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Abstract Inferior alveolar nerve (IAN) injuries may occur
during various dental routine procedures, especially in the
removal of impacted lower third molars, and nerve recovery
in these cases is a great challenge in dentistry. Here, the IAN
crush injury model was used to assess the efficacy of

photobiomodulation (PBM) in the recovery of the IAN in rats
following crushing injury (a partial lesion). Rats were divided
into four experimental groups: without any procedure, IAN
crush injury, and IAN crush injury with PBM and sham group
with PBM. Treatment was started 2 days after surgery, above
the site of injury, and was performed every other day, totaling
10 sessions. Rats were irradiated with GaAs Laser (Gallium
Arsenide, Laserpulse, Ibramed Brazil) emitting a wavelength
of 904 nm, an output power of 70 mWpk, beam spot size at
target ∼0.1 cm2, a frequency of 9500 Hz, a pulse time 60 ns,
and an energy density of 6 J/cm2. Nerve recovery was inves-
tigated by measuring the morphometric data of the IAN using
TEM and by the expression of laminin, neurofilaments (NFs),
and myelin protein zero (MPZ) using Western blot analysis.
We found that IAN-injured rats which received PBM had a
significant improvement of IAN morphometry when com-
pared to IAN-injured rats without PBM. In parallel, all
MPZ, laminin, and NFs exhibited a decrease after PBM. The
results of this study indicate that the correlation between the
peripheral nerve ultrastructure and the associated protein ex-
pression shows the beneficial effects of PBM.
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Introduction

The improvement of peripheral nerve regeneration does not just
rely only on the advancement of new microsurgical techniques
and/or transplantation strategies and devices but also on the as-
sociated use of therapeutic protocols which can enhance the ef-
fectiveness of nerve regeneration [1]. In this way, non-invasive
approaches have also been elaborated to facilitate the process.
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Different tools, such as electricity, electromagnetism, therapeutic
ultrasound, and photobiomodulation (PBM), have all been
employed for physical therapy purposes to improve the periph-
eral process of nerve repair [2, 3].

The favorable outcome of peripheral nervous system re-
generation has been linked with changes of the microenviron-
ment, especially of the extracellular matrix (ECM) compo-
nents. ECM of the regenerating nerve is not simply a passive
adhesive scaffold for regrowth, but actually, ECM molecules
can synergistically signal with growth factors and growth cone
molecules to influence regrowth. The ECM receptors,
integrins, are essential not only for adhesive interactions but
also for transducing growth related-signals [4].

Understanding how cells of the peripheral nervous system
have an effective role in myelin formation in peripheral nerve
regeneration after injury is a major challenge to create new
therapies for nerve repair. The expression of the myelin pro-
tein zero (MPZ) is specific for the myelin sheath of the pe-
ripheral nervous system and is used as an indicator for the
process of myelination [5]. Laminin is an important factor
for neuritic outgrowth and for the facilitation of the formation
of growth cones. After peripheral nerve injury, laminin has its
expression significantly increased in damaged areas [6].
Laminin is mainly produced by Schwann cells, and it is wide-
ly expressed in the peripheral nervous system. As an ECM
adhesion protein, laminin appears to be an important molecule
for the orientation of axons in vivo [7]. Another component of
the ECM that influences regrowth is neurofilaments (NFs) that
are the major intermediate filaments of neurons and provide
structural support to the neuron. They are formed by three
subunits, NFL, NFM, and NFH (light, medium, and heavy)
[8]. NFs are neuronal-specific intermediate filaments with im-
portant roles in the development and maintenance of axonal
structure and constitute a resident axonal matrix. Other func-
tion of NFs is the control of axonal caliber, which is important
in relation to its conduction speed of impulses down the axon
[9]. The highly regulated expression of NF proteins during
axon outgrowth suggests that NFs are important for axon de-
velopment. In addition, loss of NFs can change specific pa-
rameters of neuritic growth dynamics [10].

Neurotrophic factors are vital to promote neural regenera-
tion. Neurotrophins improve neuronal survival and regenera-
tion of nerve fibers after spinal cord injury [11–13]. Among
them, nerve growth factor (NGF) plays a critical role promot-
ing proliferation and differentiation of neurons and modulates
the repair of injured nerves [14]. In addition, NGF can pro-
mote axonal extension and myelination in proximal stumps of
transected peripheral nerves in rats [15]. We have previously
demonstrated that PBM increased the protein level of NGF
after inferior alveolar nerve (IAN) injury, which was correlat-
ed to an improvement of the pain-related behavior [16].

The aim of this study was to verify whether PBM applied to
injured IAN in rats is able to modify the microenvironment of

the injury site by the analysis of the expression of some com-
ponents that influence nerve regeneration, such as MPZ, lam-
inin, and NFs. We also verified the ultrastructural morphology
of IAN after injury and after PBM.

Materials and methods

Animals

A total of 40 specific pathogen-free male Wistar rats,
weighing between 200 and 220 g (2 months old), were used
in all experiments (n=40; 5 per group to Western blot and 5
per group to TEM). The animals were maintained on a 12:12 h
light/dark cycle. All procedures were approved by the
Institutional Animal Care Committee of the University of
São Paulo (protocol number 150–book number 02/2010).
Efforts were made to minimize the number of animals used
and their suffering [17].

Surgical procedure

Crushing of the inferior alveolar nerve

IAN crush was performed as described previously [16].
Briefly, rats were anesthetizedwith an intraperitoneal injection
of a mixture of ketamine (5 mg/100 g body weight, ip) and
xylazine (1 mg/100 g body w, ip). The skin was sterilized
around the inferior jaw with povidone–iodine, and a small
incision was made on the surface of the facial skin over the
masseter muscle about 1 cm long. The alveolar bone was
carefully removed, and the IANwas exposed on the right side.
The IANwas crushed for 30 s, and the incision was sutured. A
false-operated animals group (sham), without nerve injury,
was also organized. The rats were monitored until they fully
recovered and then brought back to the animal facility.

Photobiomodulation

The treatment was similar to that used in previous study [16].
Briefly, rats were randomly divided into four groups (five rats
per group). Two of these groups were irradiated with GaAs
laser (Gallium Arsenide, Laserpulse-Laser, Ibramed Brazil)
emitting a wavelength of 904 nm, an output power of
70 mWpk, beam spot size at target ∼0.1 cm2, a frequency of
9500 Hz, a pulse time 60 ns, and an energy density of 6 J/cm2.
The treatment started after 2 days of IAN injury or in sham
animals. The laser treatment was performed every other day,
involving 10 sessions. After sterilization, laser was lightly
placed on the skin surface directly above the neural pathway
of IAN, without skin contact. A point near the temporoman-
dibular joint and four points in the region of the inferior jaw
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body were irradiated, for 18 s per point, in intervals of 30 s,
and each session had duration of 4 min.

Tissue preparation

Immunoblotting

Inferior alveolar nerves (four for each condition) were rapidly
collected and frozen in liquid nitrogen and stored at −80 °C
until use, and 100 μL extraction buffer (100 mM Tris, pH 7.4,
10 mM EDTA, 2 mM PMSF, and 10 μg/mL aprotinin) was
added in the tube. The TG was then homogenized using an
ultrasonic processor (Sonics & Materials). The extracts were
then centrifuged at 12,000 rpm at 4 ° C for 20 min to separate
the insoluble material. Protein concentration in the superna-
tants was determined using Bradford method with albumin as
a standard (Bio-Rad) [18]. The whole extracts were treated
with Laemmli sample buffer containing dithiothreitol and
boiled for 5 min before loading onto 12% acrylamide SDS
gels (Bio-Rad, USA) and electrophoretically transferred to
nitrocellulose membranes (Millipore) at 120 V for 1.5 h using
a Trans-Blot Cell System (Bio-Rad). Non-specific protein
binding to the nitrocellulose membrane was reduced by
preincubation for 2 h at 22 ° C in blocking buffer containing
(5% non-fat dry milk). The nitrocellulose membranes were
incubated overnight at 4 °C with an anti-NF (monoclonal
antibody cocktail; MAB2300—Millipore Corporation), a
polyclonal anti-MPZ (ab31851; Abcam), and a monoclonal
anti-laminin (Sigma); diluted 1:1000; and then washed for
30 min. The membranes were subsequently incubated with a
peroxidase-conjugated secondary antibody anti-rat (Zymed)
or anti-rabbit (GE Healthcare), diluted 1:5000 in TTBS with
1% non-fat milk for 2 h, and processed for enhanced chemi-
luminescence to visualize the immunoreactive bands in the
Storm 860 Molecular Imager. An anti-β-actin antibody
(Sigma) was used to quantify β-actin as a loading control.
Densitometric analysis of the bands was performed using
NIH-Scion Image 4.0.2, and protein expression was quanti-
fied using the ImageJ software (Scion Corporation, Release
Beta 3b, NIH).

Transmission electron microscopy

The TEM protocol was performed as described previously
[19, 20]. So, briefly, a 3-mm3 segment of the IAN distal to
the site of crush injury was used for the ultrastructural analy-
sis. Ultrathin 60 nm sections were prepared according to
Watanabe and Yamada method [21]. The sections were exam-
ined, and images were collected under a transmission electron
microscope (Jeol 1010, Tokyo). At last, standardized relative
quantification of morphometric analysis was performed using
Image Java software (Bethesda, MD, USA) [22] in order to
measure the nerve morphometric parameters of interest. We

analyzed the diameters of nerve fibers, axon diameters, and
myelin sheath thickness, for naive, IAN injury and IAN injury
+ PBM groups. The G-ratios were also calculated by dividing
the diameters of the axon by the fiber diameters [20].

Statistical analysis

The data are presented as means±SEM or means±SD (for
morphometric analysis) and were analysed by the ANOVA
followed by the pairwise post-hoc Tukey’s HSD test, and
p≤0.05 was considered statistically significant [23].

Results

Effects of PBM upon protein expression in the IAN

Single positive bands were observed in IAN extracts for lam-
inin and MPZ. On the other hand, we observed three bands
corresponding to the three subunits of NFs in nerve extracts:
NFL, NFM, and NFH. Our results demonstrate an increase of
laminin expression in IAN-lesioned animals (IAN injury)
comparing with naive rats, used as a control and determined
as 100%. Densitometric analysis revealed that laminin in-
creased by about 45% (p≤0.05) above the control. In contrast,
rats under PBM (IAN injury + PBM) exhibited a decrease of
expression in relation to non-treated rats (ca. 57% above the
control) (p≤0. 001). The control groups (naive and sham) did
not show statistical differences in laminin level (Fig. 1).

The data for MPZ also revealed an increase of expression
protein level (ca. 20% above the control) (p≤0. 05) following
IAN crush when compared to naive group. In turn, there was a
decrease (ca. 74% below the control) (p≤0. 0001) in rats with

Fig. 1 Densitometric analysis of laminin protein levels. Data are
normalized in relation to data from naive rats, which were taken as
100%. Data are reported as mean ± SEM of five animals per group.
*p ≤ 0.05 compared to control naive group and **p ≤ 0.001 compared
to IAN injury group
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treatment (IAN injury + PBM). No differences were observed
between naive and sham animals, used as controls (Fig. 2).

In the immunoblotting results for NFs, we observed three
bands (200–160–68 kDa, corresponding to NFH, NFM, and
NFL respectively) obtained from extracts of IAN. The densi-
tometric analysis for all NFs evaluated did not show changes

in expression levels in the IAN-injured group in comparison
with the control group. Otherwise, afterwards, 10 sessions of
PBM the IAN injury + PBM group showed a decrease in the
protein expression for all NFs evaluated when compared to
the bands of the naive group NFH, ca. 60% below the control,
p≤0. 001; NFM, ca. 52% below the control, p≤0. 05; and
NFL, ca. 62% below the control, p≤0. 001. Statically, naive
and sham groups (used as controls) showed no differences
(Fig. 3).

Transmission electron microscopy data

Electron microscopic analysis (3 mm distal to the crushing)
showed that the IAN from the control group (naive) exhibited
a normal morphology of axons and Schwann cells (Fig. 4a, b).
In the IAN injury group (20 days after the injury), the myelin
sheath has been seriously damaged. Vacuolization occurred in
the axonal cytoplasm (Fig. 4c, d). However, the damaged
myelin sheath appears to recover, and axons and Schwann
cells showed normal morphology after treatment with PBM
for 10 sessions in the IAN injury + PBM group (Fig. 4e, f).
The morphometric data obtained for the distal segments of the
IAN of the three groups are presented in Fig. 5. In the myelin
sheath thickness measure, we observed that the IAN of the
naive animals has presented a thicker myelin sheath (1.59
±0.18 μm) comparing with those the injured animals group

Fig. 2 Densitometric analysis of MPZ protein levels. Data are
normalized in relation to naive rats; data are taken as 100% in relation
to data from naive rats. Data are reported as mean ± SEM of five animals
per group. *p ≤ 0.05 compared to control animals and ***p ≤ 0.001
compared to IAN injury group

Fig. 3 Densitometric analysis of
NF protein levels. Data are
normalized in relation to those
from naive rats. Data are reported
as mean ± SEM of five animals
per group. *p ≤ 0.05 compared to
control animals and **p ≤ 0.001
compared to IAN injury group
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(0.41 ± 0.06 μm). In the IAN-injured animals, the rats in
which PBM was performed, we saw a significantly improve-
ment in the thick of myelin sheaths (0.60±0.08 μm) when
compared with the untreated injured group (0.41±0.06 μm).
The other morphometric parameters evaluated in this study,
nerve fiber diameter and axon diameter, show similar results,
and IAN-injured untreated group presented all parameters
worse than the other groups (Fig. 5).

Discussion

Experimental animal models have been created to im-
prove the understanding of the pathophysiological mech-
anisms of post-traumatic nerve repair and its complica-
tions. Photobiomodulation became the mostly common
tool used for non-invasive therapy purposes. We recently
showed that PBM improve the functional recovery of IAN
crushed accessed by the Von Frey test, evaluating the
head escape threshold to mechanical stimulation of the
mental skin, according to a modification of the method
described by Chaplan and Yonehara [24, 25]. After the
crush injury to the rat’s IAN, the escape threshold to me-
chanical stimulation of the mental skin was significantly
lower than before surgery and remains until the last time

evaluated. When the animals were submitted to the PBM,
the threshold value was significantly increased compared
to injured group, returning to normal levels (for more
information see ref. [16]). So, the purpose of this study
was to evaluate if PBM application on the site of injury is
able to modify the cellular and molecular microenviron-
ment with a focus especially on protein myelin zero, lam-
inin, and neurofilaments.

Following peripheral nerve injury, Schwann cells (SCs) in
association with the degenerating axons dedifferentiate and
proliferate, remove myelin and axonal debris, and align to
support axonal regeneration [26]. The proregenerative capa-
bilities of SCs have been exploited to enhance regeneration in
the central nervous system [27, 28], an effect suggested to
depend on ECM proteins and neurotrophic factors expressed
by SCs [26, 29].

The ECM has been implicated in myelination in the
peripheral nervous system, and laminins are components
of the ECM that appear to be especially important.
Studies in cell culture have suggested that laminin plays a
critical role in myelination [30, 31]. Laminin synthesis by
SCs is essential for myelination. During development and
regeneration, specific molecules regulate each stage of SC
development [32] and laminin is one of these molecules
[33]. Without laminin, Schwann cells can migrate along

Fig. 4 Transmission electron photomicrographs of the IAN. The
ultrastructural morphology of IAN was observed in different groups.
Nerves were examined by transmission electron microscopy.
Representative images are shown. a, b IAN intact fiber, with a regular
distribution of the unmyelinated and myelinated fibers. c, d IAN after
20 days of injury; the structure of the nerve was severely damaged as
characterized byWallerian degeneration, showing axonal degeneration. e,
f IAN after 20 days of injury and treatment with low level laser;

regenerated unmyelinated and myelinated fibers and in the process
regeneration are visible. Arrows highlight the myelin sheath in a, b
(control group) demonstrating a thicker and well-organized myelin
sheath compared with the IAN injury group (c, d). e, f Effects of PBM
for regenerating nerve fibers. The thickness of the myelin sheet showed
significant difference to the IAN injury group. Arrowheads highlight the
Schwann cell nuclei, demonstrating the regeneration process. Scale bars:
a, c, e 10 μm; b, d, f 2 μm
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the axons, populate the peripheral nerve, and proliferate
normally, but cannot differentiate into a myelinating phe-
notype [7]. On the other hand, laminin can also regulate
neurite outgrowth acting coordinately with GTPases [34],
which are needed to control the contractile capability de-
pendent on actin–myosin interactions [35]. In our study,
we observed that IAN injury increased the expression of
laminin, consistent with a study that showed that laminin is
highly increased in the site of injury after damage of pe-
ripheral nerves [6]. After PBM, the level of laminin expres-
sion decreased. Laminin is upregulated in developing
nerves but is normally low in mature nerves [36], and it
plays a critical role in axonal sorting, an essential step in
the development of the peripheral nervous system [37, 38].
Another important protein in the remyelinating process is
MPZ, which is the most abundant protein of the peripheral
myelin sheath [39]. The expression ofMPZ is specific for the
myelin sheath in the peripheral nervous system and is used as
an indicator for the myelination process [5]. The same pattern
observed here for laminin was observed for MPZ, with an
increase in injured animals. MPZ may play a critical role in
response to nerve injury; once after PBM, there was a decrease
in protein expression for both laminin and MPZ.

NFs are also markers of regeneration, and NF expres-
sion constitutes the initial evidence of nerve regeneration
potential [40]. PBM changed the protein expression of all
NFs evaluated here. The main known function for NFs is
to increase axonal caliber of myelinated axons and, con-
sequently, its conduction velocity. They also contribute to
the dynamic properties of the axonal cytoskeleton during
neuronal differentiation, axonal growth, guidance, and re-
generation [41]. The examination by transmission electron
microscopy of nerves that did not receive PBM demon-
strated that the crushed nerve exhibited various degrees of
degeneration in the 20-day period subsequent to the crush
injury. However, in the rats in which PBM was per-
formed, there was Schwann cell proliferation and imma-
ture myelin formation.

Several molecules are known to play an important role in
axonal regeneration, but the way they interact with each other
is still unclear. A systematic review highlighted the effective-
ness of PBM for the treatment of peripheral nerve lesions.
Suggesting that PBMmay promote higher metabolism in neu-
rons and a better ability to produce myelin due the release of
certain growth factors and cytokines by various types of cells
which can be modulated by laser irradiation [42]. This study

Fig. 5 Morphometric analysis of IAN. The nerve fiber diameter, axon
diameter, myelin sheath thickness, and the G-ratios (calculated by
dividing the diameter of the axon by the fiber diameter) in all groups
were evaluated. Results are presented as means ± SD. Asterisk indicates

a significant difference between the naive and IAN injury groups; number
sign indicates a significant difference between the IAN injury + PBM and
IAN injury group. *p ≤ 0.001 and #p ≤ 0.05
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shows that photobiomodulation was able to alter the microen-
vironment of the injury site via modulation of key elements
that are able to create a permissive environment for axons to
grow and influence regeneration.

The present findings show changes of molecules that play
an important role during peripheral nerve regeneration and
confirmed that the selected PBM pattern was sufficient to
accelerate the rate of recovery of injured peripheral nerve.
Finally, based on the expression of nerve regeneration
markers, morphological parameter changes, and previous be-
havioral tests, we showed that the PBM could offer a potential
proregenerative environment and beneficial results to periph-
eral nerve repair. We hope that these results can be used to
improve the current treatments using PBM in new integrated
treatment strategies.
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