulating factor (G-CSF), a glycoprotein 
with a molecular weight of approximately 19 KDa and 174 amino 
acids, belongs to the cytokine family and regulates granulocyte 
production (Nicola et al., 1983; Nagata et al., 1986; Fukunaga et al., 
1990; Demetri and Griffin, 1991; Lieschke et al., 1994). Small amounts 
of G-CSF are homeostatically produced by monocytes, macrophages, 
vascular endothelial cells, fibroblasts, and bone marrow-derived 
mesenchymal cells. Because G-CSF increases the number of 
leukocytes and mobilizes hematopoietic stem cells to the peripheral 
blood, it has been used in the treatment of leukopenia in hematologic 
diseases and pancytopenia during chemotherapy (Ohno et al., 1990; 
Usuki et al., 2002; Aapro et al., 2011; Potosky et al., 2011). Recent 
studies have reported that G-CSF also has central neuroprotective 
effects and is a potential drug for cerebral infarction (Schabitz et al., 
2003; Park et al., 2005; Schneider et al., 2005a; Schneider et al., 2005b; 
Solaroglu et al., 2006a; Solaroglu et al., 2006b; Solaroglu et al., 2007; 
Rahi et al., 2021), spinal cord injury (Koda et al., 2007; Nishio et al., 
2007; Kawabe et al., 2011; Aschauer-Wallner et al., 2021), and other 
neurological diseases (Meuer et al., 2006; Tanaka et al., 2006; Laske 
et al., 2009; Sanchez-Ramos et al., 2009; Vafaei Mastanabad et al., 
2023). Although the effects of G-CSF on the central nervous system 
have been reported, only a few studies have investigated its application 
in peripheral nerve therapy.

G-CSF may be a good candidate for the treatment of facial nerve 
paralysis if it is effective in promoting facial nerve regeneration as it 
has been safely used in clinical settings for hematologic diseases. Thus, 
this study aimed at examining the potential of G-CSF for the treatment 
of facial nerve paralysis using a rat model. We investigated its effects 
on differential facial nerve damage and the optimal administration 
time to restore facial nerve paralysis.

2 Materials and methods

2.1 Experimental animals

Sprague Dawley (SD) male rats aged 10–12 weeks (CLEA Japan, 
Inc.) were used in this study. The rats were reared under free feeding 

and drinking conditions during the light period from 9:00 to 21:00 
with a room temperature of 23°C. All animal experiments were 
conducted in accordance with the University of Tokyo’s Regulations 
for the Conduct of Animal Experiments and the NIH Guide for the 
Care and Use of Laboratory Animals. Efforts were made to minimize 
the suffering of laboratory animals.

2.2 Preparation of drugs

G-CSF has a short half-life; therefore, it must be administered 
daily. To overcome this challenge, a drug delivery system with an in 
vivo absorbable gelatin hydrogel was used (MedGel®, MedGEL CO., 
Ltd, Kyoto, Japan).

A bioabsorbable gelatin hydrogel is a water-insoluble gelatin 
hydrogel formed by crosslinking gelatin. G-CSF is retained by 
electrostatic interactions in the gelatin hydrogel. In the in vivo 
implanted gelatin hydrogel, G-CSF is slowly released over a period of 
approximately 2 weeks as gelatin is degraded by collagenases and 
other degradative enzymes secreted by the tissue cells (Tabata, 2003; 
Komobuchi et al., 2010).

In this experiment, lenograstim (Neutrogin Injection, 250 μg; 
Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) was used for the 
G-CSF preparation. Powdered lenograstim (250 μg) was dissolved in 
350 μL of sterile water (hereinafter referred to as G-CSF solution). The 
G-CSF solution [150 μg/kg body weight (BW); 210 μL of G-CSF 
solution/kg BW] was added to gelatin hydrogel (as 10 μL of G-CSF 
solution per 1 mg of gelatin hydrogel) (Kawamura et  al., 2011; 
Nakaguchi et al., 2012; Simoes and de Oliveira, 2012). The gelatin 
hydrogels were left at 37°C for 1 h to allow the G-CSF solution to fully 
impregnate the gelatin hydrogels. In the control group, saline (210 μL/
kg BW) was added to the gelatin hydrogel instead of the G-CSF 
solution, and the gelatin hydrogel was left at 37°C for 1 h to become 
fully impregnated.

In this experiment, the drug (G-CSF or saline) impregnated into 
the gelatin hydrogel was subcutaneously administered into the back 
of each rat. A 5-mm incision was placed on the mid-back at the level 
of the lower end of the shoulder blades, the hydrogel was 
subcutaneously embedded, and the incision was sutured and closed.

2.3 Surgical treatment

The facial nerve was treated at the extratemporal main trunk. 
The SD rats were anesthetized with an intraperitoneal injection of 
ketamine at 40 mg/kg BW (Daiichi Sankyo Healthcare Co., Ltd., 
Tokyo, Japan) and 10 mg/kg BW xylazine (Elanco Japan Co., Ltd., 
Tokyo, Japan), followed by inhalation maintenance anesthesia with 
isoflurane (Pfizer Japan Inc., Tokyo, Japan). The skin anterior to 
the left ear was incised to expose the parotid gland and facial nerve 
over the masseter muscle. The parotid gland was detached from the 
masseter and facial nerves; the main trunk of the facial nerve was 
exposed and severed using scissors. In the resection model, the 
peripheral part of the facial nerve was resected 10 mm from the 
cutting point to maintain the distance between the severed nerves 
(Tews et  al., 1994). In the severed-and-sutured model, the 
epineural membrane of the left facial nerve was sutured end-to-end 
using a micro-needle (9–0 nylon monofilament; Keisei Medical 
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Industries, Tokyo, Japan) immediately after transection. The 
neurotomy or severed-and-sutured site was covered by the parotid 
gland. The skin was sutured using a non-absorbable suture (5–0 
nylon monofilament; Akiyama Medical MFG Co., Ltd., 
Tokyo, Japan).

2.4 Experimental protocol

The partial facial nerve resection or severed-and-sutured model 
was assigned to six groups (five animals in each group; Figure 1).

Group 1, the left facial nerve was partially resected and the saline 
solution was administered 2 and 4 weeks later (hereafter, “resection-
late saline”).

Group 2, the left facial nerve was partially resected and G-CSF was 
administered 2 and 4 weeks later (hereafter, “resection-late G-CSF”).

Group 3, the left facial nerve was severed and sutured, and saline 
solution was administered 2 and 4 weeks later (hereafter, “suture-
late saline”).

Group 4, the left facial nerve was severed and sutured, and G-CSF 
was administered 2 and 4 weeks later (hereafter, “suture-late G-CSF”).

Group 5, the left facial nerve was severed and sutured, and saline 
solution was administered immediately and 2 weeks later (hereafter, 
“suture-immediate saline”).

Group 6, the left facial nerve was severed and sutured, and G-CSF 
was administered immediately and 2 weeks later (hereafter, “suture-
immediate G-CSF”).

In the pilot study, the group that underwent skin incision and wound 
closure procedures in the same manner was designated as the sham 
operation group. No facial nerve palsy or effects on facial muscles were 
observed in this group, confirming that the surgical procedure itself did 
not cause any adverse effects. To avoid complications, the sham surgery 
group was excluded from the present comparative study.

2.5 Evaluation of facial movements

Facial movements were recorded at 2, 4, 8, and 12 weeks after the 
surgical treatment. The facial movements were scored and evaluated 
in a blinded manner. The following five items were evaluated. 
Symmetry at rest, and movement of four facial areas: the eyelids, alae 
of the nose, corners of the mouth, whiskers. The evaluation criteria for 
symmetry at rest were as follows: marked asymmetry (0 points), 
relatively clear asymmetry (1 point), slight asymmetry (2 points), and 
symmetry (3 points). The evaluation criteria for movement were as 
follows: no movement at all (0 points), slight movement (1 point), 
obvious movement but with a left-right difference (2 points), and no 
difference between the left and right sides (3 points). The score for 

FIGURE 1

Experimental protocols. The experiment was performed with six groups (five animals per group). Facial nerve resection (resection group) or severance 
followed by surgical suturing (suture group) was performed. Either G-CSF 150 μg/kg (210 μL/kg of the solution) or an equivalent amount of saline was 
administered immediately after surgery (−immediate group) or 2 weeks later (−late group). In all cases, the drug was percutaneously administered into 
the back by inserting Medgel soaked in the G-CSF solution or saline. This procedure was repeated twice. Evaluation of facial movements (FM) and 
electroneurography (ENoG) was performed at 2, 4, 8, and 12 weeks, and tissue samples were harvested at 12 weeks.
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normal facial movement was 15. The mean total values were compared 
between groups. A representative case involving a rat with complete 
facial nerve paralysis is shown in Figure  2A. The face was 
asymmetrical, with paralysis of the left angle of the mouth.

2.6 Evaluation of electroneurography 
findings

Electroneurography (ENoG) is an electrophysiological diagnostic 
method for evaluating peripheral facial nerve palsy and is an objective 
measure of complex muscle action potentials (CMAPs). Electrical 
stimulation is applied to the facial nerve from the stylomastoid foramen, 
and primarily, contractions in the orbicularis oris muscle are recorded 
using electrodes. The ratio of CMAP amplitude on the lesion side to that 
on the normal side (ENoG value) is used to evaluate the prognosis of 
peripheral facial nerve palsy (Gantz et al., 1984). CMAP amplitudes in 
healthy human subjects show an average variation of 25% between the 
left and right sides of the face (Gavilán et al., 1985).

ENoG was performed 2, 4, 8, and 12 weeks after surgical treatment 
(Figure 1) using the electromyographic device (Neuropack MEB-2000; 
Nihon Kohden Corporation, Tokyo, Japan). The anterior part of the 
left ear was opened, and a stimulating electrode needle (Unique 
Medical Co., Ltd., Tokyo, Japan) was applied as a negative electrode 
on the central side of the part that had been partially resected or 
severed and sutured, near the foramen magnum, and a positive 
electrode on the posterior skin of the left ear. The recording was 
performed on the orbicularis oris muscle. The negative recording 
electrode was placed 2 mm to the left of the midline of the upper lip, 

and the positive recording electrode was placed below the midline of 
the lower lip. The stimulus intensity was uniformly set at 2 mA for the 
maximum stimulus test (MST), and pulse duration was 0.2 ms. The 
CMAP amplitude was measured five times per rat for each group of 
five rats. The average CMAP amplitude values for each group were 
determined at 2, 4, 8, and 12 weeks after the surgical treatment.

The ENoG values were calculated as the percentage of the 
amplitude value of the treated side relative to the non-treated side 
using the mean amplitude values of the left and right CMAPs for each 
animal after 12 weeks of surgical treatment. The mean ENoG values 
were calculated for each group.

2.7 Tissue fixation and preparation

Each rat was deeply anesthetized with 100 mg/kg ketamine 
hydrochloride and 10 mg/kg xylazine hydrochloride and perfusion-fixed 
with 10% neutral-buffered formalin 12 weeks after surgical treatment.

After decapitation, the facial tissues were soaked in 10% 
neutral-buffered formalin for 14 days. The tissues were then 
immersed in 10% formic acid solution for 5 days for decalcification. 
The tissue was then embedded in paraffin and cut at a 4-μm 
thickness in a coronal plane.

2.8 Histological evaluation

To detect myelin sheaths, which are indicators of nerve activity, 
Klüver–Barrera (KB) staining was performed on sections of the 

FIGURE 2

Facial paralysis at 12 weeks after facial nerve resection. (A) Asymmetry of the face, including the shape of the nasal wings (white arrow) and corners of 
the mouth (black arrow), indicates facial paralysis. (B) Facial movement score at 12 weeks after the surgical treatment. The score for normal facial 
movement is 15. Significant differences are observed among groups (n = 5 in each group). *p < 0.05, **p < 0.01, ns = no significant difference.
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facial nerve distal to the cutting point (buccal branch) 12 weeks 
after surgical treatment. The diameters of 10 myelinated axons from 
each rat were measured using ImageJ software (National Institutes 
of Health, United  States).1 The mean values calculated for each 
group were compared. Additionally, recovery from muscle atrophy 
in the orbicularis oculi and orbicularis oris muscles was assessed by 
hematoxylin and eosin (H&E) staining 12 weeks post-surgery for 
each group. Orbicularis oculi muscle samples were obtained from 
a vertical section at the midline of the upper eyelid of the rat, while 
orbicularis oris muscle samples were obtained from a coronal 
section of the upper lip centered at the philtrum.

2.9 G-CSF receptor expression in facial 
nerve nuclei and peripheral nerves

To evaluate the G-CSF receptor (G-CSFR) expression in the facial 
nerve and facial nerve nucleus after partial resection of the facial nerve, 
the main trunk of the left facial nerve of the SD rats was partially resected 
as described. G-CSFR expression in the facial nerve nucleus was assessed 
on postoperative day 5, and that in a peripheral nerve (buccal branch) was 
assessed on postoperative week 2.The rats were fixed with 10% neutral-
buffered formalin for 5 days, and the proximal facial nerve and brainstem 
were harvested. The paraffin section of the brainstem was cut at 4-μm 
thickness in a horizontal plane. Sections of the facial nerve nucleus were 
selected based on a rat brain atlas (Paxinos and Watson, 2013). The 
sections were deparaffinized and rehydrated in a xylene-ethanol series, 
followed by antigen activation by microwaving the section at 95°C for 
10 min in 10 mM citrate buffer (Agilent Technologies, California, 
United States). They were then immersed in a 3% hydrogen peroxide 
solution for 10 min to block endogenous peroxidases. After treatment 
with the blocking solution (Blocking One®; NAKALAI TESQUE, INC, 
Kyoto, Japan) for 30 min at room temperature to reduce nonspecific 
antibody reaction, anti-G-CSFR antibody (diluted at 1:300 in an antibody 
diluent, Bioss Antibodies Inc., Massachusetts, United States) was added 
as a primary antibody and allowed to react overnight at 4°C. After 
washing with PBS, the secondary antibody (Molecular probes, Alexa 
Fluor® 568 goat anti-rabbit IgG, Abcam, plc, Cambridge, 
United Kingdom) was diluted 200x with antibody diluent (NAKALAI 
TESQUE, Inc.), added to the sections, and incubated at 37°C for 30 min 
in the dark box. The sections were then mounted with the antifading 
medium (Vectashield®; VECTOR LABORATERIES, Inc., CA, 
United States) and observed using a KEYENCE BZ-9000 microscope.

2.10 Statistical methods

The experimental results are expressed as mean ± standard 
deviation. One-way analysis of variance (ANOVA) followed by 
Bonferroni’s multiple comparisons test or Dunnett’s multiple 
comparisons test was performed using GraphPad Prism version 10.2.0 
for Windows (GraphPad Software, Boston, MA, United States).2 A 
p-value of <0.05 was considered statistically significant.

1 https://imagej.nih.gov/ij/

2 www.graphpad.com

3 Results

3.1 Evaluation of facial movements

Representative images of the rats with complete facial nerve paralysis 
are shown in Figure 2A. Facial movements were scored based on the five 
previously described items (five rats per group), and the mean values are 
shown in Figure 2B. One-way ANOVA showed a significant difference 
among the six groups [F(5, 24) = 135.8; p < 0.01].

In the comparison of the two surgical procedures, the mean score 
was significantly higher in the suture-late saline group than in the 
resection-late saline group (Bonferroni’s multiple comparison test; 
p < 0.01). The mean score was also significantly higher in the suture-
late G-CSF group than in the resection-late G-CSF group (Bonferroni’s 
multiple comparison test; p < 0.01).

Regarding the comparison between the control and G-CSF groups, 
the mean score was significantly higher in the suture-late G-CSF group 
than in the suture-late saline group (Bonferroni’s multiple comparison 
test; p < 0.01). The mean score was also significantly higher in the suture-
immediate G-CSF group than in the suture-immediate saline group 
(Bonferroni’s multiple comparison test, p < 0.01). There was no significant 
difference in facial movement between the two partial resection groups, 
namely the resection-late saline and resection-late G-CSF groups 
(Bonferroni’s multiple comparison test; p > 0.9999).

In comparisons between groups with G-CSF treatments at 
different postsurgical timings, the mean score was significantly higher 
in the suture-immediate G-CSF group than in the suture-late G-CSF 
group (Bonferroni’s multiple comparison test; p < 0.01).

3.2 CMAP amplitude

The representative CMAP waveforms are shown in Figure 3A. In 
the resection-late-saline group, only a slight baseline oscillation was 
observed even after 12 weeks, whereas in the suture-late-saline and 
suture-immediate G-CSF groups, a clear CMAP waveform was 
observed after 8 weeks. The CMAP waveforms were larger in the 
suture-immediate G-CSF group than in the suture-late saline group.

The CMAP amplitude measurements are shown in Figure 3B. All 
groups were unresponsive to electrical stimulation immediately after 
surgical treatment; however, in the suture-late G-CSF and suture-
immediate G-CSF groups, CMAP reappeared 4 weeks after 
surgical treatment.

Statistical analysis was performed for the mean CMAP amplitudes 
at 12 weeks [n = 5 in all groups except the resection-late saline group 
(n = 4), where one animal died during evoked electromyography 
measurement]. One-way ANOVA showed significant differences 
among the six groups on the treated side [F(5, 23) = 141.3; p < 0.01], 
with no significant differences among the six groups on the 
non-treated side [F(5, 23) = 0.83; p = 0.53].

In the comparison of the two surgical procedures, the mean 
amplitude was significantly higher in the suture-late saline group 
than in the resection-late saline group (Bonferroni’s multiple 
comparison test; p < 0.01). The mean amplitude value was also 
significantly higher in the suture-late G-CSF group than in the 
resection-late G-CSF group (Bonferroni’s multiple comparison test; 
p < 0.01).

https://doi.org/10.3389/fnins.2024.1442614
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://imagej.nih.gov/ij/
http://www.graphpad.com


Fujimaki et al. 10.3389/fnins.2024.1442614

Frontiers in Neuroscience 06 frontiersin.org

In the comparison between the control and G-CSF groups, the 
mean CMAP amplitude was significantly higher in the suture-late 
G-CSF group than in the suture-late saline group (Bonferroni’s 
multiple comparison test; p < 0.01). The mean CMAP amplitude was 
also significantly higher in the suture-immediate G-CSF group than 
in the suture-immediate saline group (Bonferroni’s multiple 
comparison test; p < 0.01). There was no significant difference in the 
mean CMAP amplitude between the two partial resection groups, 
namely the resection-late saline and resection-late G-CSF groups 
(Bonferroni’s multiple comparison test; p > 0.9999).

In comparisons between groups with G-CSF administration at 
different timings, the mean CMAP amplitude was significantly higher 
in the suture-immediate G-CSF group than in the suture-late G-CSF 
group (Bonferroni’s multiple comparison test; p < 0.01).

The average CMAP amplitudes at week 12 on the non-treated 
sides in the six groups (n = 29) are also plotted in Figure 3B. There 
was no significant difference between the mean CMAP amplitude on 
the treated side in the suture-immediate G-CSF group and that on 
the non-treated side in the six groups (Dunnett’s multiple comparison 
test; P = 0.6911). In the other groups, the mean values on the treated 

FIGURE 3

Electroneurography (ENoG) assessments of the facial nerve. (A) Representative CMAP waveforms of the orbicularis oris muscle. In the resection-late 
saline group, a slight baseline oscillation is observed even after 12 weeks (black arrow), whereas in the suture-late saline (red arrow) and suture-
immediate G-CSF groups (blue arrow), a clear CMAP waveform is observed after 8 weeks. The CMAP waveforms are larger in the suture-immediate 
G-CSF group than in the suture-late saline group. (B) Temporal changes in the CMAP amplitude. The CMAP amplitude is measured in each group 
(n = 5 in all groups except the resection-late saline group, where one animal died during ENoG measurement [n = 4]). There are significant 
differences between groups at 12 weeks after the surgical treatment. In each group, a comparison with the average CMAP amplitude on the non-
treated side in the six groups at week 12 (n = 29) was also performed. There was no significant difference between the mean CMAP amplitude on the 
treated side in the suture-immediate G-CSF group and that on the non-treated side in the six groups. **p < 0.01. ns = no significant difference. 
(C) Comparison of ENoG values at 12 weeks after the surgical treatment. Significant differences are observed among groups (n = 5 in all groups 
except the resection-late saline group [n = 4]). *p < 0.05, **p < 0.01, ns = no significant difference.
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sides were significantly lower than the mean value on the non-treated 
sides in the six groups (Dunnett’s multiple comparison test; p < 0.01).

3.3 ENoG values 12 weeks after the 
surgical treatment

The comparison between the ENoG values 12 weeks after the 
surgical treatment is shown in Figure 3C [n = 5 in all groups except 
the resection-late saline group (n = 4)]. One-way ANOVA showed 
significant differences among the six groups [F(5, 23) = 141.0, 
p < 0.01].

In the comparison between the two surgical procedures, the mean 
ENoG value was significantly higher in the suture-late saline group 
than in the resection-late saline group (Bonferroni’s multiple 
comparison test; p < 0.01). The mean ENoG value was also 
significantly higher in the suture-late G-CSF group than in the 
resection-late G-CSF group (Bonferroni’s multiple comparison test; 
p < 0.01).

In the comparison between the control and G-CSF groups, the 
mean ENoG values were significantly higher in the suture-late G-CSF 
group than in the suture-late saline group (Bonferroni’s multiple 
comparison test; p < 0.01); they were also significantly higher in the 
suture-immediate G-CSF group than in the suture-immediate saline 
group (Bonferroni’s multiple comparison test; p < 0.01). There was no 
significant difference in the mean ENoG values between the two partial 
resection groups, namely the resection-late saline and resection-late 
G-CSF groups (Bonferroni’s multiple comparison; p > 0.9999).

In comparisons of groups with G-CSF treatments at different 
postoperative timings, the mean ENoG value was significantly higher 
in the suture-immediate G-CSF group than in the suture-late G-CSF 
group (Bonferroni’s multiple comparison test; p < 0.01).

3.4 Histological evaluation of peripheral 
facial nerve

The histology of KB staining of the peripheral facial nerve was 
assessed approximately 18 mm from the cutting point 12 weeks after 
the operation (Figures 4A). The mean diameter of the myelinated 
axons (10 axons per nerve; n = 50 per group) is shown in 
Figure 4B. One-way ANOVA showed significant differences among 
the six groups [F(5,294) = 2537; p < 0.01].

In the comparison between the two different surgical procedures, 
the mean axonal diameter was significantly larger in the suture-late 
saline group than in the resection-late saline group (Bonferroni’s 
multiple comparison test; p < 0.01); it was also significantly larger in 
the suture-late G-CSF group than in the resection-late G-CSF group 
(Bonferroni’s multiple comparison test; p < 0.01).

Regarding the comparison between the control and G-CSF 
groups, the mean axon diameter was significantly larger in the suture-
late G-CSF group than in the suture-late saline group (Bonferroni’s 
multiple comparison test; p < 0.01). Moreover, it was significantly 
larger in the suture-immediate G-CSF group than in the suture-
immediate saline group (Bonferroni’s multiple comparison test; 
p < 0.01). The mean axonal diameter was significantly larger in the 
resection-late G-CSF group than in the resection-late saline group 
(Bonferroni’s multiple comparison test; p < 0.01).

In comparisons between groups treated with G-CSF at different 
postoperative timings, the mean axon diameter was significantly 
larger in the suture-immediate G-CSF group than in the suture-late 
G-CSF (Bonferroni’s multiple comparison test; p < 0.01).

The mean axonal diameter in the same area of the buccal branch 
in the control group without facial nerve amputation (n = 50) was 
4.92 ± 0.38 μm. The mean axonal diameter in the suture-immediate 
G-CSF group was 3.96 ± 0.11 μm. There was still a significant 
difference in the mean axonal diameter between the two groups 
(Dunnett’s multiple comparison test; p < 0.01); however, the mean 
axonal diameter in the suture-immediate G-CSF group was closest to 
that in the control group among all six groups.

3.5 Facial muscle atrophy

The degree of recovery from muscle atrophy after 12 weeks in 
each group was examined using H&E staining of the orbicularis oculi 
(upper eyelid) and orbicularis oris muscles (Figure 5).

Representative images of the orbicularis oculi muscle (upper eyelid) 
are shown in Figure 5A. Compared to the control group, significant 
atrophy of the orbicularis oculi muscle was observed at 12 weeks in the 
resection groups (resection-late saline and resection-late G-CSF groups). 
In contrast, muscle atrophy was less severe in the suture groups (suture-
late saline, suture-late G-CSF, suture-immediate saline, and suture-
immediate G-CSF groups). Furthermore, in the suture and G-CSF-
administered groups, the muscle volume recovered to a level comparable 
to that of the control group. Similarly, H&E staining of the orbicularis oris 
muscle showed marked atrophy in the resection group (Figure  5B). 
However, muscle atrophy was less pronounced in the suture groups 
compared to the resection groups, with recovery in the suture and G-CSF-
administered group to a level similar to that of the non-treated side.

3.6 G-CSFR expression in facial nerve 
nuclei and facial nerve

Immunoreactivity for G-CSFR was much higher in the neural 
cells of the facial nerve nucleus on the treated (partially resected) side 
than in those on the non-treated side (Figure 6A). G-CSFR was also 
abundant in the peripheral nerve (buccal branch) on the treated 
(partially resected) side, whereas no G-CSFR expression was observed 
in the peripheral nerve on the non-neurectomy side (Figure 6B).

4 Discussion

The present study examined the effects of G-CSF on the 
morphological and functional recovery of severed facial nerves. The 
recovery of damaged nerves, evaluated by facial movements, CMAP 
amplitude measurements, ENoG values, and myelinated axon diameters, 
was faster in the severed-and-sutured groups than in the resection groups. 
Moreover, the recovery was faster in the G-CSF-treated group than in the 
control group, and in the group that received G-CSF immediately after 
surgical treatment than in the group that received G-CSF 2 weeks later. 
However, the group that received G-CSF 2 weeks later recovered faster 
than did the control group. G-CSFR was expressed in both the facial nerve 
nucleus and peripheral nerves on the nerve-resected side.
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In the comparison between the different facial nerve damage 
groups, the severed-and-sutured groups showed significantly faster 
recovery for all the evaluated items than did the resection groups; this 

could be attributed to the fact that the regenerating buds of the axons 
can easily determine the extension direction. These findings suggest 
that, when axonal damage occurs, it is desirable to guide the 

FIGURE 4

Histological evaluation of the peripheral facial nerve (buccal branch) assessed approximately 18 mm from the cutting point 12 weeks after the surgical 
treatment. (A) Abundant neomyelination is observed in the suture groups compared to the resection groups. The red squares indicate new myelin 
sheaths. Scale bar =10 μm. The squares on the lower right show enlarged views of the areas within the red squares on the peripheral facial nerve 
(buccal branch). The diameters of the myelinated axons in the suture groups look larger than those in the resection groups. The diameters of the axons 
in the suture G-CSF groups look larger than those in the suture-saline groups. (B) The mean diameter of myelinated axons in the buccal branch at 
12 weeks after the surgical treatment. Significant differences are observed among groups (n = 50 in each group). The mean axonal diameter in the 
suture-immediate G-CSF group is still significantly different from that in the control group; however, it is closest to that in the control group among all 
six groups. *p < 0.05, **p < 0.01, ns no significant difference.
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destination of the regenerating axon by suturing (Grinsell and 
Keating, 2014; Faroni et al., 2015).

In the severed-and-sutured groups, the facial nerve function and 
the diameter of myelinated axons showed faster recovery in the 
G-CSF treated groups than in the control groups. These findings 
suggest that G-CSF promotes facial nerve regeneration. In addition, 
regarding the timing of G-CSF administration, recovery was faster in 
the group that received G-CSF immediately after the surgical 
treatment than in the group that received it 2 weeks later.

These findings suggest that G-CSF has a neuro-regenerative-
promoting effect on injured facial nerves, and earlier G-CSF 
administration is desirable for faster functional recovery. Furthermore, 
the group that received G-CSF 2 weeks later recovered faster than the 
control group, which suggests that even a slight delay in the 
administration of G-CSF has a neuro-regenerative effect. This finding 
is consistent with previous reports, where Lee et al. revealed that delayed 
administration of G-CSF in the subacute phase of severe contusion 
spinal cord injury promoted spinal cord preservation and improved 
functional outcomes (Lee et al., 2012). Similarly, Koda et al. reported 
that delayed G-CSF treatment had a beneficial effect in an animal model 
of peripheral nerve injury-induced neuropathic pain (Koda et al., 2014).

Previous literature indicates that G-CSF has neuroprotective and 
nerve tissue repair properties (Solaroglu et  al., 2006a; Aschauer-
Wallner et  al., 2021). Neuroprotective effects include anti-
inflammatory and anti-apoptotic effects. G-CSF inhibits the 

expression of inflammatory cytokines (TNF-α, IL-1β) in inflammatory 
cells (Kadota et al., 2012), promotes upregulation of anti-apoptotic 
proteins, and prevents neuronal apoptosis, thereby exerting a direct 
neuroprotective effect on neurons (Solaroglu et  al., 2006a; Nishio 
et al., 2007; Pitzer et al., 2010; Kadota et al., 2012). It also maintains 
the microenvironment by inhibiting oligodendrocyte death and 
protecting the myelin sheath (Kadota et al., 2012). With regard to 
neural tissue repair, G-CSF induces neurogenesis and angiogenesis 
(Wallner et  al., 2015); moreover, it induces neural stem cell 
differentiation in neurons and promotes the recruitment of neural 
stem cells to nerve injury sites (Schneider et al., 2005a). In addition, 
G-CSF promotes neurite outgrowth (Pitzer et al., 2010), increases 
expression of angiogenic growth factors, contributes to angiogenesis 
and arteriogenesis (generation and recovery of large blood vessels 
such as small arteries), and promotes blood supply (Kawabe et al., 
2011; Wallner et al., 2015). It has also been reported to mobilize bone 
marrow-derived cells and release cytokines and growth factors that 
assist in the regeneration of injured neural tissue (Koda et al., 2007). 
As described above, G-CSF has been reported to have the ability to 
protect and repair nerves, directly or indirectly.

According to Schneider et al., G-CSF and its receptors are expressed 
in neurons across many brain regions, with expression levels increasing 
after experimental stroke (Schneider et al., 2005b). The anti-apoptotic and 
protective activities of G-CSF are mediated by the G-CSFR in neurons. 
This was confirmed by the loss of G-CSF’s protective activity when 

FIGURE 5

Pathological comparison of muscles innervated by the facial nerve. (A) Representative images of the orbicularis oculi muscles on the treated sides and 
the non-treated control 12 weeks after the surgical treatment of facial nerve (H&E staining); samples were obtained from a vertical section at the 
midline of the upper eyelid. Compared to the non-treated control, the orbicularis oculi muscles (yellow-circled area) show marked atrophy in the 
resection groups. In contrast, the muscle volume in the suture- G-CSF groups appears to have recovered close to the level of that in the non-treated 
control. Scale bar =300 μm. (B) Representative images of the orbicularis oris muscles on the treated and non-treated sides 12 weeks after the surgical 
treatment of facial nerve (H&E staining); samples were obtained from a coronal section of the upper lip centered at the philtrum. The yellow-circled 
area indicates the orbicularis oris muscle, and the blue line indicates the midline of the head. Significant atrophy of the orbicularis oris muscle is 
observed on the treated side in the resection groups. In the suture groups, muscle atrophy is less pronounced compared to that in the resection 
groups. In the suture-G-CSF groups, muscle atrophy shows recovery to a size comparable to that in the non-treated side. Scale bar =300 μm.
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antibodies against G-CSFR were used (Schneider et al., 2005a). In the 
present study, we measured G-CSFR to identify the sites of G-CSF activity 
within the facial nerve and confirmed that G-CSFR was expressed in 
facial nerve nuclei and peripheral nerves following partial facial nerve 
resection. This suggests that G-CSF exerts a direct effect on the entire 
population of motor neurons in the facial nerve.

As mentioned earlier, the present study demonstrated that early 
administration of G-CSF promoted early regeneration of the facial nerve. 
Schneider et al. reported that, in a rat model of acute stroke (middle 
cerebral artery occlusion), G-CSFR mRNA expression was induced as 
early as 6 h post-injury. Furthermore, although not neural, Hara et al. 
found that in mice with thigh muscle injury, G-CSFR expression peaked 
between 3 and 8 days post-injury (Hara et al., 2011). Considering that 
G-CSF suppresses neuronal apoptosis, provides neuroprotection, 
promotes neural tissue repair, and aids functional recovery, it is 
recommended that G-CSF be administered as early as possible after nerve 
injury. The mechanisms of G-CSF action outlined above likely contributed 
to the results of the present experiment, where early administration of 
G-CSF led to faster recovery of the facial nerve following injury.

Meanwhile, there is a possibility that there will be many cases where 
the start of treatment will be delayed because, in actual clinical practice, 
the time at which the severity of facial nerve paralysis can be determined 
is 7–10 days after onset; that is, after Wallerian degeneration. Therefore, 
the results of this experiment show that even if the administration of 

G-CSF is delayed, it still has the effect of promoting nerve regeneration, 
which is considered to be important in clinical practice.

In this study, the facial muscles showed a faster recovery from 
atrophy in the G-CSF group. There are two possible explanations for 
this observation. First, faster regeneration of the facial nerve may have 
induced faster regeneration of the facial muscles. Second, G-CSF may 
have had a direct effect on the muscle. The latter can be assumed 
because muscle and bone marrow cells are of mesodermal origin. 
Stratos et al. and Hara et al. reported that G-CSF promotes regeneration 
of injured skeletal muscles in the rat soleus muscle and mouse thigh 
muscle, respectively (Stratos et al., 2007; Hara et al., 2011).

This study had some limitations.
First, the G-CSF dose was based on information from studies 

using other nervous systems, and the optimal G-CSF dose for facial 
nerve regeneration in rats was not tested.

Second, synkinesis is a major sequela of severe facial paralysis. 
Even if regeneration can be promoted by various drugs, treatment 
satisfaction cannot be sufficiently achieved in severe cases unless this 
challenge is addressed. Therefore, further research is needed to address 
synkinesis and promote the regeneration of the facial nerve.

Third, in this experiment, a commercial drug delivery system was 
used, and as a result, the G-CSF concentration in the tissues was not 
measured over time. For the drug’s release profile, we relied on the 
reference data provided in the formulation instructions.

FIGURE 6

Expression of G-CSFR. (A) Facial nerve nucleus 5 days after partial facial nerve resection immunostained with anti-G-CSFR antibody. Compared with 
the non-treated side, the facial nerve nucleus on the resected side shows upregulation in the expression of G-CSFR. The arrow indicates G-CSFR-
positive cells. Scale bar =100 μm. The rectangle in the lower right corner of the figure for the resected side shows a magnified view of the area within 
the small rectangle. (B) Peripheral facial nerve (buccal branch) 2 weeks after partial nerve resection immunostained with anti-G-CSFR antibody. 
Immunoreactivity for G-CSFR is observed in the peripheral nerve on the resected side, but not on the non-treated side. Scale bar =100 μm. The 
rectangle in the lower right corner of the figure for the resected side shows a magnified view of the area within the small rectangle.
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Fourth, while we  referenced previous reports that suggest the 
inhibition of inflammatory factor expression as one of the mechanisms 
of action of G-CSF, we did not measure inflammatory factor levels in 
our experiments.

Fifth, although transmission electron microscopy provides 
detailed information on axonal and myelin sheath structures during 
facial nerve regeneration, we did not employ this technique in the 
current study because all samples were used for histological analysis 
of the effects of G-CSF.

Sixth, with the fluorescence staining method used in this study, 
we were unable to obtain sufficient resolution to confirm the expression 
of G-CSFR in the Schwann cells of the peripheral nerves. We hope to 
address this limitation in future research, because confirming the 
localization of G-CSFR expression in peripheral nerves can enhance 
our understanding of the role of G-CSF in nerve regeneration.

Seventh, because the main focus of this study was nerve regeneration, 
we did not perform a quantitative evaluation of muscle regeneration, 
although we recognize its importance. As reported in the literature, G-CSF 
can directly promote muscle regeneration, and we would like to evaluate 
and compare the direct effect of G-CSF on muscle recovery with its 
indirect effect via the promotion of nerve regeneration in future studies.

This study showed that G-CSF, both functionally and 
histomorphologically, has a neuro-regenerative-promoting effect on 
injured facial nerves, at least on nerves that have been reconstructed 
after amputation. The optimal dosage and timing of G-CSF 
administration in humans need to be investigated in the future.

G-CSF exerts its neuroregenerative effect through systemic 
administration. Therefore, when the use of G-CSF is considered in the 
clinical setting of facial nerve paralysis, there is no need for invasive 
procedures such as mastoidectomy or exposure of facial nerve branches, 
and additional administration of G-CSF can be easily performed when 
necessary. G-CSF has been used to treat hematological diseases in 
clinical settings. Accordingly, G-CSF for facial nerve palsy may be a 
therapeutic agent with the potential for early clinical application.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The animal study was approved by the Institutional Animal 
Care and Use Committee of the University of Tokyo/Office for Life 

Science Research Ethics and Safety. The study was conducted in 
accordance with the local legislation and institutional requirements.

Author contributions

YF: Conceptualization, Data curation, Formal analysis, Funding 
acquisition, Investigation, Methodology, Project administration, 
Resources, Software, Supervision, Validation, Visualization, Writing 
– original draft, Writing – review & editing. KK: Conceptualization, 
Formal analysis, Funding acquisition, Methodology, Supervision, 
Validation, Writing – review & editing. HN: Validation, Visualization, 
Writing – review & editing. SK: Methodology, Writing – review & 
editing. TY: Conceptualization, Formal analysis, Funding acquisition, 
Methodology, Project administration, Resources, Supervision, 
Validation, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This study was 
supported by JSPS KAKENHI (Grant No. JP17K11377).

Acknowledgments

We thank Atsuko Tsuyuzaki, Haruko Tanaka, and Emi Usukura 
for their technical support. We also thank Koichi Miyazawa for the 
proper management of the animals. We would like to thank Editage 
(www.editage.jp) for English language editing.

Conflict of interest

The authors declare that this study was conducted in the absence 
of any commercial or financial relationships that could be construed 
as potential conflicts of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors and 
do not necessarily represent those of their affiliated organizations, or those 
of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, 
is not guaranteed or endorsed by the publisher.

References
Aapro, M. S., Bohlius, J., Cameron, D. A., Dal Lago, L., Donnelly, J. P., Kearney, N., 

et al. (2011). 2010 update of EORTC guidelines for the use of granulocyte-colony 
stimulating factor to reduce the incidence of chemotherapy-induced febrile neutropenia 
in adult patients with lymphoproliferative disorders and solid tumours. Eur. J. Cancer 
47, 8–32. doi: 10.1016/j.ejca.2010.10.013

Aschauer-Wallner, S., Leis, S., Bogdahn, U., Johannesen, S., Couillard-Despres, S., 
and Aigner, L. (2021). Granulocyte colony-stimulating factor in traumatic spinal 
cord injury. Drug Discov. Today 26, 1642–1655. doi: 10.1016/j.drudis.2021.03. 
014

Demetri, G. D., and Griffin, J. D. (1991). Granulocyte colony-stimulating factor and 
its receptor. Blood 78, 2791–2808. doi: 10.1182/blood.V78.11.2791.bloodjournal 
78112791

Faroni, A., Mobasseri, S. A., Kingham, P. J., and Reid, A. J. (2015). Peripheral nerve 
regeneration: experimental strategies and future perspectives. Adv. Drug Deliv. Rev. 
82-83, 160–167. doi: 10.1016/j.addr.2014.11.010

Fukunaga, R., Ishizaka-Ikeda, E., Seto, Y., and Nagata, S. (1990). Expression cloning 
of a receptor for murine granulocyte colony-stimulating factor. Cell 61, 341–350. doi: 
10.1016/0092-8674(90)90814-U

Gantz, B. J., Gmuer, A. A., Holliday, M., and Fisch, U. (1984). Electroneurographic 
evaluation of the facial nerve. Method and technical problems. Ann. Otol. Rhinol. 
Laryngol. 93, 394–398. doi: 10.1177/000348948409300422

Gavilán, J., Gavilán, C., and Sarriá, M. J. (1985). Facial electroneurography: results on 
normal humans. J. Laryngol. Otol. 99, 1085–1088. doi: 10.1017/S0022215100098236

https://doi.org/10.3389/fnins.2024.1442614
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://ind01.safelinks.protection.outlook.com/?url=http%3A%2F%2Fwww.editage.jp%2F&data=05|01|nithya.john@cactusglobal.com|d19236e0dfe043ead77308db5a614048|762d8873d7774e7fbb6be4d2cccca312|0|0|638203145963925545|Unknown|TWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D|3000|||&sdata=3Ft%2BFi9diYBeORMgJke%2Bb2yLcVUtqgNyMTRE2M073GY%3D&reserved=0
https://doi.org/10.1016/j.ejca.2010.10.013
https://doi.org/10.1016/j.drudis.2021.03.014
https://doi.org/10.1016/j.drudis.2021.03.014
https://doi.org/10.1182/blood.V78.11.2791.bloodjournal78112791
https://doi.org/10.1182/blood.V78.11.2791.bloodjournal78112791
https://doi.org/10.1016/j.addr.2014.11.010
https://doi.org/10.1016/0092-8674(90)90814-U
https://doi.org/10.1177/000348948409300422
https://doi.org/10.1017/S0022215100098236


Fujimaki et al. 10.3389/fnins.2024.1442614

Frontiers in Neuroscience 12 frontiersin.org

Grinsell, D., and Keating, C. P. (2014). Peripheral nerve reconstruction after injury: a 
review of clinical and experimental therapies. Biomed. Res. Int. 2014:698256, 1–13. doi: 
10.1155/2014/698256

Hara, M., Yuasa, S., Shimoji, K., Onizuka, T., Hayashiji, N., Ohno, Y., et al. (2011). 
G-CSF influences mouse skeletal muscle development and regeneration by stimulating 
myoblast proliferation. J. Exp. Med. 208, 715–727. doi: 10.1084/jem.20101059

Hato, N., Nota, J., Komobuchi, H., Teraoka, M., Yamada, H., Gyo, K., et al. (2012). 
Facial nerve decompression surgery using bFGF-impregnated biodegradable gelatin 
hydrogel in patients with bell palsy. Otolaryngol. Head Neck Surg. 146, 641–646. doi: 
10.1177/0194599811431661

Hughes, R. A., Sendtner, M., and Thoenen, H. (1993). Members of several gene 
families influence survival of rat motoneurons in vitro and in vivo. J. Neurosci. Res. 36, 
663–671. doi: 10.1002/jnr.490360607

Kadota, R., Koda, M., Kawabe, J., Hashimoto, M., Nishio, Y., Mannoji, C., et al. (2012). 
Granulocyte colony-stimulating factor (G-CSF) protects oligodendrocyte and promotes 
hindlimb functional recovery after spinal cord injury in rats. PLoS One 7:e50391. doi: 
10.1371/journal.pone.0050391

Kawabe, J., Koda, M., Hashimoto, M., Fujiyoshi, T., Furuya, T., Endo, T., et al. (2011). 
Neuroprotective effects of granulocyte colony-stimulating factor and relationship to 
promotion of angiogenesis after spinal cord injury in rats: laboratory investigation. J. 
Neurosurg. Spine 15, 414–421. doi: 10.3171/2011.5.SPINE10421

Kawamura, I., Takemura, G., Tsujimoto, A., Watanabe, T., Kanamori, H., Esaki, M., 
et al. (2011). Treatment of leg ischemia with biodegradable gelatin hydrogel 
microspheres incorporating granulocyte colony-stimulating factor. J. Cardiovasc. 
Pharmacol. 57, 416–423. doi: 10.1097/FJC.0b013e31820c9776

Koda, M., Furuya, T., Kato, K., Mannoji, C., Hashimoto, M., Inada, T., et al. (2014). 
Delayed granulocyte colony-stimulating factor treatment in rats attenuates mechanical 
allodynia induced by chronic constriction injury of the sciatic nerve. Spine 39, 192–197. 
doi: 10.1097/BRS.0000000000000108

Koda, M., Nishio, Y., Kamada, T., Someya, Y., Okawa, A., Mori, C., et al. (2007). 
Granulocyte colony-stimulating factor (G-CSF) mobilizes bone marrow-derived cells 
into injured spinal cord and promotes functional recovery after compression-induced 
spinal cord injury in mice. Brain Res. 1149, 223–231. doi: 10.1016/j.brainres. 
2007.02.058

Komobuchi, H., Hato, N., Teraoka, M., Wakisaka, H., Takahashi, H., Gyo, K., et al. 
(2010). Basic fibroblast growth factor combined with biodegradable hydrogel promotes 
healing of facial nerve after compression injury: an experimental study. Acta Otolaryngol. 
130, 173–178. doi: 10.3109/00016480902896139

Koyama, J., Yokouchi, K., Fukushima, N., Kawagishi, K., Higashiyama, F., and 
Moriizumi, T. (2003). Neurotrophic effect of hepatocyte growth factor on neonatal facial 
motor neurons. Neurol. Res. 25, 701–707. doi: 10.1179/016164103101202192

Laske, C., Stellos, K., Stransky, E., Leyhe, T., and Gawaz, M. (2009). Decreased plasma 
levels of granulocyte-colony stimulating factor (G-CSF) in patients with early 
Alzheimer's disease. J. Alzheimers Dis. 17, 115–123. doi: 10.3233/JAD-2009-1017

Lee, J. S., Yang, C. C., Kuo, Y. M., Sze, C. I., Hsu, J. Y., Huang, Y. H., et al. (2012). 
Delayed granulocyte colony-stimulating factor treatment promotes functional recovery 
in rats with severe contusive spinal cord injury. Spine (Phila Pa 1976) 37, 10–17. doi: 
10.1097/BRS.0b013e31823b0440

Lieschke, G. J., Grail, D., Hodgson, G., Metcalf, D., Stanley, E., Cheers, C., et al. (1994). 
Mice lacking granulocyte colony-stimulating factor have chronic neutropenia, 
granulocyte and macrophage progenitor cell deficiency, and impaired neutrophil 
mobilization. Blood 84, 1737–1746. doi: 10.1182/blood.V84.6.1737.1737

Meuer, K., Pitzer, C., Teismann, P., Kruger, C., Goricke, B., Laage, R., et al. (2006). 
Granulocyte-colony stimulating factor is neuroprotective in a model of Parkinson's 
disease. J. Neurochem. 97, 675–686. doi: 10.1111/j.1471-4159.2006.03727.x

Nagata, S., Tsuchiya, M., Asano, S., Kaziro, Y., Yamazaki, T., Yamamoto, O., et al. 
(1986). Molecular cloning and expression of cDNA for human granulocyte colony-
stimulating factor. Nature 319, 415–418. doi: 10.1038/319415a0

Nakaguchi, K., Jinnou, H., Kaneko, N., Sawada, M., Hikita, T., Saitoh, S., et al. 
(2012). Growth factors released from gelatin hydrogel microspheres increase new 
neurons in the adult mouse brain. Stem Cells Int. 2012:915160, 1–7. doi: 
10.1155/2012/915160

Nicola, N. A., Metcalf, D., Matsumoto, M., and Johnson, G. R. (1983). Purification of 
a factor inducing differentiation in murine myelomonocytic leukemia cells. 
Identification as granulocyte colony-stimulating factor. J. Biol. Chem. 258, 9017–9023. 
doi: 10.1016/S0021-9258(18)32158-6

Nishio, Y., Koda, M., Kamada, T., Someya, Y., Kadota, R., Mannoji, C., et al. (2007). 
Granulocyte colony-stimulating factor attenuates neuronal death and promotes 
functional recovery after spinal cord injury in mice. J. Neuropathol. Exp. Neurol. 66, 
724–731. doi: 10.1097/nen.0b013e3181257176

Ohno, R., Tomonaga, M., Kobayashi, T., Kanamaru, A., Shirakawa, S., Masaoka, T., 
et al. (1990). Effect of granulocyte colony-stimulating factor after intensive induction 
therapy in relapsed or refractory acute leukemia. N. Engl. J. Med. 323, 871–877. doi: 
10.1056/NEJM199009273231304

Park, H. K., Chu, K., Lee, S. T., Jung, K. H., Kim, E. H., Lee, K. B., et al. (2005). 
Granulocyte colony-stimulating factor induces sensorimotor recovery in intracerebral 
hemorrhage. Brain Res. 1041, 125–131. doi: 10.1016/j.brainres.2004.11.067

Paxinos, G., and Watson, C. (2013). The rat brain in stereotaxic coordinates. 7th Edn. 
Massachusetts: Elsevier.

Pitzer, C., Klussmann, S., Kruger, C., Letellier, E., Plaas, C., Dittgen, T., et al. (2010). 
The hematopoietic factor granulocyte-colony stimulating factor improves outcome in 
experimental spinal cord injury. J. Neurochem. 113, 930–942. doi: 
10.1111/j.1471-4159.2010.06659.x

Potosky, A. L., Malin, J. L., Kim, B., Chrischilles, E. A., Makgoeng, S. B., Howlader, N., 
et al. (2011). Use of colony-stimulating factors with chemotherapy: opportunities for 
cost savings and improved outcomes. J. Natl. Cancer Inst. 103, 979–982. doi: 10.1093/
jnci/djr152

Rahi, V., Jamwal, S., and Kumar, P. (2021). Neuroprotection through G-CSF: recent 
advances and future viewpoints. Pharmacol. Rep. 73, 372–385. doi: 10.1007/
s43440-020-00201-3

Sanchez-Ramos, J., Song, S., Sava, V., Catlow, B., Lin, X., Mori, T., et al. (2009). 
Granulocyte colony stimulating factor decreases brain amyloid burden and reverses 
cognitive impairment in Alzheimer's mice. Neuroscience 163, 55–72. doi: 10.1016/j.
neuroscience.2009.05.071

Schabitz, W. R., Kollmar, R., Schwaninger, M., Juettler, E., Bardutzky, J., 
Scholzke, M. N., et al. (2003). Neuroprotective effect of granulocyte colony-stimulating 
factor after focal cerebral ischemia. Stroke 34, 745–751. doi: 10.1161/01.
STR.0000057814.70180.17

Schneider, A., Kruger, C., Steigleder, T., Weber, D., Pitzer, C., Laage, R., et al. (2005a). 
The hematopoietic factor G-CSF is a neuronal ligand that counteracts programmed cell 
death and drives neurogenesis. J. Clin. Invest. 115, 2083–2098. doi: 10.1172/JCI23559

Schneider, A., Kuhn, H. G., and Schabitz, W. R. (2005b). A role for G-CSF 
(granulocyte-colony stimulating factor) in the central nervous system. Cell Cycle 4, 
1753–1757. doi: 10.4161/cc.4.12.2213

Sendtner, M., Arakawa, Y., Stockli, K. A., Kreutzberg, G. W., and Thoenen, H. (1991). 
Effect of ciliary neurotrophic factor (CNTF) on motoneuron survival. J. Cell Sci. Suppl. 
15, 103–109. doi: 10.1242/jcs.1991.Supplement_15.14

Simoes, G. F., and De Oliveira, A. L. (2012). Granulocyte-colony stimulating factor 
improves MDX mouse response to peripheral nerve injury. PLoS One 7:e42803. doi: 
10.1371/journal.pone.0042803

Solaroglu, I., Cahill, J., Jadhav, V., and Zhang, J. H. (2006a). A novel neuroprotectant 
granulocyte-colony stimulating factor. Stroke 37, 1123–1128. doi: 10.1161/01.
STR.0000208205.26253.96

Solaroglu, I., Jadhav, V., and Zhang, J. H. (2007). Neuroprotective effect of granulocyte-
colony stimulating factor. Front. Biosci. 12, 712–724. doi: 10.2741/2095

Solaroglu, I., Tsubokawa, T., Cahill, J., and Zhang, J. H. (2006b). Anti-apoptotic effect 
of granulocyte-colony stimulating factor after focal cerebral ischemia in the rat. 
Neuroscience 143, 965–974. doi: 10.1016/j.neuroscience.2006.09.014

Spector, J. G., Lee, P., Derby, A., Frierdich, G. E., Neises, G., and Roufa, D. G. (1993). 
Rabbit facial nerve regeneration in NGF-containing silastic tubes. Laryngoscope 103, 
548–558. doi: 10.1288/00005537-199305000-00013

Stratos, I., Rotter, R., Eipel, C., Mittlmeie, T., and Vollmar, B. (2007). Granulocyte-colony 
stimulating factor enhances muscle proliferation and strength following skeletal muscle 
injury in rats. J. Appl. Physiol. 103, 1857–1863. doi: 10.1152/japplphysiol.00066.2007

Tabata, Y. (2003). Tissue regeneration based on growth factor release. Tissue Eng. 9, 
5–15. doi: 10.1089/10763270360696941

Tanaka, M., Kikuchi, H., Ishizu, T., Minohara, M., Osoegawa, M., Motomura, K., et al. 
(2006). Intrathecal upregulation of granulocyte colony stimulating factor and its 
neuroprotective actions on motor neurons in amyotrophic lateral sclerosis. J. 
Neuropathol. Exp. Neurol. 65, 816–825. doi: 10.1097/01.jnen.0000232025.84238.e1

Tews, D. S., Goebel, H. H., Schneider, I., Gunkel, A., Stennert, E., and Neiss, W. F. 
(1994). Morphology of experimentally denervated and reinnervated rat facial muscle. I. 
Histochemical and histological findings. Eur. Arch. Otorrinolaringol. 251, 36–40. doi: 
10.1007/BF00175955

Usuki, K., Urabe, A., Masaoka, T., Ohno, R., Mizoguchi, H., Hamajima, N., et al. 
(2002). Efficacy of granulocyte colony-stimulating factor in the treatment of acute 
myelogenous leukaemia: a multicentre randomized study. Br. J. Haematol. 116, 103–112. 
doi: 10.1046/j.1365-2141.2002.03251.x

Vafaei Mastanabad, M., Nooraei, A., Hassan Zadeh Tabatabaei, M. S., Akbari 
Fakhrabadi, A., and Jafarzadeh, F. (2023). Granulocyte-colony stimulating factor 
(G-CSF): an emerging therapeutic approach for amyotrophic lateral sclerosis (ALS). 
Acta Neurol. Belg. 123, 763–771. doi: 10.1007/s13760-022-01996-z

Wallner, S., Peters, S., Pitzer, C., Resch, H., Bogdahn, U., and Schneider, A. (2015). The 
granulocyte-colony stimulating factor has a dual role in neuronal and vascular plasticity. 
Front. Cell Dev. Biol. 3:48. doi: 10.3389/fcell.2015.00048

Yan, Q., Matheson, C., and Lopez, O. T. (1995). In vivo neurotrophic effects of GDNF 
on neonatal and adult facial motor neurons. Nature 373, 341–344. doi: 10.1038/373341a0

https://doi.org/10.3389/fnins.2024.1442614
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1155/2014/698256
https://doi.org/10.1084/jem.20101059
https://doi.org/10.1177/0194599811431661
https://doi.org/10.1002/jnr.490360607
https://doi.org/10.1371/journal.pone.0050391
https://doi.org/10.3171/2011.5.SPINE10421
https://doi.org/10.1097/FJC.0b013e31820c9776
https://doi.org/10.1097/BRS.0000000000000108
https://doi.org/10.1016/j.brainres.2007.02.058
https://doi.org/10.1016/j.brainres.2007.02.058
https://doi.org/10.3109/00016480902896139
https://doi.org/10.1179/016164103101202192
https://doi.org/10.3233/JAD-2009-1017
https://doi.org/10.1097/BRS.0b013e31823b0440
https://doi.org/10.1182/blood.V84.6.1737.1737
https://doi.org/10.1111/j.1471-4159.2006.03727.x
https://doi.org/10.1038/319415a0
https://doi.org/10.1155/2012/915160
https://doi.org/10.1016/S0021-9258(18)32158-6
https://doi.org/10.1097/nen.0b013e3181257176
https://doi.org/10.1056/NEJM199009273231304
https://doi.org/10.1016/j.brainres.2004.11.067
https://doi.org/10.1111/j.1471-4159.2010.06659.x
https://doi.org/10.1093/jnci/djr152
https://doi.org/10.1093/jnci/djr152
https://doi.org/10.1007/s43440-020-00201-3
https://doi.org/10.1007/s43440-020-00201-3
https://doi.org/10.1016/j.neuroscience.2009.05.071
https://doi.org/10.1016/j.neuroscience.2009.05.071
https://doi.org/10.1161/01.STR.0000057814.70180.17
https://doi.org/10.1161/01.STR.0000057814.70180.17
https://doi.org/10.1172/JCI23559
https://doi.org/10.4161/cc.4.12.2213
https://doi.org/10.1242/jcs.1991.Supplement_15.14
https://doi.org/10.1371/journal.pone.0042803
https://doi.org/10.1161/01.STR.0000208205.26253.96
https://doi.org/10.1161/01.STR.0000208205.26253.96
https://doi.org/10.2741/2095
https://doi.org/10.1016/j.neuroscience.2006.09.014
https://doi.org/10.1288/00005537-199305000-00013
https://doi.org/10.1152/japplphysiol.00066.2007
https://doi.org/10.1089/10763270360696941
https://doi.org/10.1097/01.jnen.0000232025.84238.e1
https://doi.org/10.1007/BF00175955
https://doi.org/10.1046/j.1365-2141.2002.03251.x
https://doi.org/10.1007/s13760-022-01996-z
https://doi.org/10.3389/fcell.2015.00048
https://doi.org/10.1038/373341a0

	Granulocyte colony-stimulating factor promotes regeneration of severed facial nerve in rats
	1 Introduction
	2 Materials and methods
	2.1 Experimental animals
	2.2 Preparation of drugs
	2.3 Surgical treatment
	2.4 Experimental protocol
	2.5 Evaluation of facial movements
	2.6 Evaluation of electroneurography findings
	2.7 Tissue fixation and preparation
	2.8 Histological evaluation
	2.9 G-CSF receptor expression in facial nerve nuclei and peripheral nerves
	2.10 Statistical methods

	3 Results
	3.1 Evaluation of facial movements
	3.2 CMAP amplitude
	3.3 ENoG values 12 weeks after the surgical treatment
	3.4 Histological evaluation of peripheral facial nerve
	3.5 Facial muscle atrophy
	3.6 G-CSFR expression in facial nerve nuclei and facial nerve

	4 Discussion

	References

