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Objective: The current study investigated the effects of bone marrow mesenchymal stem cells (BMSCs) on pain behavior in rats with
trigeminal neuralgia induced by infraorbital nerve chronic constriction injury (ION-CCI), and the repair effects of BMSCs on
pathological changes in trigeminal ganglion demyelination.

Methods: BMSCs or phosphate-buffered saline (PBS) alone were injected around trigeminal ganglion in ION-CCI rats via a rat brain
stereotaxic apparatus. Mechanical pain threshold (von Frey test) and face grooming behavior were measured in each group. Recovery
of demyelination of trigeminal ganglion was observed via electron microscopy 2 weeks later, and BMSC differentiation was observed
via immunofluorescence.

Results: Rats in the BMSC group exhibited significant improvements in mechanical pain threshold and face grooming behavior
compared with the PBS group. BMSCs could repair demyelinating changes in trigeminal ganglion in ION-CCI rats. Only cells
expressing GFAP, S-100, and p75 were observed via immunofluorescence, and no PKH67-labeled BMSCs were observed in the
trigeminal ganglion. No BMSC differentiation was observed in the trigeminal ganglion.

Conclusion: Injection of BMSCs around the trigeminal ganglion could relieve trigeminal neuralgia effectively and repair trigeminal
ganglion demyelination. No differentiation of BMSCs injected around the trigeminal ganglion into Schwann cells was observed. The
mechanism of trigeminal neuralgia demyelination repair requires further investigation.
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Introduction
Trigeminal neuralgia (TN) is a common craniofacial pain disease that causes severe and recurrent pain, and currently
there is no ideal treatment. It entails a type of neuropathic pain, and its main pathophysiological basis is demyelination of
peripheral branches of the trigeminal nerve and trigeminal ganglion.'™ It is generally believed that the demyelination
negatively affects the insulating function of the myelin sheath, causing heterotopic impulses and contact transmission
between neurons.*

Consistent with the important role of Schwann cells in the process of peripheral nerve myelination and regeneration,
Schwann cell transplantation can repair trigeminal nerve demyelination.® The source of Schwann cells greatly limits their
widespread clinical application, however, and they are highly immunogenic.”® Bone marrow mesenchymal stem cells
(BMSCs) are a major type of pluripotent mesenchymal stem cells that have the potential to differentiate into a variety of
cell types. They have a wide range of sources, are easy to isolate and expand in vitro, have immunomodulatory
properties, and can secrete a variety of nutritive mediators.” They are also well tolerated and have no adverse side
effects when directly injected.'® Animal experiments and clinical studies have shown that BMSCs can effectively relieve
orofacial pain caused by systemic intravenous or local injury.'"'*> Many studies have shown that BMSCs can promote
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remyelination, but the mechanisms involved remain unclear.'''* Wang et al'* reported that specific factors in the nerve
lesion microenvironment could induce the differentiation of transplanted BMSCs into functional Schwann-like cells.

The current study investigated whether BMSCs could be used to treat TN by repairing trigeminal nerve demyelina-
tion, and whether the repair mechanisms involved included BMSC differentiation. An infraorbital nerve chronic
constriction injury (ION-CCI) model was used to investigate repairing effects of BMSCs on rat trigeminal ganglion
demyelination, and whether BMSCs could differentiate into Schwann cells in vivo.

Materials and Methods

Animals and Groups
Twenty-eight specific pathogen-free-grade adult male Sprague-Dawley rats weighing 180-220 g were raised at the
Department of Laboratory Animals of Central South University at a constant temperature of approximately 24°C, under
a 12 h/12 h circadian rhythm, and with food and water available ad libitum. Prior to the experiments, the rats were
acclimatized for 3 days to reduce the influence of environmental factors. They were then subjected to a week of adaptive
training for behavior tests, to identify and exclude rats with excessively strong stress responses such as excessive
agitation or becoming too quiet.

Rats were randomly divided into four groups (n = 7); a sham group (sham operation), an ION-CCI group (TN model),
a BMSC group (ION-CCI + BMSCs), and a phosphate-buffered saline (PBS) group (ION-CCI + PBS). All rats were
purchased from the Department of Laboratory Animals of Central South University, and all experimental procedures
were approved by the Animal Management and Use Committee of the Department of Laboratory Animals of Central
South University (approval number 2018sydw0209) and were carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.

Cell Preparation and Staining

Sprague Dawley rat BMSCs (Cyagen Biosciences, Guangzhou, China, Art.No.RASMX-01001) were inoculated into
complete Sprague Dawley rat BMSC medium (Cyagen Biosciences, Art.No.RASMX-90011) then cultured in an
incubator at 37°C and 5% CO,. After 48 h, the cells were put into fresh complete medium, which was replaced with
fresh complete medium every 2 days. When the cells reached 80-90% confluence they were stained with PKH67 green
fluorescence (BaiAoLaiBo Technology, Beijing, China) then resuspended in PBS at 10’/mL prior to use.

Preparation of TN Model

In accordance with the steps described by Kernisant et al,'® after the rats were anesthetized via 1% pentobarbital sodium
injection into the cavum abdominis (40 mg/kg) the hair above their left eye was shaved. A longitudinal skin incision of
approximately 7 mm was then made 2 mm above the left eye along the curve of the frontal bone. The periosteum and
muscle were carefully separated along the upper rim of the orbit, and the orbital contents were gently pulled to one side
to expose the infraorbital nerve stuck to the maxilla, approximately 8 mm deep from the orbital rim. An approximately
S5-mm length of the infraorbital nerve was gently dissociated from the connective tissue. Two chromium catgut wires
were then passed under the infraorbital nerve and ligated loosely to the extent that the diameter of the nerve after ligation
was slightly thinner than it had been, as observed via microscopy. The nerve was not completely blocked, and blood
circulation remained. The distance between the two ligation lines was 2 mm. Lastly, the surgical incision was sutured and
disinfected. Rats in the sham group only had the nerve exposed, without ligation.

Intervention

According to the procedure described by Yang et al,'® after anesthetization via 1% pentobarbital sodium injection into the
cavum abdominis (40 mg/kg) rats were mounted onto a brain stereotaxic apparatus, and the micro-syringe positioner on
the stereotaxic device was placed at 3.4 mm posterior to the bregma, 3.5 mm left of the midline, and 6.0 mm ventral from
the surface of the skull. Twenty microliters of a PBS suspension containing BMSC was slowly injected through the micro
syringe at a rate of 4 pL/min. After the injection, the micro syringe was kept at the needle insertion point for 10 min, then
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slowly withdrawn. Lastly, the surgical incision was sutured and disinfected. Rats in the PBS group were injected with the
same amount of PBS via the stereotaxic device.

Observation Index and Method

Pain Behavior Test

Mechanical pain thresholds were measured via the von Frey test on the day before modeling and 1, 3, 7, 10, 12, 16, 20,
and 24 days after modeling (intervention was on the 9th day after modeling). Spontaneous pain was measured by
observing face grooming behavior, which was recorded in a 30-min video. Before the test, the rats were acclimatized to
the test environment for at least 1 h until they were calm.

Trigeminal Ganglion Demyelination

The trigeminal ganglion of the rats in the ION-CCI and sham groups were collected on the 16th day after modeling. After
deep anesthesia with 1% pentobarbital sodium (40 mg/kg) the rats were fixed via 4% paraformaldehyde perfusion. They
were then decapitated, and approximately 2—3 mm of the injured trigeminal ganglion was quickly removed and placed in
2.5% glutaraldehyde fixative solution. Lastly, they were sent to the electron microscope room of Xiangya Hospital,
Central South University for sectioning and observation. The rats in the BMSC and PBS groups underwent the same
operation on the 24th day after modeling (the 15th day after stereotaxic injection).

Immunofluorescence Staining

The trigeminal ganglion of rats in the BMSC group were collected on the 24th day after modeling (the 15th day after the
stereotaxic injection). After being fixed and dehydrated, the trigeminal ganglion was embedded in Tissue-Tek O.C.T.
Compound and divided into sections measuring approximately 6 um for immunofluorescence staining. The primary
antibodies (Abcam, UK) used were rabbit anti-GFAP (1:200), rabbit anti-S100 (1:200), and rabbit anti-P75 (1:200), and
the secondary antibody (Jackson ImmunoResearch, USA) used was Cy3-conjugated goat anti-rabbit IgG(H+L) (1:200).
Lastly, DAPI solution was used to stain the nucleus, and the samples were observed via fluorescence microscopy.

Statistical Analyses
Two-way repeated-measures analysis of variance was used to compare the means, and p < 0.05 was considered
statistically significant.

Results
BMSCs Were Successfully Labeled by PKH67 in vitro

BMSCs were grown to adherence under standard culture conditions for approximately 24 h. Under an inverted
microscope, the cells appeared spindle-shaped with bright cytoplasm and clear nuclei, and they were growing spirally.
On the 2nd day after PKH67 staining the cells had grown well and were uniformly stained. They emitted strong green
fluorescence under fluorescence microscopy. On the 14th day after staining the green fluorescence intensity had
decreased with cell proliferation, but it was still clearly visible (Figures 1 and Figure 2).

BMSCs Were Successfully Injected Around the Ipsilateral Trigeminal Ganglion

BMSCs with PKH67 were injected around the left trigeminal ganglion of ION-CCI rats via a rat brain stereotaxic
apparatus. The trigeminal ganglion were collected on the 2nd day after the stereotaxic injection. Under a fluorescence
microscope most of the green fluorescence was tightly wrapped around the trigeminal ganglion, and only a small amount
of green fluorescence was in the needle tract of trigeminal ganglion (Figure 3).

TN Could Be Relieved by Injecting BMSCs Around Ipsilateral Trigeminal Ganglion

In von Frey tests, the mechanical pain thresholds of the two groups began to differ significantly on the 7th day after
modeling (p > 0.05), and the threshold of the ION-CCI group was significantly lower than that of the sham group. On the
16th day after modeling, the ION-CCI group reached the lowest pain threshold, which differed significantly from that of
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Figure | BMSCs observed under a light microscope after resuscitation. (A) x|0 multiple eyepiece, x|10 multiple objective. Scale bar = 0.2 mm. (B) x10 multiple eyepiece,
x20 multiple objective. Scale bar = 0.1 mm.

B

Figure 3 Distribution of PKH67-labeled BMSCs in the ipsilateral TG on the 2nd day after stereotaxic injection. (A) Trigeminal ganglion observed under a light microscope.
(B) Trigeminal ganglion observed under a fluorescence microscope. Scale bar = 0.2 mm.

the sham group (p < 0.01). In the video behavior tests, the face grooming time of the two groups after modeling increased
compared with that before modeling. The face grooming time of the sham group began to decrease on the 3rd day,
whereas that of the ION-CCI group showed no significant decrease and was generally longer than that of the sham group
(p < 0.05) (Figure 4A and B).

After BMSC intervention, the mechanical pain threshold of the ION-CCI rats increased, and face grooming time
decreased. In von Frey tests, there was no difference in mechanical pain thresholds between the two groups after
modeling (p > 0.05). After the intervention, the pain threshold of the BMSC group gradually recovered on the 12th day
after modeling, and it had recovered to baseline level (pain threshold before modeling) on the 16th day after modeling
(p > 0.05). The PBS group continued to decline, reaching the lowest point on the 16th day after modeling, and it differed
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Figure 4 Effect of BMSC transplantation on trigeminal neuralgia. (A) The mechanical pain threshold was significantly decreased in ION-CClI rats. (B) Face grooming time
was significantly increased in ION-CCI rats. (C) Changes in the mechanical pain threshold after injecting BMSCs around trigeminal ganglion. (D) Changes in face grooming
time after injecting BMSCs around trigeminal ganglion. *p < 0.05, **p < 0.0, **p < 0.001.

significantly from the BMSC group on the 16th, 20th, and 24th days after modeling (p < 0.001). In the video behavior
tests, face grooming time increased in both groups after modeling compared with previous modeling. After the
intervention, the face grooming time of the BMSC group was less than that of the PBS group (p < 0.05), and it had
recovered to baseline level on the 16th day after modeling (p > 0.05). There was no decrease in face grooming time in the
PBS group, which differed significantly (p < 0.05) from the BMSC group on the 16th, 20th, and 24th days after modeling
(Figure 4C and D).

Trigeminal Ganglion Demyelination Could Be Repaired by Injecting BMSCs Around

Ipsilateral Trigeminal Ganglion

Trigeminal ganglion of rats in the ION-CCI and sham groups were removed on the 16th day after modeling.
Transmission electron microscopy indicated that the ION-CCI nerve fiber structure was damaged. The thickness of the
myelin sheath was uneven, and it was disintegrated and broken focally, exhibiting bead-like, curly hair-like, insect-like,
or vacuolated changes. The axon was thin and off-center, and axon density was slightly uneven. Schwann cell organelles
were markedly swollen, and myelin fragments were evident in the cytoplasm. In the sham group, however, the structure
of nerve fibers was almost normal, the myelin sheath was dense and uniform, Schwann cell structure was clear, and the
cytoplasm was uniform, except for some detachment of the axon (Figure 5).

The trigeminal ganglion of rats in the BMSC and PBS groups were removed on the 24th day after modeling.
Transmission electron microscopy of trigeminal ganglion indicated that the BMSC group’s nerve fiber structures had
recovered significantly. The thickness of the myelin sheath was generally uniform. The lamellar structure was
arranged more neatly, it was vacuolated, and curly hair-like loosening was reduced. Axon detachments were reduced,
and Schwann cell organelle swelling was significantly reduced. In the PBS group, however, the trigeminal ganglion
nerve fiber structure did not recover significantly. Many beaded, curly, insect-like, or vacuolated changes were still
visible in the myelin sheath, and axon detachments remained. Schwann cell organelle swelling was slightly reduced
(Figure 6).
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Figure 5 The trigeminal ganglion of ION-CCI rats observed via transmission electron microscopy. (A) ION-CCI group: the trigeminal ganglion exhibited varying degrees of
demyelination changes. These changes included detachment of the axon (triangle), uneven thickness of the myelin sheath (arrow), vacuolization and disorganization of the
myelin sheath (asterisk), and swollen Schwann cell organelles (pentagram), and myelin fragments were evident in the cytoplasm (double arrow). (B) Sham group: Trigeminal
ganglion with no major changes, with the exception of some detachment of the axon (triangle).

BMSC Differentiation Was Not Observed in Trigeminal Ganglion

Trigeminal ganglion of rats in the BMSC group were removed and fixed on the 24th day after modeling, and then frozen
sections were generated. Immunofluorescence staining was used to detect the expression of the Schwann cell surface
markers GAFP, P75, and S-100. Red cells expressing GAFP, P75, and S-100 were evident, but green cells stained with
PKH67 were not, and there were no yellow cells expressing GAFP, P75, and S-100 and exhibiting PKH67 staining
(Figure 7).

Discussion

In the current study, the clinical manifestations of TN were simulated partially by loosely ligating rat infraorbital nerves
with chromium catgut. The ION-CCI rats exhibited obvious spontaneous pain and mechanical hyperalgesia, which is
similar to some clinical manifestations in TN patients. Transmission electron microscopy indicated that the trigeminal
ganglion of ION-CCI rats had varying degrees of demyelination changes, which is partially consistent with surgery
findings, pathological sections, and electron microscopy in TN patients.”

The main finding of the present study was that injection of BMSCs around the ipsilateral trigeminal ganglion could
alleviate mechanical hyperalgesia and spontaneous pain in the infraorbital innervated area of rats after infraorbital nerve
injury, and no adverse reactions were observed. When BMSCs were injected on the 9th day after modeling, the pain
threshold of ION-CCI rats began to rise continuously up to the 12th day after modeling, and recovered to baseline level
by the 16th day after modeling and was maintained thereafter, which is similar to results reported by Guo et al.'? In video
behavior tests, the length of time spent on face grooming after BMSC injection decreased, and it recovered to baseline
level on the 16th day after modeling. In transmission electron microscopy, 2 weeks after BMSC treatment, the repair
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Figure 6 Recovery of trigeminal ganglion demyelination after injecting BMSCs around trigeminal ganglion. (A) BMSC group: demyelination changes in trigeminal ganglion had
almost resolved. (B) PBS group: demyelination changes in trigeminal ganglion were still be evident, such as detachment of the axon (triangle), uneven thickness of the myelin
sheath (arrow), vacuolization and disorganization of the myelin sheath (asterisk), and swollen Schwann cell organelles (pentagram).

Figure 7 BMSC differentiation was not observed in trigeminal ganglion. Red indicates cells expressing GFAP, P75, and S-100, and blue indicates the nucleus. No BMSCs
exhibiting green fluorescence (PKH67) were observed. Scale bar = 50 pm.
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effect of trigeminal ganglion demyelination was obvious, indicating that BMSCs improved the repair of TN and
trigeminal nerve demyelination.

In the current study, no green-stained BMSCs were observed under fluorescence microscopy. In vitro cell cultures
revealed that the fluorescence of stained BMSCs remained stable for 2 weeks, indicating that BMSCs may not colonize
the trigeminal ganglion. The disappearance of BMSCs may be related to the fact that the trigeminal ganglion of Sprague
Dawley rats is located at the trigeminal nerve impression in front of the tip of the petrous pyramid in the middle cranial
fossa, on the ventral side and adjacent to the brain. The space between the brain and the skull is filled with cerebrospinal
fluid, so BMSCs may have been injected into cerebrospinal fluid. Another possibility is that BMSCs only existed in the
trigeminal ganglion tissue for a short time. Lastly, it may be that only a small number of BMSCs differentiated into
Schwann cells, thus they were not observed.

Cuevas et al'’

reported that in studies investigating the promotion of nerve regeneration by BMSCs only a small
number of BMSCs differentiated into Schwann cells and integrated into the regenerated tissue. This indicates that the
therapeutic effect of BMSCs on trigeminal nerve demyelination is not achieved via differentiation. Rather, the BMSCs
may secrete substances that promote the repair of trigeminal nerve demyelination, which is consistent with the results of
Ohta et al,'® Ide et al,'® and Nakano et al* in studies investigating the use of BMSCs to treat spinal cord injury in rats. In
one study, cerebrospinal fluid infusion of BMSCs could treat spinal cord injury in rats.”” Only a small number of BMSCs
migrated to the lesion area in rats with acute spinal cord injury, however, and they only existed for 2—7 days. No BMSCs
migrated to the lesion area in rats with subacute and chronic spinal cord injury.

Mounting evidence suggests that the success of treatment of diseases by mesenchymal stem cells is due to their
secretions having beneficial effects on damaged tissues.”' >* To prove that, Gama et al** injected BMSCs and the same
amount of BMSC-conditioned medium into the tail vein in a partial sciatic nerve ligation mouse model. They reported
that injection of the BMSC-conditioned medium also improved the pain behavior of ION-CCI rats. The effect was similar
to that of BMSC injection, and it also had a strong and long-lasting anti-injury effect. The anti-injury effect of the
BMSC-conditioned medium was achieved earlier than that achieved with BMSCs. These results suggest that the
therapeutic effects of BMSCs are mainly achieved via their secretions, rather than their differentiation.

BMSCs can interact with Schwann cells and other neurons via direct contact between cells, or through exosome-
derived bioactive mediators.”> They can reportedly secrete many proteins and exosomes with protein and functional RNA
that contain a variety of nutritional factors, such as growth factors and brain-derived neurotrophic factor, glial cell line-
derived neurotrophic factor, and myelin basic protein, among others. These factors can regulate endogenous Schwann
cell behaviors including apoptosis, migration, proliferation, and secretion, promoting myelin synthesis and nerve
regeneration. They can also regulate immunity and anti-inflammatory effects and prevent immune cells near damaged
nerve fibers from secreting inflammatory mediators.”®>” These therapeutic effects are evidently not dependent on their
differentiation status because both differentiated and undifferentiated BMSCs reportedly exhibit beneficial molecular
biological, electrophysiological, histological, and behavioral effects,”® which is consistent with the results of the current
study. Although we did not observe the differentiation of BMSCs into Schwann cells, pain behavior and electron

microscopy results indicated that they did have a therapeutic effect in ION-CCI rats.

Conclusion
BMSCs injected around the ipsilateral trigeminal ganglion could relieve TN in ION-CCI rats. This pain-relieving effect
may be related to the repair of trigeminal ganglion demyelination. The specific mechanisms involved require further

investigation.

Abbreviations
BMSCs, bone marrow mesenchymal stem cells; ION-CCI, infraorbital nerve chronic constriction injury; PBS, phos-
phate-buffered saline; TN, trigeminal neuralgia.
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