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Abstract

*Correspondence to:
Jong-Ho Lee, D.D.S., M.S.D.,

Several studies have shown that fibroblast growth factor-2 (FGF2) can directly affect axon regeneration after
peripheral nerve damage. In this study, we performed sensory tests and histological analyses to study the
effect of recombinant human FGF-2 (rhFGF2) treatment on damaged mental nerves. The mental nerves
of 6-week-old male Sprague-Dawley rats were crush-injured for 1 minute and then treated with 10 or 50
pg/mL rhFGF2 or PBS in crush injury area with a mini Osmotic pump. Sensory test using von Frey fila-
ments at 1 week revealed the presence of sensory degeneration based on decreased gap score and increased
difference score. However, at 2 weeks, the gap score and difference score were significantly rebounded in the
mental nerve crush group treated with 10 pg/mL rhFGF2. Interestingly, treatment with 10 pg/mL rhFGF
had a more obviously positive effect on the gap score than treatment with 50 ug/mL rhFGF2. In addition,
retrograde neuronal tracing with Dil revealed a significant increase in nerve regeneration in the trigeminal
ganglion at 2 and 4 weeks in the rhFGF2 groups (10 pug/mL and 50 pg/mL) than in the PBS group. The 10
pg/mL rhFGF2 group also showed an obviously robust regeneration in axon density in the mental nerve
at 4 weeks. Our results demonstrate that 10 ug/mL rhFGF induces mental nerve regeneration and sensory
recovery after mental nerve crush injury.
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Introduction

Damage to the inferior alveolar nerve often occurs during
surgery or during other types of damage (Savignat et al,,
2007; Sun et al., 2009; Kemp et al., 2011). For example, the
inferior alveolar nerve (IVN) and mental nerve (MN) can
be easily damaged during dental surgery, including dentoal-
veolar, tumor, and orthognathic surgeries (Savignat et al.,
2008). Damage to the IVN can also occur during dental im-
plantation (Alhassani and AlGhamdi, 2010). The MN origi-
nates from the trigeminal ganglion and innervates the lower
lip (Imai et al., 2003). Several surgical procedures are used
to treat peripheral nerve damage, including sutures, nerve
grafting, electrical stimulation, and stem cell therapy; how-
ever, these treatments are insufficient in recovering nerve
function (Sullivan et al., 2016).

For nerve regeneration, neurotrophic factors such as
nerve growth factor (NGF), fibroblast growth factor (FGF),
and brain-derived neurotrophic factor (BDNF) are effective
treatments (Kerekes et al., 1997; Choi et al., 2008). These
neurotrophic factors control the differentiation and prolif-

eration of adult neuronal progenitor cells (Kuhn et al., 1997;
Palmer et al., 1999; Binder and Scharfman, 2004; Werner
et al., 2011; Li et al., 2012). FGF determines the size of the
cerebral cortex during embryogenesis and reduces the gluta-
matergic pyramidal neurons in frontal and temporal cortex
(Vaccarino et al., 1999; Shin et al., 2004; Rash et al., 2011).
FGF also promotes the proliferation and differentiation of
neurons, and regulates the repair of injured cervical root
nerves (Li et al., 2012).

Basic fibroblast growth factor (bFGF) has been shown
to promote regeneration of damaged or injured periph-
eral nerves (Fujimoto et al., 1997). Fujimoto et al. (1997)
demonstrated that FGF directly affected axon regeneration
after peripheral nerve damage. Grothe and Nikkhah (2001)
demonstrated that exogenously applied bFGF mediates res-
cue effects on injured sensory neurons and supports neurite
outgrowth of transectioned nerves.

The purpose of the present study was to identify regenera-
tive pattern and sensory function changes in rats after a MN
crush injury treated by recombinant human FGF-2 (thFGF2).
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We also investigated the dose of rhFGF2 that is suitable for
nerve regeneration and sensory functional recovery.

Materials and Methods

Animals

The study was approved by the Animal Care and Use Com-
mittee of Seoul National University, Korea (SNU-130201-2).
Male Sprague-Dawley rats, aged 6 weeks, weighing 250-300
g, were purchased from Orient Bio (Gapyeong, Republic of
Korea). The animals were housed at the Seoul National Uni-
versity School of Dentistry in a specific-pathogen-free (SPF)
room of an experimental animal facility with the tempera-
ture maintained at 21 * 1°C, humidity at 55%, and a 13.5:
10.5 light: dark cycle that began at 07:30. General feed (Puri-
na Rodent Chow, Purina Co., Seoul, Republic of Korea) and
filtered water were provided ad libitum. Prior to experimen-
tation, the animals were quarantined in a cage for a week.
Rats were randomly divided into sham-operated (sham),
PBS (MN crush injury + PBS), 10 ug/mL rhFGF2 (MN crush
injury + 10 pg/mL rhFGF2) and 50 ug/mL rhFGF2 (MN
crush injury + 50 pg/mL rhFGEF2) groups. A sensory test was
performed 3 days before inducing the MN crush injury or
sham injury.

Surgical procedures

Rats were anesthetized with an intraperitoneal injection of a
4:1 mixture of hetamine hydrochloride (100 mg/kg, Ketara®,
Yuhan, Korea) and xylazine hydrochloride (25 mg/kg, Rum-
pun®, Bayer, Korea). A 4-mm crush injury was induced by
exposing the left MN and tightening the area 5 mm away
from the mental foramen with the second clip of HEMO-
STATS forceps (Baby-mixter, No. 13013-14, Canada) for 1
minute. Tagging with the ETHILONS Suture (ETHICON
Inc., Somerville, NJ, USA) on the distal of the injured area
makes reference to the harvesting of the MN crush injury
(Figure 1A—C). An osmotic pump (1004 ALZET" mini-Os-
motic Pump, CA, USA) was inserted into the neck back. A
Rat Jugular Catheter (ALZET®, CA, USA) was used to con-
nect the osmotic pump and the MN (Figure 1D, E).

rhFGEF-2 treatment and experimental design

rhFGF-2 (GENOSS Co., Ltd, Suwon, Republic of Korea) was
injected at concentrations of 0.1 pg/mL (kg/d), 0.2 ug/mL
(kg/d), and 0.4 pg/mL (kg/d) into the osmotic pumps for 1,
2, and 3 weeks in a preliminary experiment (n = 6 in each
group at each time point, totally 54 rats). Afterwards, the
inserted osmotic pumps in animals were used for adminis-
tration with thFGF-2 either at low dose (10 pg/mL (kg/d)) or
at high dose (50 pg/mL (kg/d)) (n = 8 in each group at each
time point, totally 64 rats). In the PBS and rhFGF groups,
84 uL of PBS or rhFGF was injected via the osmotic pump.
In this manner, PBS or rhFGF was administered at 0.5 pL/h
for 1, 2, 3, and 4 weeks (Lin et al., 2011). The osmotic pumps
were refreshed once a week.

Sensory test
According to the method from Seinoa et al. (2009), a sen-
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sory test was performed to compare the touch sensitivity
to mechanical stimulation using von Frey filaments (Sem-
mes-Weinstein Monofilaments, North Coast Medical, Inc.,
Arcata, CA, USA). The rapid movement of the front legs of a
rat towards its head or face due to the bending force of a von
Frey filament (bending force of 0.008, 0.02, 0.04, 0.07, 0.016,
0.4, 0.6, 1.0, 1.4, 2.0, 4.0, and 6.0 g) indicated a positive re-
sponse to stimulation (Figure 2A). The touch threshold to
mechanical stimulation (in g) of the ipsilateral and contra-
lateral sides was calculated by subtracting the value of the
contralateral mental nerve area from the value of the ipsilat-
eral mental nerve area. The gap score was defined as the dif-
ference between the medial and distal sensitivity of the MN
to mechanical stimulation (Figure 2B), and the difference
score was calculated by subtracting the value of the contra-
lateral lip area from the value of the ipsilateral lip area (Figure
2B) (Seino et al., 2009). Decreased gap score and increased
difference score mean the presence of sensory degeneration.
The sensory test was performed before and at 1, 2, 3, and 4
weeks after surgery in each group.

Retrograde nerve labeling

Retrograde labeling and counting of back-labeled senso-
ry neurons were performed as described before (Li et al,,
2012). The MN crush injury site was retrograde labeled with
1,1'-dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine per-
chlorate (Dil, C;,H,,CIN,O,, Molecular Probes; Eugene, OR,
USA) to measure nerve regeneration 2 and 4 weeks after the
MN crush injury (n = 8 in each group at each time point).
Five days after the Dil injection in mental nerve, the rats
were rapidly anesthetized using an intraperitoneal (IP) in-
jection of chloropent (3 mL/kg), and transcardially perfused
using a 0.9% saline solution with 1% heparin (JW Pharma-
ceutical, Seoul, Korea) followed by 4% paraformaldehyde
(Merck, Darmstadt, Germany) in 0.1 M sodium phosphate
buffer (pH7.2). Immediately after fixation, the trigeminal
ganglia were extracted and post-fixed with the same fixative
at 4°C for 24 hours. To prevent the occurrence of freezing
artifacts during the preparation of frozen tissue sections, the
tissue was fixed in 30% sucrose (Sigma, St, Louis, MO, USA)
at 4°C for 24 hours. The tissue sections were observed using
a confocal laser-scanning microscope (CLSM, LSM700, Carl
Zeiss, Oberkochen, Germany).

Histomorphometric evaluation

In the preliminiary experiment, animals were sacrificed at
1, 2 and 3 weeks (n = 6 in each group at each time point)
and in the formal experiment, animals in each group were
sacrificed at 2 and 4 weeks (n = 8 in each group at each time
point). Once rats were euthanized, a 10-mm section of the
MN including the MN crush injury site was incised and fixed
in PBS (pH7.4) and 2.5% glutaraldehyde. Next, nerve sample
was transversely cut at the center, and 2% osmium tetroxide
solution was added. Subsequently, the nerve tissue sample was
embedded with Epon 812 (Nisshin EM, Tokyo, Japan), cut
into 1 pm-thick sections, and stained with 1% toluidine blue.
Images were captured using a SPOT RT™-KE color mosaic,
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Figure 1 Animal surgery methods and materials.

(A) The mental nerve at the experimental site. (B) Mental nerve (MN)
crush injury. (C) 9-0 suture tagged MN after crush injury. (D) Osmotic
pump. (E) Connected MN and Rat Jugular Catheter. We did not sys-
temically inject thFGF2 in the osmotic pump but directly attached it to
the mental nerve by connecting the Rat Jugular Catheter to the osmotic
pump to affect only the mental nerve.

and digitized using SPOT software version 4.6 (Diagnostic
Instruments, Inc., Sterling Heights, MI, USA). To simplify
axon counting (total axon number), the total cross-section
area of the nerve (total axon area) was measured at 40x
magnification and 3 sampling fields were randomly selected
at 200x magnification using a previously reported protocol
(Li et al., 2012). The mean axon density was calculated by di-
viding the total number of nerve fibers within the sampling
field by its area (N/mm®). The total axon number (N) was

Figure 2 Calculation method of gap score and difference score using
von Frey filaments.

(A) Von Frey filaments. (B) Screening site for measurement sensory
test. Gap score: encircled A-B; difference score: encircled B-D.
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Figure 3 Preliminary test of the sensory functional recovery of rats with mental nerve crush injury assessed by von Frey filaments test after
recombinant human fibroblast growth factor-2 (rhFGF2) treatment.

(A, B) A comparison of the gap score (A) and difference score (B) shows little sensory functional recovery in rats with mental nerve crush injury
after administration of rhFGF2 at low doses (0.1, 0.2 and 0.4 pg/mL). Decreased gap score and increased difference score mean the presence of
sensory degeneration. Sham: Sham-operated (normal control); PBS: PBS treatment after mental nerve crush injury; rhFGF0.1, rhFGF0.2 and rhF-
GF0.4: rhFGF2 treatment (0.1, 0.2, 0.4 pg/mL, respectively) after mental nerve crush injury. There were six rats per group.
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Figure 4 Effect of recombinant human fibroblast growth factor-2 (rhFGF2) treatment on touch sensory recovery of rats with mental nerve
crush injury.

(A) Gap score. At 1 week, sensory function was impaired by mental nerve crush injury. However, the sensory test showed that at 2 weeks, sensory
function in the rhFGF2-treated groups recovered (FGF10 and FGF50 groups vs. sham group ***P < 0.001; FGF10 group vs. PBS group ###P < 0.001;
FGF10 group vs. FGF50 group 1P < 0.001). (B) Difference score (FGF10 and FGF50 groups vs. PBS group #P < 0.05). Data in (A) and (B) are
expressed as the mean + SEM. Decreased gap score and increased different score mean the presence of sensory degeneration. Sham: Sham-operated
(normal control); PBS: PBS treatment after mental nerve crush injury; FGF10 and FGF50: rhFGF2 treatment (10 and 50 pg/mL, respectively) after
mental nerve crush injury. There were eight rats in each group at each time point.
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estimated by multiplying the mean fiber density by the entire
cross-section area of the whole nerve, assuming a uniform
distribution of nerve fibers across the entire section (Alrash-
dan et al., 2011).

To calculate myelin thickness, frozen sections were cut
using the cryostat (Leica, Ultracut, UCT, Vienna, Austria)
and double-stained with hematoxylin (Sigma, St. Louis, MO,
USA) and eosin (Sigma). Then the sections were analyzed
using OPTIMAS Ver. 6.5 (Media Cybernetics, Bethesda,
MD, USA) to measure myelin thickness. G-ratio was defined
as the ratio of axon diameter to the myelinated fiber diam-
eter. The size of soma was measured as described before (Li
etal, 2012). All measurements and histological observations
were performed by individuals who were not involved in
collecting samples for the experiment.

Statistical analysis

All variables were expressed as the mean + SD. Data analy-
sis was conducted using one-way analysis of variance with
STATVIEW software (Abacus, Berkeley, CA, USA). The
Mann-Whitney U test for nonparametric analysis was used.
A level of P < 0.05 was considered statistically significant.

Results

Sensory function

In a preliminary test, sensory nerve impairment and func-
tional recovery were not observed in injured mental nerve
after rhFGF2 treatment (Figure 3).

A decline in sensory function was indicated by the gap
score in the rhFGF groups at 1 week after the crush injury.
However, a sensory functional recovery was observed at 2—4
weeks (Figure 4A; P < 0.05). From the viewpoint of difference
score, sensory function was improved at 1 week but it main-
tained a stable level from week 2 from which the nerve injury
began to recover as indicated by the gap score. However, sen-
sory function was significantly different at 3 and 4 weeks be-
tween 10 ug/mL rhFGF2, 50 pg/mL rhFGEF2 and PBS groups
(Figure 4B; P < 0.05).

Nerve regeneration in the trigeminal ganglia of rats
treated with rhFGF2 after mental nerve crush injury

After rhFGF2 treatment in rats with mental nerve crush in-
jury, Dil staining was performed to investigate retrogradely
labeled neurons in the trigeminal ganglion (Figure 5A). At 2
and 4 weeks after treatment, the number of sensory neurons
in the thFGF2 groups was significantly greater than in the
PBS group (Figure 5B; P < 0.001). There was no significant
difference in the size of soma between rhFGF2 groups and
sham group, but the size of soma was significantly larger in
the thFGF2 groups than in the PBS group (Figure 5C; P <
0.001).

Histomorphometric evaluation results

Although axonal changes were difficult to be observed (Fig-
ure 6A), rhFGF2 treatments did not induce rebounding
of total axonal number (Figure 6B). Comparisons of axon
density and total area between groups showed that rhFGF2
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treatment did not lead to recovery from nerve injury (Figure
6C, D).

No obvious axonal changes were observed in the PBS
group, but total axon numbers increased in the FGF10 and
FGF50 groups (Figure 7A). The total axon numbers were
significantly different between the PBS, FGF10, and FGF50
groups at 2 and 4 weeks (Figure 7B; P < 0.001). There was
statistical significance in total axon number between FGF10
and FGF50 groups and PBS group at 2 and 4 weeks (Figure
7B; P < 0.001). Total axon area increased with rhFGF2 treat-
ment and there was significant difference between FGF10
and FGF50 groups at 2 and 4 weeks (Figure 7C; P < 0.001).
Axon density (total axon numbers/total axon area) was cal-
culated to verify the increase in axons per unit area. Axon
density was significantly different in both the FGF10 and
FGF50 groups compared to the PBS group at 2 and 4 weeks
(Figure 7D; P < 0.001), and axon density increased in the
FGF10 and FGF50 groups than in the PBS group at 2 and 4
weeks (Figure 7D; P < 0.001).

According to a previous report by our laboratory (Li et al.,
2012), the thickness of myelin sheath was measured in each
group at 4 weeks (Figure 8A-D). For measurement of my-
elin sheath thickness, axon surrounded by uniform-thick-
ness myelin layer was chosen. Mean myelin thickness and
G-ratio in the FGF10 and FGF50 groups were significantly
increased than in the PBS group (Figure 8E and F, P < 0.001).

Discussion

FGF2 triggers mitogenesis and the proliferation of neural
stem cells in vitro (Vescovi et al., 1993; Palmer et al., 1999).
FGF2 also plays important physiological roles in vivo, in-
cluding neurogenesis that occurs in the subventricular zone
and dentate gyrus of the hippocampus (Vescovi et al., 1993;
Craig et al., 1996; Kuhn et al., 1997; Nakagami et al., 1997;
Palmer et al., 1999; Yoshimura et al., 2001). Lin et al. (2011)
found that FGF2 administration reduced allodynia, and
Collombet et al. (2011) reported that cytokine treatment
using FGF2 or epidermal growth factor is effective for nerve
regeneration and cognitive behavior recovery. To induce
long distance regeneration, leupeptin promotes FGF2-in-
duced axonal growth (Hausott et al., 2008), and inhibition of
FGFRI endocytosis stimulates the axonal branching of sen-
sory neurons (Hausott et al., 2011).

Here, we provide evidence that administration of rhFGF2
can be used to treat MN crush injury in rats. Typically, for
nerve injuries, neurotrophic factors are primarily admin-
istered subcutaneously, intramuscularly or intravenously
via an osmotic pump or a Hamilton syringe. In the current
study, we directly and constitutively administered rhFGF2 to
the crush injury area using an osmotic pump.

The purpose of our study was to investigate the possible
recovery of sensory neurons by administering rhFGF2 to the
nerve injury area. Because the rhFGF2 that we used had not
been used previously in clinical or pre-clinical tests, a prelim-
inary experiment was performed using low doses of rthFGF2
to determine a suitable dose for sensory recovery. However,
these low doses were not associated with functional recovery
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in the sensory neurons.

Based on previous studies (Hausott et al., 2008; Collombet
et al., 2011; Lin et al,, 2011; Li et al.,, 2012), we performed
rhFGF2 treatments using 2 dosage groups: a low dose group
that was treated with 10 ug/mL rhFGF2 (FGF10) and a high
dose group that was treated with 50 pg/mL rhFGF2 (FGF50).
We investigated the functional recovery of sensory neurons
after rhFGF2 treatments in rats with a MN crush injury.

In the sensory test that we used based on the method from
Seino et al. (2009), the subjective will of an examiner can af-
fect the experimental results. To avoid this issue, the exam-
iner was blinded to the experimental groups. We recorded
the absolute values of the results from the sensory test for
each rat to reveal the effects of the experimental conditions
(Chaplan et al., 1994). However, the influence of the exper-
imental conditions of the rats was minimized by measuring
each score not as an absolute value but as the mean value
for each group. Raising a front leg to touch the filament
indicated a ‘positive’ touch response because the lower lip
of the rat was pierced so that the animal could not turn its
head and bite the filament with its teeth. The sensory test
was performed once 3 days before the surgery and once a
week from weeks 1 to 4 after the surgery. The sensory test
score was expressed as a gap score and a difference score.
Although sensory loss based on a comparison of the pre-
and post-surgery gap score at week 1 occurred in all groups
except the sham group, sensory recovery indicated by a
gap score closer to 0 was observed in the rhFGF2 group at
2 weeks. In contrast, the difference score increased in the
rhFGF2 group at 1 week and began to decrease at 2 weeks.
The symmetric graphs of the difference score and gap score
show that the extent of the recovery in sensory function
progressed over time in the rhFGF2-treated groups.

Nerve regeneration of the trigeminal ganglia decreased
over time in the PBS group. Compared to the PBS group,
the rhFGF2 group had significantly more nerve regener-
ation over time. Axonal density and total axon number
were significantly greater in the thFGF2 groups than in the
PBS group. Moreover, over time, the total axon number,
total axon area, and axon density increased in the rhFGF2
groups.

There are many studies reporting that stem cells can be
used to repair peripheral nerve injury. But there are few
clinical studies about it. There is evidence that at 8 weeks
after transplantation of human hair follicle stem cells for
repair of sciatic nerve injury, the growth of spindle cells was
observed (Amoh et al., 2005, 2008, 2009, 2012; Mii et al.,
2013; Hoffman, 2015). Li et al. (2012) recombinant human
nerve growth factor-P gene transfer promotes regeneration
of crush-injured mental nerve in rats. As in the abovemen-
tioned experiments, stem cells or stem cell growth factors
have been reported to repair peripheral nerve damage. How-
ever, we evaluated neurological recovery after intravenous
injection of growth factor for mental nerve crush injury.

Our results suggest that rhFGF2 treatment affects the
recovery of sensory function from a MN crush injury.
However, the rhFGF2 used in our study had not been test-

ed clinically; therefore, a more accurate dose calculation is
required for the clinical application of rhFGF2. In addition,
future studies should investigate the mechanism underly-
ing down-regulation of FGF activity and the mechanism by
which rhFGF2 directly affects nerve regeneration and the
functional recovery of sensory neurons.
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FGF50: rhFGF2 treatment (10 and 50 pg/mL, respectively) after mental nerve crush
injury.
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Figure 7 Axon observation in injured mental nerve after recombinant human fibroblast growth factor-2 (rhFGF2) treatment.
The mental nerve was collected at 2 and 4 weeks after injury. Scale bars: 200 pm. (A) Light microscopy images of a harvested mental nerve. (B)
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mental nerve crush injury; FGF10 and FGF50: rhFGF2 treatment (10 and 50 pg/mL, respectively) after mental nerve crush injury.
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Figure 8 Changes in myelin sheath thickness in injured mental nerve.

(A-D) Hematoxylin-eosin staining in the sham (A), PBS (B), FGF10 (C) and FGF50 groups (D). (E) Myelin sheath thickness (###P < 0.001, vs. PBS
group). (F) G-ratio (###P < 0.001, vs. PBS group). Data in (E) and (F) are expressed as the mean + SEM. Sham: Sham-operated (normal control);
PBS: PBS treatment after mental nerve crush injury; FGF10 and FGF50: rhFGF2 treatment (10 and 50 pg/mL, respectively) after mental nerve
crush injury.
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