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Abstract

The effects of low-level laser therapy (LLLT) and natural latex protein (F1, Hevea brasilien-
sis) were evaluated on crush-type injuries (15kg) to the sciatic nerve in the expressions of
nerve growth factor (NGF) and vascular endothelium growth factor (VEGF) and ultrastruc-
tural morphology to associate with previous morphometric data using the same protocol of
injury and treatment. Thirty-six male rats were allocated into six experimental groups (n = 6):
1-Control; 2-Exposed nerve; 3-Injured nerve; 4-LLLT (15J/cm?, 780nm, 30mW, Continuous
Wave) treated injured nerve; 5-F1 (0,1mg) treated injured nerve; and 6-LLLT&F1 treated
injured nerve. Four or eight weeks after, sciatic nerve samples were processed for analysis.
NGF expression were higher (p<0.05) four weeks after in all injured groups in comparison to
Control (Med:0.8; Q1:0; Q3:55.5%area). Among them, the Injured (Med:70.7; Q1:64.4;
Q3:77.5%area) showed the highest expression, and F1 (Med:17.3; Q1:14.1; Q3:21.7%
area) had the lowest. At week 8, NGF expressions decreased in the injured groups. VEGF
was expressed in all groups; its higher expression was observed in the injured groups 4
weeks after (Injured. Med:29.5; F1. Med:17.7 and LLLT&F1. Med:19.4%area). At week 8, a
general reduction of VEGF expression was noted, remaining higher in F1 (Med:35.1;
Q1.30.6; Q3.39.6%area) and LLLT&F1 (Med:18.5; Q1:16; Q3:25%area). Ultrastructural
morphology revealed improvements in the treated groups; 4 weeks after, the F1 group pre-
sented greater quantity and diameter of the nerve fibers uniformly distributed. Eight weeks
after, the F1 and LLLT&F1 showed similar characteristics to the non-injured groups. In sum-
mary, these results and our previous studies indicated that F1 and LLLT may favorably influ-
ence the healing of nerve crush injury. Four weeks after nerve injury F1 group showed the
best results suggesting recovery acceleration; at 8th week F1 and LLLT&F1 groups

PLOS ONE | https://doi.org/10.1371/journal.pone.0210211

January 9, 2019 1/17


http://orcid.org/0000-0001-9945-9185
http://orcid.org/0000-0002-8571-7144
https://doi.org/10.1371/journal.pone.0210211
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210211&domain=pdf&date_stamp=2019-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210211&domain=pdf&date_stamp=2019-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210211&domain=pdf&date_stamp=2019-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210211&domain=pdf&date_stamp=2019-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210211&domain=pdf&date_stamp=2019-01-09
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0210211&domain=pdf&date_stamp=2019-01-09
https://doi.org/10.1371/journal.pone.0210211
https://doi.org/10.1371/journal.pone.0210211
http://creativecommons.org/licenses/by/4.0/
http://investigacion.ufro.cl/
http://investigacion.ufro.cl/
http://www.fapesp.br/en/

®PLOS | one

Low-level laser and natural latex on crushed nerve. NGF and VEGF expressions and ultrastructural features

and analysis, decision to publish, or preparation of
the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

presented better features and higher vascularization that could be associated with VEGF
maintenance.

Introduction

Nerves constitute the functional part of the peripheral nervous system (PNS) formed by fasci-
cles of myelinated and unmyelinated nerve fibers, composed of motor, sensory and autonomic
portions [1, 2]. Approximately 100,000 patients are submitted to surgery annually to recover
peripheral nerves in the U.S.A. and Europe. These injuries have a strong negative impact on
the quality of life of the population, resulting in paralysis, anesthesia, lack of control and pain-
ful neuropathy. Representing a major cause for morbidity and disability, and pose substantial
costs for society from a global perspective. Although peripheral nerve fibers have considerable
potential for regeneration, spontaneous recovery is generally poor and may result in sequelae,
especially in the case of large nerve defects [1, 3-7].

The treatment of peripheral nerve lesions still is a challenge. Despite advances in under-
standing of nervous regeneration in microsurgical techniques, functional recovery remains
unsatisfactory [4, 6-10]. Thus, there is an increasing need for research that achieves innovative
treatments for regeneration of peripheral nerves using an interdisciplinary approach [1]. Stim-
ulation systems, biological stimuli and physical stimuli have shown encouraging results in the
regeneration of peripheral nerves [3].

There is interest in the potential therapeutic value of low-level laser therapy (LLLT), for
treatment of central nervous system and PNS injury and disorders, such as strokes, spinal cord
injury, traumatic brain injury, multiple sclerosis, or Parkinson’s disease, which cause func-
tional impairments [7, 11]. The photochemical and photobiological effects produced by LLLT
at the cellular level may induce trophic conditions, such as neurite outgrowth, metabolic pro-
duction, secretion of neural factors, and inhibition of the inflammatory process that are neces-
sary for nerve regeneration [12, 13].

Specifically, LLLT (904 nm, 26.3 mW and 4 J/cm?) applied on the sciatic nerve of rats sub-
mitted to neuropraxia revealed an increase in the number of neurons, Schwann cells and large
myelinated axons [14]. On the sectioned sciatic nerve (neurotmesis), LLLT irradiation (808
nm, 30 mW and 50 J/cm?) resulted in higher nerve fiber density. The axonal diameters of
these fibers were higher in the irradiated animals (660 nm, 30 mW and 50 J/cm?), suggesting
functional gait recovery associated with improved morphometric parameters [15]. In an acute
sciatic nerve crush lesion, the application of LLLT (660 nm, 40 mW and 60 J/cm?) increased
the activities of MMP-9 and TNF-a protein in nerve injury modulating inflammation [16].

In the 1990s, a new biocompatible material derived from the tree Hevea brasiliensis (rubber
tree) was developed at the Laboratory of Neurochemistry of the Medical School of Ribeirdo
Preto—University of Sdo Paulo, the F1 protein [17]. Initial studies demonstrated promising
results using the F1 protein. It was reported that the stimulation of angiogenesis, cell adhesion
and formation of extracellular matrix, leads to the acceleration of wound healing in cutaneous
tissue, pericardium, esophagus, abdominal wall, tympanum and blood vessels with no evi-
dence of hypersensitivity [18, 19].

On a sciatic nerve injury (neurotmesis), a neurotube made of latex, and containing the F1
protein improved the quality of nerve regeneration, nerve impulse conduction and gait [20].
Our previous studies have also shown improvement in nerve regeneration using F1 protein
carried by a hyaluronic acid hydrogel [21-24].

Growth factors or trophic factors are polypeptides that bind to specific cell membrane sur-
face receptors to initiate signaling pathways that regulate proliferation, survival, migration and
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differentiation. These neurotrophic factors constitute a class of trophic factors that act on cells
of the peripheral and central nervous systems. Neurotrophic factors, including the members of
the neurotrophin family (NGF, BDNF, NT3 and NT4) play an important role in the regulation
of growth, survival, and differentiation of neurons in the central and peripheral nervous sys-
tems. Since the 1950s, these factors have been studied in traumatic injury models [25-29].

The family of vascular endothelial growth factors (VEGFs) stimulate the growth of new
blood vessels, and are associated with the lesions of the nervous tissue [30, 31]. The VEGFA is
the most studied family member, being a critical regulator of angiogenesis that is usually
referred as VEGF [32]. Nerve growth factor (NGF) is a neurotrophic factor from the neurotro-
phin family, known to specifically act on small primary sensory and sympathetic neurons [33,
34]. NGF promotes the proliferation, survival, protection and differentiation of neurons and
oligodendrocytes. In addition, NGF modulates the repair of injured axons and regulates the
key structures of the proteins that constitute the myelin [35-37].

The aim of this study was to contribute to the understanding of the recovery of peripheral
nerve lesions by evaluating the effect of the LLLT associated with the F1 protein on sciatic
nerve axonotmesis of rats. The expression of NGF and VEGF is analyzed through immunohis-
tochemical reactions and its association with ultrastructural morphology.

Materials and methods

Thirty-six male Wistar rats (2 months old, 200-250 g) were allocated into six experimental
groups (n = 6). The animals were kept in a bioterium in polypropylene boxes with up to four
animals per box, at controlled temperature (22 to 24 °C), 12 hours of daily illumination and air
changes, with food and water "ad libitum". The study protocol was approved by the Universi-
dad de La Frontera Ethics Committee on Animal Use under protocol no. 125/16, on March of
2017, following the norms and international laws of animal experimentation.

Nerve injury

The animals were anesthetized with ketamine and xylazine (75/10 mg/kg), and submitted to
tricotomy on the lateral side of the left pelvic leg (hind paw). The incision site was standardized
by the position of two bone processes of the iliac crest, the superior and inferior ventral spines.
A small incision (~2 cm) was made on the skin perpendicular to the union line of these bone
processes. The incision was performed by receding approximately 2 cm in the caudal direction
on the lateral face of the pelvic limbs of the animal. Divulsion of the superficial gluteus maxi-
mus and femoral biceps muscles was then performed exposing the sciatic nerve. The animals
were then placed in a nerve injury apparatus made specifically for this purpose. The load
applied to the sciatic nerve was constant at 15 kg for 10 minutes, in a circular crushing area
(~0.28 cm?, 5.2 MPa). After injury, nerves were repositioned, the skin was sutured with 4-0
nylon, and the animals received 0.2 ml/kg of anti-inflammatory (Banamine-Schering Plow,
Flunixina meglumine 10 mg/ml) and 0.3 ml/kg of broad-spectrum anti-inflammatory (penta-
biotic—Fort Dodge) [38].

F1 protein purification and application

For the latex protein purification, ammonium latex was diluted in 2.2% acetic acid. The diluted
latex was homogenized and left at room temperature for 30 min. Latex serum was separated
from the rubber and submitted to chromatographic separation using ionic exchange chroma-
tography with DEAE-celluloses. Serum was diluted in distilled water and the pH was adjusted
to 9.0. This material was applied to the chromatographic column at room temperature and
eluted with 0.01 M ammonium bicarbonate in a growing gradient of NaCl (0.15, 0.25 and 1.5
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M). The material was collected under a flux of 7 ml/min and monitored for absorbance at 280
nm. Peak 1 fraction (F1) was then submitted to distilled water dialysis, lyophilisation and
stored at -20°C [39].

The F1 protein was associated to a hyaluronic acid hydrogel that was used as a carrier [40].
Hyaluronic acid (Nikko Chemicals, Nikkol Group, Japan), isolated from gram-negative bacte-
ria, was used at the final concentration of 1% (10mg/ml), and F1 was used at a concentration
0f 0.1% (1mg/ml). Both were mixed and filtered in a sterile system (0.22 um Millipore filters)
and stored in sterile culture flasks. After injury and prior to suturing [21-23], the mixture was
applied on the nerve with the aid of a micropipette (100 ul).

Low-level laser irradiation

The "Twin Laser—Mm Optics" (Ga-Al-As) apparatus was used, with an application area of
0.04 cm? (spot). Six irradiation sessions were performed on alternate days at three points on
the region of the injured nerve, corresponding to the proximal, distal regions and the area of
the lesion itself. Irradiation parameters in the postoperative phase are presented in Table 1.

Experimental groups

The study groups were evaluated 4 and 8 weeks after of the nerve injury. The protocols of the
experimental groups are described below:

« Control group (Control)—Animals anesthetized and kept in lateral decubitus for 10 min-
utes, simulating the stress of the intervention.

Exposed group (Exposed)—Animals anesthetized, sciatic nerve exposed and positioned on
the support of the nerve lesion apparatus for 10 minutes [38].

« Injury group (Injury)—Anesthetized animals, sciatic nerve submitted to crush-type injury.

Low-level laser group (LLLT)—Anesthetized animals, sciatic nerve submitted to crush-type
injury. Animals submitted to the LLLT irradiation protocol.

Latex F1 Protein group (F1)—Anesthetized animals, sciatic nerve submitted to crush-type
injury. F1 protein applied at the lesion site.

Low-level laser and Latex F1 Protein group (LLLT&F1)—Anesthetized animals, sciatic
nerve submitted to crush-type injury. F1 protein was applied at the lesion site and animals
subjected to the LLLT irradiation protocol.

Table 1. Low-level laser irradiation parameters.

Power 30 mW

Intensity 0.75 W/cm?®

Energy Density 15 J/em?

Wavelength 780 nm

Application time (per point) 20s

Number of application points 3

Wave Type Continuous Wave (CW)
Beam Direction Perpendicular to the Tissue
Energy deposited (per point) 0.6]

Application spot area 0.04cm”

Number of sessions 6 (Alternate Days)

https://doi.org/10.1371/journal.pone.0210211.t001
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Immunohistochemical reaction—Anti-NGF and anti-VEGF

The animals were euthanized with anesthetic overdose (ketamine and xylazine 150 and 10 mg/
kg, respectively). The obtained nerve samples were placed in a plastic canister containing Opti-
mal cutting temperature compound and frozen in isopentane cooled by liquid nitrogen
(-196°C). The nerve samples were transferred to the cryostat microtome chamber (-20°C), and
cross-sections of 10 um thickness were mounted on histological adhesive slides.
Immunostaining was performed using the primary antibodies: anti-NGF (Abcam-ab6198,
USA), anti-VEGFA (SantaCruz-sc152, USA). Secondary antibody (polymer "histofine HRP
Nichirei", 414341F, Japan) and diaminobenzidine (Spring, DAB-125, USA). The histological
sections were covered with H,O, (3% - 10 vol.) for subsequent blocking of the endogenous per-
oxidase for 10 minutes and non-specific binding with Protein Block—Spring (DPB-125) for 1
h. Samples were rinsed in PBS, and then incubated with the primary antibodies (anti-NGF, con-
centration 1: 400 and anti-VEGF, concentration 1: 100) overnight at 4°C. The next day, the sec-
tions were washed in PBS and incubated for 2 h with the secondary antibody HRP (room
temperature). The reaction was revealed with diaminobenzidine solution (0.5 mg/ml) and lig-
uid hydrogen peroxide (0.005 ml/100 ml) in PBS for 1 minute. The sections were rinsed in PBS,
counterstained with hematoxylin, washed with distilled water and mounted with Entellan [41].

Ultrastrutural analysis—-transmission electron microscopy

For ultrastructural analysis, nerve samples were fixed in 2.5% glutaraldehyde for 2 h, post-
fixed in OsO, 1% at 4°C for 2 h, dehydrated in an ethanol series and propylene oxide, and
embedded in Spurr resin. Finally, ultrathin sections (60 nm) were mounted on 200 mesh grids,
counterstained with uranyl acetate and lead citrate. Sections were then examined under a
JEOL 1010 electron microscope operating at 80 kV at the Institute of Biomedical Sciences,
University of Sao Paulo.

Semi-quantitative analysis—NGF and VEGF

Semi-quantitative analysis of the immunoreactivity of the NGF and VEGF factors was per-
formed by quantifying the pixels of the binary images that provided the positively labeled area
density (%). In order to perform this area measurement, ImageJ software (NIH, USA) was
used, using the "Color threshold" (B & W) feature to select which color range should be consid-
ered black and all other colors considered white (Fig 1).

Statistical analysis

Statistical analysis was performed using the SigmaPlot 12.0 software (Systat software Inc, San
Jose, CA, USA). The Shapiro-Wilk test was selected to assess data normality. Data from the
semi-quantitative immunoreactivity analysis of NGF and VEGF did not show normal distribu-
tion. Thus, we used the Kruskal-Wallis followed by a Dunn’s post-hoc test. Data are presented
as the median (Q2, 50%) as central tendency measure, and the data dispersion as Q1 (25%),
and Q3 (75%).

Results
Growth factors expression-immunohistochemical analysis

NGF-nerve growth factor. Four weeks after the nerve injury (Fig 2), the study groups
Control and Exposed were similar, presenting the lowest immunoreactivity for NGF. Among
the injured groups, Injury, LLLT and LLLT&F1 were similar and showed significantly higher
immunoreactivity (p < 0.05) compared to non-injured groups, immunostaining was observed
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Fig 1. Semi-quantitative analysis of immunostaining. A. Photomicrography of NGF immunolabeling, presented in
brown. B. Photomicrography transformed to binary (black and white) by the "Color threshold" feature of the Image]
software. These binary images were used for counting pixels for the semi-quantitative analysis of growth factors
expressions.

https://doi.org/10.1371/journal.pone.0210211.g001

mainly among the nerve fibers and glial cells; however, it was possible to observe endothelial
cell wall marking. The F1 protein group was the only group submitted to nerve injury that pre-
sented lower immunoreactivity compared to the other injured groups (Injury, LLLT and
LLLT&F1) in this period of analysis, with similar values of the Exposed group (p > 0.05).
Immunolabeling was observed in the F1 protein group with less intensity among nerve fibers,
glial cells and also observed in the endothelial cells.

Eight weeks after nerve injury (Fig 2), the NGF immunoreactivity of all injured groups was
reduced in relation to the previous period of analysis. The Control, Exposed, F1 and LLLT&F1
groups showed similar immunoreactivity (p > 0.05). Immunostaining in these groups was
observed mainly in the perineurium, epineurium and endothelial cells. Injury and LLLT
groups presented the highest immunoreactivity (p < 0.05) in comparison to the other groups.
This is because immunostaining of these groups still showed considerable concentration
between nerve fibers and glial cells.

The expression of NGF in groups with the same experimental methodology in the different
periods (4 and 8 weeks) revealed significant differences in all analyzed pairs (Groups Control,
Exposed, Injury, LLLT and LLLT&F1 with p <0.001 and F1 with p = 0.002). Groups Control,
Exposed and F1 showed increased NGF expression, whereas groups Injury, LLLT and
LLLT&F1 groups showed a reduction 8 weeks after of injury.

VEGF—Vascular endothelial growth factor. Positive immunoreactivity for vascular
endothelial growth factor (VEGF) was observed 4 weeks after nerve injury in all experimental
groups (Fig 3). The immunostaining results of the non-injured groups, Control and Exposed
were similar (p > 0.05) observed mainly in the endothelial cell region. The LLLT group pre-
sented similar staining (p > 0.05) to the non-injured groups, but with diffuse marking between
the axons. The F1 protein and LLLT & F1 groups showed similar immunoreactivity among
themselves and were significantly higher (p < 0.05) compared to the non-injured groups. The
markers in these groups were less dispersed and concentrated at certain points between axons
and glial cells. In this period of analysis, Injured group showed the highest immunoreactivity
for VEGF (p < 0.05) being similar only to the LLLT&F1 group. In this case, the marking was
diffused throughout the cross-sectional area of the sciatic nerve.

Eight weeks after nerve injury, positive immunoreactivity was observed in all experimental
groups (Fig 3). The Control, Exposed, Injury and LLLT groups showed similar immunoreac-
tivity (p > 0.05) occurring mainly in the region of endothelial cells and diffusely between
axons and glial cells. In this period of analysis, the F1 protein and LLLT&F1 groups were
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Fig 2. Immunoreactivity and semi-quantitative analysis of NGF after nerve injury. NGF expression (brown, arrow; arrowhead—endothelial cells) 4 weeks after nerve
injury in the groups: Control. Control group; Exposed. Exposed nerve without injury; Injury. Injured nerve without treatment; LLLT. Injured nerve treated with LLLT;
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of the period, same letters (a, b and c) represent equalities among the groups (p > 0.05). NGF expression (brown, arrow; arrowhead—endothelial cells) 8 weeks after
nerve injury in the groups: Control’. Control group; Exposed’. Exposed nerve; Injury’. Injured nerve; LLLT’. Injured nerve with LLLT; FI protein’. Injured nerve with
F1 protein; and LLLT & F1 protein’. Injured nerve with LLLT and F1 protein (Mags: X400). 8W. NGF expressions graph of the period, the same letters (d and e)
represent equalities among the groups (p > 0.05).

https://doi.org/10.1371/journal.pone.0210211.9002

similar to each other and larger than the other experimental groups, the only exception being
group I, which was also similar to F1 and LLLT&F1 groups.

Comparison of VEGF expressions in groups with similar experimental methodology at dif-
ferent periods (4 and 8 weeks) revealed that only Exposed, Injury and F1 groups presented sig-
nificant differences (p <0.001). Groups Exposed and Injury revealed a significant reduction
and the F1 protein group showed a significant increase in VEGF expression.

Ultrastructural morphology- 4 weeks after nerve injury

Ultrastructural analysis using transmission electron microscopy revealed normal features in
the non-injured groups, Control (Fig 4 Control) and Exposed (Fig 4 Exposed). Four weeks
after of the experimental protocols, the presence of myelin nerve fibers of various diameters in
these groups was observed interspersed with clusters of smaller diameter unmyelinated nerve
fibers throughout the cross-sectional area of the sciatic nerve. In the axoplasm region of the
nerve fibers, there electron-dense circular structures were observed, representing mitochon-
dria of reduced diameter. In addition to the nerve fibers, Schwann cells were also observed
with electron-dense nuclei surrounding the myelinated and unmyelinated fibers.

The injured groups presented alterations in the organization of the nervous elements in
comparison to the Control and Exposed groups. In general, a reduction in the concentration
of myelinic and unmyelinated fibers was noticed, accompanied by a considerable increase of
the area occupied by collagen fibers in the endoneurium. Injury group (Fig 4 Injury) had a few
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scattered myelinated nerve fibers and small clusters of unmyelinated axon and Schwann cells
with areas of nerve fiber degeneration. In more detail, mast cells were observed between these
nerve fibers and cytoplasmic remnants of the Schwann cells in laminar form (Fig 4 Injury’).

The treated groups, LLLT, F1 and LLLT&F1 (Fig 4 LLLT, 4 F1 Protein, 4 LLLT & 4 F1 Pro-
tein) presented similar characteristics, such as reduction in the number, density and diameter
of nerve fibers compared to Control and Exposed groups, in addition to the greater amount of
collagen fibers in the endo and perineurium as observed in Injury group. However, these
groups differed from Injury group because they revealed a subtle increase in the density of
nerve fibers and showed organization in small clusters. Among them, the characteristics
observed in the F1 group suggest the best characteristics, such as slightly calibrous axons and a
denser occupation of the cross-sectional area of the sciatic nerve. In more detail, it was possible
to notice aspects suggestive of recovery. Schwann cells were noticed in the LLLT group (Fig 4
LLLT’) more reactive with more massive nuclei, searching for nerve fibers. In the F1 group
(Fig 4 F1 Protein’), small-caliber fibers that appeared to have been remyelinated were observed
near a mast cell. In the LLLT&F1 group (Fig 4 LLLT & 4F1 Protein’), a fiber surrounded by a
Schwann cell was visible in a process suggestive of remyelination.

Ultrastructural morphology—8 weeks after nerve injury

Eight weeks after nerve injury, the exposed nerve (Fig 5 Exposed) presented normal ultrastruc-
tural characteristics with myelin nerve fibers of various diameters and clusters of unmyelinated
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Fig 4. Ultrastructural characteristics (TEM) four weeks after nerve injury. Control. Control—Clusters of unmyelinated fibers (u), Schwann cells (arrow) involving
myelin fibers (m) with their axoplasm (a) containing mitochondria (mag: X2,000). Exposed. Exposed Nerve—Similar characteristics to the control were observed:
presence of myelin (m) and unmyelinated fibers (u) and Schwann cells (arrow) (mag: X2,000). Injury. Injured Nerve—Large areas of collagen fibers (**), scarce myelin
fibers (m), small clusters of unmyelinated fibers (u) and Schwann cells (arrow) were noted (mag: X3,000). Injury'. In detail, the presence of mast cells (mc) were seen
among collagen fibers (**) and near to laminar remains of the Schwann cell cytoplasm (arrow head) (mag: X7,500). LLLT. Injured Nerve with LLLT—Small clusters of
myelinated nerve fibers (m) and the presence of mast cells (mc) were noted (mag: X2,000). LLLT". At higher magnification we noticed reactive Schwann cells with large
nuclei, one of which was suggestively looking for axons (mag: X5,000). FI Protein. Injured Nerve with F1—Small clusters of small caliber myelin fibers (m) and clusters
of unmyelinated fibers (u) were observed (mag: X2,000). F1’. In detail, extensive areas containing collagen fibers (**) among myelinated and unmyelinated (u) nerve
fibers, as well as mast cells (mc) were noted. Schwann cells with bulky nuclei (arrow) close to nerve fibers in suggestive process of remyelination (curved arrow) (mag:
X5,000). LLLT & FI Protein. Injured Nerve with LLLT and F1—Small clusters of myelin fibers (m) involved by laminar cytoplasmic structures (arrowhead) (mag:
X2,000) are noted. LLLT & F1 Protein’. At higher magnification, a nerve fiber was observed in a suggestive process of remyelination (curved arrow) surrounded by the
cytoplasm of a Schwann cell enveloped in collagen fibers (**) of the endoneurium (mag: X25,000).

https://doi.org/10.1371/journal.pone.0210211.9g004

fibers throughout the cross-sectional area of the sciatic nerve. At higher magnification, it was
possible to observe mitochondria in the axoplasm of myelinated and unmyelinated nerve
fibers (Fig 5 Exposed’).

The groups submitted to nerve damage (Injury, LLLT, F1 and LLLT&F1) presented better
conditions compared to the previous period of analysis, with larger, more densely organized
nerve fibers.

Groups Injury (Fig 5 Injury) and LLLT (Fig 5 LLLT) showed similar features maintaining
the small clusters of myelinated axons surrounded by laminar cytoplasm of glial cells. At
higher magnification (Fig 5 Injury’ and 5 LLLT’), myelin fibers of various diameters, clusters
of unmyelinated axons and Schwann cells with nuclear electron contents were observed, as
well as mitochondria in the axoplasm region of the nerve fibers.

The groups F1 (Fig 5 F1 Protein) and LLLT&F1 (Fig 5 LLLT& 5 F1 Protein) showed similar
characteristics during this period, with a higher density of myelinated and unmyelinated
axons, resembling the non-injured groups, yet with smaller nerve fiber diameter. The small
clusters of myelinated axons were not noted in these groups. At higher magnification, many
unmyelinated fibers close to myelin fibers and Schwann glial cells were observed in the F1
group (Fig 5 F1 Protein’). In the LLLT&F1 group (Fig 5 LLLT & 5 F1 Protein’) the concentric
myelin sheath lamellae were observed, contained in the cytoplasm of the Schwann cells and
collagen fibers of the endoneurium region. During this period of analysis, no inflammatory
cells and few areas of degeneration were observed in all groups submitted to nerve damage.
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Fig 5. Ultrastructural characteristics (TEM) Eight weeks after nerve injury. Exposed. Exposed Nerve—Normal characteristics were observed with the presence of
large caliber myelin fibers (m) and the axoplasm (a) region containing mitochondria (mag: X2,000). Exposed'. At higher magnification, unmyelinated fibers (u)
interspersed with myelinated fibers with mitochondria (short arrow) in the axoplasm region are noted (mag: X10,000). Injury. Injured Nerve—In this period of analysis,
small clusters of myelin fibers (m) surrounded by laminar cytoplasmic structures (arrow head) were still observed in this group (mag: X2,000). Injury’. In detail, a cluster
of myelin fibers surrounded by cytoplasmic laminae (arrow head) and close to Schwann cells (arrow) (mag: X7,500). LLLT. Injured Nerve with LLLT—Similar
characteristics to group I, small clusters of myelin fibers (m) and clusters of unmyelinated fibers (u) were noted (mag: X3,000). LLLT". At higher magnification, the
presence of Schwann cells (arrow) with bulky nuclei containing many mitochondria (short arrow) was observed. Schwan cell cytoplasm involving myelin fiber also
revealed mitochondria (short arrow) (mag: X12,000). FI Protein. Injured Nerve with F1—Higher densities of myelin (m) and unmyelinated fibers (u) were observed,
which were no longer seen to be organized into clusters (mag: X2,000). F1 Protein’. In detail, unmyelinated fibers (u) surrounded by cytoplasm of Schwann cells were
observed, as well as the presence of Schwann cells with bulky nuclei (arrow) (mag: X10,000). LLLT & F1 Protein. Injured Nerve with LLLT and F1—Characteristics
were similar to F1 group, with a dense presence of myelin (m) and unmyelinated fibers (u) and Schwann cells (arrow), without the appearance of clusters (mag:
X12,000). LLLT & F1 Protein’. At higher magnification, lamellae of the myelin sheath (curved arrow) surrounded by the Schwann cell cytoplasm and endoneurial
collagen fibers (**) were observed. (mag: X50,000).

https://doi.org/10.1371/journal.pone.0210211.9005

Discussion

The present study analyzed the expressions of the NGF and VEGF growth factors and the
ultrastructural morphology of the sciatic nerve after a crush injury and subsequent treatment
with LLLT and F1 protein, in order to improve the understanding of the action of these agents
and establish a relationship with our previous morphometric studies [21, 22, 24]. Thus, in gen-
eral, the exposed group (E) showed no significant differences in relation to the control group
in both analyzed periods. The injured groups (Injury, LLLT and LLLT&F1) presented higher
NGF expressions four weeks after of injury associated with a reduction in organization, density
and size of nerve fibers. In this period among the injured groups, only the F1 group had low
NGF expression and better morphologic characteristics, with more densely organized nerve
fibers. In the 4th week, VEGF expression was significantly higher in groups Injury, F1 and
LLLT&F1. Eight weeks after of injury, NGF expression in the injured groups decreased; the
morphological characteristics were more similar to the non-injured groups and VEGF expres-
sion remained high only in the groups that received the F1 protein (F1 and LLLT&F1).

Neurotrophic factors can be produced spontaneously, however after an axonotmesis injury
it is known that complete nerve regeneration depends on highly favorable trophic conditions
for neuronal protein synthesis and the expression of these growth factors [12, 42]. NGF is
secreted by Schwann cells following nerve damage and after nearly 3-4 weeks their levels
decrease [43].
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The results of the present study suggest that NGF expression was associated with nerve
injury, since in the injured groups there were significant increases in the immunoreactivity of
this factor compared to non-injured groups. In addition, manipulation of the sciatic nerve
(Exposed group) was not sufficient to result in this increase in NGF expression. In groups
Injury, LLLT and LLLT&F1 more intense immunostainings was noted at fourth week of the
nerve injury compared to those observed eight weeks after, thus in agreement with the Chang
etal. [43].

The 780 nm LLLT used in previous animal studies revealed protective effect, sustenance of
functional activity of the injured nerve, decreases scar tissue formation, decreased degenera-
tion in corresponding motor neurons of the spinal cord, significantly increases axonal growth
and myelinization [44]. The irradiation of Schwann cell cultures with LLLT (810 nm, 50mW, 1
and 4 J/cm®) stimulated the proliferation of these cells and elevated NGF gene expression [13].
In the present study, the increase in NGF immunoreactivity after nerve injury was observed in
animals receiving LLLT irradiation, even when using different physical parameters which were
employed by Yazdani et al. [13]. However, this increase was also observed in animals that were
injured and did not receive treatment, thus is not possible affirm that the increase in the mark-
ing of this factor was only due to the LLLT action.

Some studies report the capacity of NGF to induce and mediate angiogenesis in pathologi-
cal and physiological conditions due to its action on endothelial cells [45-50]. It has been
reported that endothelial cells synthesize NGF [51], and that this factor is capable of mediating
the action of VEGF [49, 51]. These studies [49, 51, 52] help to elucidate the positive NGF label-
ing observed in the blood capillaries from our results, showing that this factor may aid in the
recovery of vascularization beyond the nerve tissue itself.

The increase in vascular permeability and associated angiogenesis are crucial events for tis-
sue repair, which allows a variety of cytokines and growth factors to reach the injured tissue.
Angiogenesis helps to supply tissues with a wide variety of nutrients and release of metabolites.
The F1 protein has demonstrated healing properties and high angiogenic activity [53]. The
crush-type injury of a peripheral nerve induces pathological modifications of the nervous
capillaries, decreasing blood flow and oxygen tension, resulting in ischemia and hypoxia [54].

VEGEF is a cytokine that acts on the formation of new capillaries from pre-existing vessels
[55]. Angiogenesis repairs ischemia, assisting in nerve regeneration; VEGF and VEGFR2
receptors are major angiogenic modulators which play essential roles in the regulation of vas-
cular neoformation in the initial post-ischemic phases [42]. VEGF can exert non-angiogenic
effects on several cell types including nerve cells [56]. It has already been reported that the
impregnated VEGF in isografts used for the treatment of nerve grafts increases the number of
axons [57].

In the present study, the VEGFs show positive immunoreactivity in all groups regardless of
injury and/or treatment. This factor may be stimulated by the damage of the nervous tissue
[42, 55]. Our results revealed a significant increase in the expression of this factor at 4 weeks
after nerve injury in groups Injury, F1 and LLLT&F1. Eight weeks after of nerve injury, both
groups that received the F1 protein (F1 and LLLT&F1) still showed significantly higher VEGF
expressions. Comparison of VEGF expressions in both periods revealed a significant reduction
in expression in group I and a significant increase in the F1 group 8 weeks after compared to
the previous period. Previous studies [58, 59] reported increased VEGF expression in cutane-
ous lesions with LLLT irradiation, however our results in LLLT nerve damage did not result in
this increase.

The data of present study supports the quantitative analysis of blood vessels in our previous
study [21] in which, 8 weeks after the nerve injury, increases in capillary density were observed
in groups F1 and LLLT&F1, from animals that received the F1 protein. Among the actions of
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the F1 protein is the recognized capacity of neoformation of blood vessels [18, 19, 53, 60],
which may be related to increased VEGF expression in both periods analyzed.

The results of ultrastructural morphology corroborate with the immunohistochemical
results and elucidate the changes of each experimental group. The presence of small clusters of
myelinated nerve fibers is the morphological characteristic observed in the recovery of the
nerve crush-type lesion (axonotmesis) [61-65]. The presence of mast cells, which are cells
associated with allergic and non-allergic inflammatory reactions [66, 67] in nerve samples
from F1 group animals could raise the suspected allergic reactions associated with protein
extracted from the latex. Notwithstanding, the same cells were also observed in injured animals
without the application of the protein. This finding suggests that the presence of mast cells
would be more associated with their function in immune and inflammatory events. In addi-
tion, the ultrastructural analysis supports the characteristics suggestive of recovery in the
injured and treated groups with different protocols which would not be observed by conven-
tional microscopy, such as remyelination and reactivity of the Schwann cells.

The molecular mechanisms associated with F1 protein are still poorly understood. Previous
studies associate the effect of the F1 protein with immune cells, which can regulate the expres-
sion of inflammatory cytokines [68-70]. F1 administration was able to reduce levels of inter-
leukin-1 (IL-1B), interleukin-6 (IL-6) and tumor necrosis factor-o. (TNF-a.), and increase
levels of interleukin-10 (IL-10) and interleukin-4 (IL-4) which in general contribute to an anti-
inflammatory effect [68-70]. Our results suggest that F1 protein may be associated with the
regulation of growth factors, such as NGF and VEGF. Previous studies have demonstrated the
association of NGF expression with IL-1f and TNF-o [71] and VEGF with IL-6 [72]. However,
the cause-effect relationship between these growth factors and the already described molecular
mechanisms of F1 protein is unclear.

Our results showed a downregulation of NGF in the F1 treated animals mainly after 4
weeks, and also a downregulation of VEGF in the LLLT groups in both evaluated periods. This
downregulation of NGF associated with morphometric and ultrastructural results of our previ-
ous studies [21, 22] added to the results observed in TEM, allows us to suggest an acceleration
of axonal regeneration when applied to F1 protein and thus resulting in a decrease in expres-
sion of this factor in both periods analyzed. The low expression of VEGF in LLLT treated
nerve lesions is incongruent with other models of tissue injury [58, 59], suggesting that in each
type of tissue this treatment modality can regulate this growth factor differently, and also con-
sidering differences in the physical parameters of the irradiations.

Among the limitations of the present study is the lack of comparisons between the behav-
iors of NGF and VEGF against the application of F1 protein associated or not to LLLT, since
no previous studies evaluating theses growth factors expression were found. In addition, meth-
ods could have been used to quantify the expression of the most accurate growth factors. We
justify the non-use of these methods because this is a preliminary morphological study that
analyzed the effect of these treatments on nerve injury. Our research group is working to
implement more methods of analysis to improve the understanding about the aspects of nerve
regeneration associated with LLLT and the F1 protein.

Conclusions

The treatments protocols applied in present study resulted in improvements in nerve fiber
regeneration of the sciatic nerve injured. At 4™ week post-injury the F1 group showed lower
NGF expression and better ultrastructural characteristics suggesting a recovery acceleration. It
was also possible to suggest that the F1 protein and LLLT interaction was negative, since the
results observed in the groups receiving LLLT (LLLT and LLLT&F1) were worse in
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comparison to the F1 group. In addition, regarding the angiogenic capacity of the F1 protein,
the maintenance of the expression of VEGF 8 weeks after of injury could be associated with
the increase of vessels reported in our previous study [21]. This helps to strengthen the evi-
dence that a main action of this protein would be associated with the capacity of vascular neo-
formation. On the other hand, these results are only the first step in understanding how these
agents act to improve peripheral nerve injuries. Further studies employing different methods
of analysis are needed to elucidate the effectiveness of the morphological results presented.

Supporting information

S1 Table. NGF expression. NGF expression data (% area) 4 and 8 weeks after nerve injury.
(DOCX)

S2 Table. VEGF expression. VEGF expression data (% area) 4 and 8 weeks after nerve injury.
(DOCX)

Acknowledgments

Joaquim Coutinho-Netto passed away before the submission of the final version of this manu-
script. Fernando José Dias accepts responsibility for the integrity and validity of the data col-
lected and analyzed by him.

Author Contributions

Conceptualization: Fernando José Dias, Valéria Paula Sassoli Fazan, Joaquim Coutinho-
Netto, Ii-sei Watanabe.

Data curation: Fernando José Dias, Valéria Paula Sassoli Fazan, Diego Pulzatto Cury, Sonia
Regina Yokomizo de Almeida, Ramén Fuentes.

Formal analysis: Fernando José Dias, Diego Pulzatto Cury, Eduardo Borie, Ii-sei Watanabe.
Funding acquisition: Fernando José Dias, Ramon Fuentes, Ii-sei Watanabe.

Investigation: Fernando José Dias, Valéria Paula Sassoli Fazan, Sonia Regina Yokomizo de
Almeida, Eduardo Borie.

Methodology: Fernando José Dias, Valéria Paula Sassoli Fazan, Diego Pulzatto Cury, Sonia
Regina Yokomizo de Almeida, Eduardo Borie, Joaquim Coutinho-Netto, Ii-sei Watanabe.

Project administration: Fernando José Dias, Ii-sei Watanabe.

Resources: Fernando José Dias.

Supervision: Valéria Paula Sassoli Fazan, Joaquim Coutinho-Netto, li-sei Watanabe.
Validation: Valéria Paula Sassoli Fazan, Ramon Fuentes, Ii-sei Watanabe.

Writing - original draft: Fernando José Dias.

Writing - review & editing: Fernando José Dias.

References

1. Raimondo S, Fornaro M, Tos P, Battiston B, Giacobini-Robecchi MG, Geuna S. Perspectives in regen-
eration and tissue engineering of peripheral nerves. Ann Anat. 2011; 193(4):334—40. https://doi.org/10.
1016/j.aanat.2011.03.001 PMID: 21474294

2. Evans GR. Peripheral nerve injury: a review and approach to tissue engineered constructs. Anat Rec.
2001; 263(4):396—404. https://doi.org/10.1002/ar.1120 PMID: 11500817

PLOS ONE | https://doi.org/10.1371/journal.pone.0210211  January 9, 2019 13/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210211.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0210211.s002
https://doi.org/10.1016/j.aanat.2011.03.001
https://doi.org/10.1016/j.aanat.2011.03.001
http://www.ncbi.nlm.nih.gov/pubmed/21474294
https://doi.org/10.1002/ar.1120
http://www.ncbi.nlm.nih.gov/pubmed/11500817
https://doi.org/10.1371/journal.pone.0210211

o ®
@ : PLOS | ONE Low-level laser and natural latex on crushed nerve. NGF and VEGF expressions and ultrastructural features

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Kim JR, Oh SH, Kwon GB, Namgung U, Song KS, Jeon BH, et al. Acceleration of Peripheral Nerve
Regeneration Through Asymmetrically Porous Nerve Guide Conduit Applied with Biological/Physical
Stimulation. Tissue Eng Part A. 2013; 19(23-24):2674-85. https://doi.org/10.1089/ten. TEA.2012.0735
PMID: 23859225

LiR, LiuZ, PanY, Chen L, Zhang Z, Lu L. Peripheral Nerve Injuries Treatment: a Systematic Review.
Cell Biochem Biophys. 2013; 68(3):449-54. https://doi.org/10.1007/s12013-013-9742-1 PMID:
24037713

Martinez De Albornoz P, Delgado PJ, Forriol F, Maffulli N. Non-surgical therapies for peripheral nerve
injury. Br Med Bull. 2011; 100:73-100. https://doi.org/10.1093/bmb/Idr005 PMID: 21429947

Xiao L, Tsutsui T. Human dental mesenchymal stem cells and neural regeneration. Hum Cell. 2013; 26
(3): 91-6. https://doi.org/10.1007/s13577-013-0069-4 PMID: 23817972

Rochkind S. Laser Photobiomodulation in Neuroscience: From Bench to Bedside. Photomed Laser
Surg. 2016; 34(12): 585-6. https://doi.org/10.1089/pho.2016.4206 PMID: 27925504

Meek MF, Varejao AS, Geuna S. Use of skeletal muscle tissue in peripheral nerve repair: review of the
literature. Tissue Eng. 2004; 10(7-8):1027-36. https://doi.org/10.1089/ten.2004.10.1027 PMID:
15363160

Shen CC, Yang YC, Liu BS. Large-area irradiated low-level laser effect in a biodegradable nerve guide
conduit on neural regeneration of peripheral nerve injury in rats. Injury. 2011; 41:803-13. https://doi.
org/10.1016/}.injury.2011.02.005

Lundborg G. Richard P. Bunge memorial lecture. Nerve injury and repair—a challenge to the plastic
brain. J Peripher Nerv Syst. 2003; 8(4):209-26. PMID: 14641646.

Hashmi JT, Huang YY, Osmani BZ, Sharma SK, Naeser MA, Hamblin MR. Role of low-level laser ther-
apy in neurorehabilitation. PM R. 2010; 2(12 supplement):s292-s305. https://doi.org/10.1016/j.pmrj.
2010.10.013 PMID: 21172691

Gomes LE, Dalmarco EM, André ES. The brain-derived neurotrophic factor, nerve growth factor, neuro-
trophin-3, and induced nitric oxide synthase expressions after low-level laser therapy in an axonotmesis
experimental model. Photomed Laser Surg. 2012; 30(11):642-7. https://doi.org/10.1089/pho.2012.
3242 PMID: 23003120

Yazdani SO, Golestaneh AF, Shafiee A, Hafizi M, Omrani HA, Soleimani M. Effects of low level laser
therapy on proliferation and neurotrophic factor gene expression of human schwann cells in vitro. J
Photochem Photobiol B. 2012; 107: 9—13. https://doi.org/10.1016/j.jphotobiol.2011.11.001 PMID:
22178388

Camara CN, Brito MV, Silveira EL, Silva DS, Simdes VR, Pontes RW. Histological analysis of low-inten-
sity laser therapy effects in peripheral nerve regeneration in Wistar rats. Acta Cir Bras. 2011; 26(1): 12—
18. https://doi.org/10.1590/S0102-86502011000100004 PMID: 21271198

Medalha CC, Di Gangi GC, Barbosa CB, Fernandes M, Aguiar O, Faloppa F, et al.Low-level laser ther-
apy improves repair following complete resection of the sciatic nerve in rats. Lasers Med Sci. 2012; 27
(3):629-35. https://doi.org/10.1007/s10103-011-1008-9 PMID: 22009383

Alcantara CC, Gigo-Benato D, Salvini TF, Oliveira AL, Anders JJ, Russo TL. Effect of low-level laser
therapy (LLLT) on acute neural recovery and inflammation-related gene expression after crush injury in
rat sciatic nerve. Lasers Surg Med. 2013; 45(4):246-52, 2013. https://doi.org/10.1002/Ism.22129
PMID: 23568823

Mrué F, Coutinho-Netto J, Ceneviva R, Lachat JJ, Thomazini JA, Tambelini H. Evaluation of The
Biocompatibility of a New Biomembrane. Materials Res. 2004; 7(2): 277-83. https://doi.org/10.1590/
S$1516-14392004000200010

Balabanian CA, Coutinho-Netto J, Lamano-Carvalho TL, Lacerda SA, Brentegani LG. Biocompatibility
of natural latex implanted into dental alveolus of rats. J Oral Sci, 2006; 48(4): 201-5. https://doi.org/10.
2334/josnusd.48.201 PMID: 17220617

Andrade TA, lyer A, Das PK, Foss NT, Garcia SB, Coutinho-Netto J, et al. The inflammatory stimulus of
a natural latex biomembrane improves healing in mice. Braz J Med Biol Res. 2011; 44(10): 1036—47.
https://doi.org/10.1590/S0100-879X2011007500116 PMID: 21915475

Ganga MV, Coutinho-Netto J, Colli BO, Marques Junior W, Catalao CH, Santana RT, et al. Sciatic
nerve regeneration in rats by a nerve conduit engineering with a membrane derived from natural latex.
Acta Cir Bras. 2012; 27(12):885-91. https://doi.org/10.1590/S0102-86502012001200010 PMID:
23207756

Dias FJ, Issa JP, lyomasa MM, Coutinho-Netto J, Calzzani RA, lyomasa DM, et al.Application of a low-
level laser therapy and the purified protein from natural latex (Hevea brasiliensis) in the controlled crush
injury of the sciatic nerve of rats: a morphological, quantitative, and ultrastructural study. Biomed Res
Int. 2013; 2013: 597863. https://doi.org/10.1155/2013/597863 PMID: 23936823

PLOS ONE | https://doi.org/10.1371/journal.pone.0210211  January 9, 2019 14/17


https://doi.org/10.1089/ten.TEA.2012.0735
http://www.ncbi.nlm.nih.gov/pubmed/23859225
https://doi.org/10.1007/s12013-013-9742-1
http://www.ncbi.nlm.nih.gov/pubmed/24037713
https://doi.org/10.1093/bmb/ldr005
http://www.ncbi.nlm.nih.gov/pubmed/21429947
https://doi.org/10.1007/s13577-013-0069-4
http://www.ncbi.nlm.nih.gov/pubmed/23817972
https://doi.org/10.1089/pho.2016.4206
http://www.ncbi.nlm.nih.gov/pubmed/27925504
https://doi.org/10.1089/ten.2004.10.1027
http://www.ncbi.nlm.nih.gov/pubmed/15363160
https://doi.org/10.1016/j.injury.2011.02.005
https://doi.org/10.1016/j.injury.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/14641646
https://doi.org/10.1016/j.pmrj.2010.10.013
https://doi.org/10.1016/j.pmrj.2010.10.013
http://www.ncbi.nlm.nih.gov/pubmed/21172691
https://doi.org/10.1089/pho.2012.3242
https://doi.org/10.1089/pho.2012.3242
http://www.ncbi.nlm.nih.gov/pubmed/23003120
https://doi.org/10.1016/j.jphotobiol.2011.11.001
http://www.ncbi.nlm.nih.gov/pubmed/22178388
https://doi.org/10.1590/S0102-86502011000100004
http://www.ncbi.nlm.nih.gov/pubmed/21271198
https://doi.org/10.1007/s10103-011-1008-9
http://www.ncbi.nlm.nih.gov/pubmed/22009383
https://doi.org/10.1002/lsm.22129
http://www.ncbi.nlm.nih.gov/pubmed/23568823
https://doi.org/10.1590/S1516-14392004000200010
https://doi.org/10.1590/S1516-14392004000200010
https://doi.org/10.2334/josnusd.48.201
https://doi.org/10.2334/josnusd.48.201
http://www.ncbi.nlm.nih.gov/pubmed/17220617
https://doi.org/10.1590/S0100-879X2011007500116
http://www.ncbi.nlm.nih.gov/pubmed/21915475
https://doi.org/10.1590/S0102-86502012001200010
http://www.ncbi.nlm.nih.gov/pubmed/23207756
https://doi.org/10.1155/2013/597863
http://www.ncbi.nlm.nih.gov/pubmed/23936823
https://doi.org/10.1371/journal.pone.0210211

o ®
@ : PLOS | ONE Low-level laser and natural latex on crushed nerve. NGF and VEGF expressions and ultrastructural features

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Dias FJ, Issa JP, Coutinho-Netto J, Fazan VP, Sousa LG, lyomasa MM, et al. Morphometric and high
resolution scanning electron microscopy analysis of low-level laser therapy and latex protein (Hevea
brasiliensis) administration following a crush injury of the sciatic nerve in rats. J Neurol Sci. 2015; 349
(1-2):129-37. https://doi.org/10.1016/j.jns.2014.12.043 PMID: 25619570

Barreiros VC, Dias FJ, lyomasa MM, Coutinho-Netto J, de Sousa LG, Fazan VP, et al. Morphological
and morphometric analyses of crushed sciatic nerves after application of a purified protein from natural
latex and hyaluronic acid hydrogel. Growth Factors. 2014; 32(5):164-70. https://doi.org/10.3109/
08977194.2014.952727 PMID: 25257251

Muniz KL, Dias FJ, Coutinho-Netto J, Calzzani RA, lyomasa MM, Sousa LG, et al. Properties of the
tibialis anterior muscle after treatment with laser therapy and natural latex protein following sciatic nerve
crush. Muscle Nerve. 2015; 52(5):869-75. https://doi.org/10.1002/mus.24602 PMID: 25677810

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular Biology of the Cell, 6th ed New
York: W. W. Norton & Company; 2010.

Chiono V, Tonda-Turo C, Ciardelli G. Chapter 9: Artificial scaffolds for peripheral nerve reconstruction.
Int Rev Neurobiol. 2009; 87:173-98. https://doi.org/10.1016/S0074-7742(09)87009-8 PMID: 19682638

Kashyap MP, Roberts C, Waseem M, Tyagi P. Drug Targets in Neurotrophin Signaling in the Central
and Peripheral Nervous System. Mol Neurobiol. 2018; 55(8):6939-55. https://doi.org/10.1007/s12035-
018-0885-3 PMID: 29372544

Chen XQ, Sawa M, Mobley WC. Dysregulation of neurotrophin signaling in the pathogenesis of Alzhei-
mer disease and of Alzheimer disease in Down syndrome. Free Radic Biol Med. 2018; 114:52—61.
https://doi.org/10.1016/j.freeradbiomed.2017.10.341 PMID: 29031834

Keefe KM, Sheikh IS, Smith GM. Targeting Neurotrophins to Specific Populations of Neurons: NGF,
BDNF, and NT-3 and Their Relevance for Treatment of Spinal Cord Injury. Int J Mol Sci. 2017; 18(3).
pii: E548. https://doi.org/10.3390/ijms 18030548 PMID: 28273811

Holmes K, Roberts OL, Thomas AM, Cross MJ. Vascular endothelial growth factor receptor-2: struc-
ture, function, intracellular signalling and therapeutic inhibition. Cell Signal. 2007; 19(10):2003—12.
https://doi.org/10.1016/j.cellsig.2007.05.013 PMID: 17658244

Guo H, ZhouH, LuJ,QuY, YuD, Tong Y. Vascular endothelial growth factor: an attractive target in the
treatment of hypoxic/ischemic brain injury. Neural Regen Res. 2016; 11(1):174-9. https://doi.org/10.
4103/1673-5374.175067 PMID: 26981109

YangJ, Yan J, Liu B. Targeting VEGF/VEGFR to Modulate Antitumor Immunity. Front Immunol. 2018;
9:978. https://doi.org/10.3389/fimmu.2018.00978 PMID: 29774034

Pfister LA, Papaloizos M, Merkle HP, Gander B. Nerve conduits and growth factor delivery in peripheral
nerve repair. J Peripher Nerv Syst. 2007; 12(2): 65-82. https://doi.org/10.1111/j.1529-8027.2007.
00125.x PMID: 17565531

Richner M, Ulrichsen M, EImegaard SL, Dieu R, Pallesen LT, Vaegter CB. Peripheral nerve injury mod-
ulates neurotrophin signaling in the peripheral and central nervous system. Mol Neurobiol. 2014; 50(3):
945-70. https://doi.org/10.1007/s12035-014-8706-9 PMID: 24752592

Acosta CM, Cortes C, Macphee H, Namaka MP. Exploring the Role of Nerve Growth Factor in Multiple
Sclerosis: Implications in Myelin Repair. CNS Neurol. Disord. Drug. Targets., 2013; 12(8):1242-56.
https://doi.org/10.2174/18715273113129990087 PMID: 23844684

Li BH, Kim SM, Yoo SB, Kim MJ, Jahng JW, Lee JH. Recombinant human nerve growth factor (rhNGF-
) gene transfer promotes regeneration of crush-injured mental nerve in rats. Oral Surg Oral Med Oral
Pathol Oral Radiol. 2012; 113(3):e26—34. https://doi.org/10.1016/].triplec.2011.07.002 PMID:
22669154

Yang CC, Wang J, Chen SC, Hsieh YL. Synergistic effects of low-level laser and mesenchymal stem
cells on functional recovery in rats with crushed sciatic nerves. J Tissue Eng Regen Med. 2016; 10
(2):120-31. https://doi.org/10.1002/term.1714 PMID: 23468370

Ziago EK, Fazan VP, lyomasa MM, Sousa LG, Yamauchi PY, da Silva EA, et al.Analysis of the variation
in low-level laser energy density on the crushed sciatic nerves of rats: a morphological, quantitative,
and morphometric study. Lasers Med Sci. 2017; 32(2):369-378. https://doi.org/10.1007/s10103-016-
2126-1 PMID: 28063018

Issa JP, Defino HL, Sebald W, Coutinho-Netto J, lyomasa MM, Shimano AC, et al. Biological evaluation
of the bone healing process after application of two potentially osteogenic proteins: an animal experi-
mental model. Gerodontology. 2012; 29(4): 258—64. https://doi.org/10.1111/j.1741-2358.2011.00526.x
PMID: 22970792

Park J, Lim E, Back S, Na H, Park Y, Sun K. Nerve regeneration following spinal cord injury using matrix
metalloproteinase-sensitive, hyaluronic acid-based biomimetic hydrogel scaffold containing brain-
derived neurotrophic factor. J Biomed Mater Res A. 2010; 93(3):1091-99. https://doi.org/10.1002/jbm.
a.32519 PMID: 19768787

PLOS ONE | https://doi.org/10.1371/journal.pone.0210211  January 9, 2019 15/17


https://doi.org/10.1016/j.jns.2014.12.043
http://www.ncbi.nlm.nih.gov/pubmed/25619570
https://doi.org/10.3109/08977194.2014.952727
https://doi.org/10.3109/08977194.2014.952727
http://www.ncbi.nlm.nih.gov/pubmed/25257251
https://doi.org/10.1002/mus.24602
http://www.ncbi.nlm.nih.gov/pubmed/25677810
https://doi.org/10.1016/S0074-7742(09)87009-8
http://www.ncbi.nlm.nih.gov/pubmed/19682638
https://doi.org/10.1007/s12035-018-0885-3
https://doi.org/10.1007/s12035-018-0885-3
http://www.ncbi.nlm.nih.gov/pubmed/29372544
https://doi.org/10.1016/j.freeradbiomed.2017.10.341
http://www.ncbi.nlm.nih.gov/pubmed/29031834
https://doi.org/10.3390/ijms18030548
http://www.ncbi.nlm.nih.gov/pubmed/28273811
https://doi.org/10.1016/j.cellsig.2007.05.013
http://www.ncbi.nlm.nih.gov/pubmed/17658244
https://doi.org/10.4103/1673-5374.175067
https://doi.org/10.4103/1673-5374.175067
http://www.ncbi.nlm.nih.gov/pubmed/26981109
https://doi.org/10.3389/fimmu.2018.00978
http://www.ncbi.nlm.nih.gov/pubmed/29774034
https://doi.org/10.1111/j.1529-8027.2007.00125.x
https://doi.org/10.1111/j.1529-8027.2007.00125.x
http://www.ncbi.nlm.nih.gov/pubmed/17565531
https://doi.org/10.1007/s12035-014-8706-9
http://www.ncbi.nlm.nih.gov/pubmed/24752592
https://doi.org/10.2174/18715273113129990087
http://www.ncbi.nlm.nih.gov/pubmed/23844684
https://doi.org/10.1016/j.tripleo.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22669154
https://doi.org/10.1002/term.1714
http://www.ncbi.nlm.nih.gov/pubmed/23468370
https://doi.org/10.1007/s10103-016-2126-1
https://doi.org/10.1007/s10103-016-2126-1
http://www.ncbi.nlm.nih.gov/pubmed/28063018
https://doi.org/10.1111/j.1741-2358.2011.00526.x
http://www.ncbi.nlm.nih.gov/pubmed/22970792
https://doi.org/10.1002/jbm.a.32519
https://doi.org/10.1002/jbm.a.32519
http://www.ncbi.nlm.nih.gov/pubmed/19768787
https://doi.org/10.1371/journal.pone.0210211

o ®
@ : PLOS | ONE Low-level laser and natural latex on crushed nerve. NGF and VEGF expressions and ultrastructural features

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Raimondo S, Fornaro M, Di Scipio F, Ronchi G, Giacobini-Robecchi MG, Geuna S. Chapter 5: Methods
and protocols in peripheral nerve regeneration experimental research: part [I-morphological techniques.
Int Rev Neurobiol. 2009; 87:81-103. https://doi.org/10.1016/S0074-7742(09)87005-0 PMID: 19682634

Ferguson TA, Son YJ. Extrinsic and intrinsic determinants of nerve regeneration. J. Tissue Eng 2011; 2
(1):2041731411418392. https://doi.org/10.1177/2041731411418392 PMID: 22292105

Chang CJ. The effect of pulse-released nerve growth factor from genipin-crosslinked gelatin in schwann
cell-seeded polycaprolactone conduits on large-gap peripheral nerve regeneration. Tissue Eng Part A.
2009 Mar; 15(3):547-57. https://doi.org/10.1089/ten.tea.2007.0342 PMID: 18925830

Rochkind S. Phototherapy in peripheral nerve regeneration: From basic science to clinical study. Neuro-
surg Focus. 2009; 26(2): E8. https://doi.org/10.3171/FOC.2009.26.2.E8 PMID: 19199510

Lecht S, Arien-Zakay H, Wagenstein Y, Inoue S, Marcinkiewicz C, Lelkes P, et al. Transient signaling
of Erk1/2, Akt and PLCgamma induced by nerve growth factor in brain capillary endothelial cells. Vascul
Pharmacol. 2010; 53(3—4):107-14. https://doi.org/10.1016/j.vph.2010.04.005 PMID: 20434587

Meloni M, Caporali A, Graiani G, Lagrasta C, Katare R, Van Linthout S, et al.Nerve growth factor pro-
motes cardiac repair following myocardial infarction. Circ Res. 2010; 106(7):1275-84. https://doi.org/
10.1161/CIRCRESAHA.109.210088 PMID: 20360245

Park MJ, Kwak HJ, Lee HC, Yoo DH, Park IC, Kim MS, et al. Nerve growth factor induces endothelial
cell invasion and cord formation by promoting matrix metalloproteinase-2 expression through the phos-
phatidylinositol 3-kinase/Akt signaling pathway and AP-2 transcription factor. J Biol Chem. 2007; 282
(42):30485-96. https://doi.org/10.1074/jbc.M701081200 PMID: 17666398

Rahbek UL, Dissing S, Thomassen C, Hansen AJ, Tritsaris K. Nerve growth factor activates aorta endo-
thelial cells causing PI3K/Akt- and ERK-dependent migration. Pflugers Arch. 2005; 450(5):355-61.
https://doi.org/10.1007/s00424-005-1436-0 PMID: 15924236

Urzua U, Tapia V, Geraldo MP, Selman A, Vega M, Romero C. Nerve growth factor stimulates cellular
proliferation of human epithelial ovarian cancer. Horm Metab Res. 2012; 44(9):656—61. https://doi.org/
10.1055/s-0032-1304617 PMID: 22411587

Wang WX, Hu XY, Xie XJ, Liu XB, Wu RR, Wang YP, et al. Nerve growth factor induces cord formation
of mesenchymal stem cell by promoting proliferation and activating the PI3K/Akt signaling pathway.
Acta Pharmacol Sin. 2011; 32(12):1483-90. https://doi.org/10.1038/aps.2011.141 PMID: 22139028

Zettler C, Bridges DC, Zhou XF, Rush RA. Detection of increased tissue concentrations of nerve growth
factor with an improved extraction procedure. J Neurosci Res. 1996; 46(5):581-94. https://doi.org/10.
1002/(SICI)1097-4547(19961201)46:5&lt;581::AID-JNR7&gt;3.0.CO;2-F PMID: 8951670

Kim YS, Jo DH, Lee H, Kim JH, Kim KW, Kim JH. Nerve growth factor-mediated vascular endothelial
growth factor expression of astrocyte in retinal vascular development. Biochem Biophys Res Commun.
2013; 431(4):740-5. https://doi.org/10.1016/.bbrc.2013.01.045 PMID: 23337506

Mendonga RJ, Mauricio VB, Teixeira Lde B, Lachat JJ, Coutinho-Netto J. Increased vascular perme-
ability, angiogenesis and wound healing induced by the serum of natural latex of the rubber tree Hevea
brasiliensis. Phytother Res. 2010; 24(5):764-8. https://doi.org/10.1002/ptr.3043 PMID: 19943314

Jang CH, Cho YB, Choi CH. Effect of ginkgo biloba extract on recovery after facial nerve crush injury in
the rat. Int J Pediatr Otorhinolaryngol. 2012; 76(12):1823-6. https://doi.org/10.1016/.ijporl.2012.09.
009 PMID: 23021527

Yen P, Finley SD, Engel-Stefanini MO, Popel AS. A two-compartment model of VEGF distribution in the
mouse. PLoS One. 2011; 6(11): e27514. https://doi.org/10.1371/journal.pone.0027514 PMID:
22087332

Giacca M, Zacchigna S. VEGF gene therapy: therapeutic angiogenesis in the clinic and beyond. Gene
Ther. 2012; 19(6):622-9. https://doi.org/10.1038/gt.2012.17 PMID: 22378343

Rovak JM, Mungara AK, Aydin MA, Cederna PS. Effects of vascular endothelial growth factor on nerve
regeneration in acellular nerve grafts. J Reconstr Microsurg. 2004; 20(1):53-8. https://doi.org/10.1055/
s-2004-818050 PMID: 14973776

Brassolatti P, Bossini PS, Kido HW, Derencio Oliveira MC, Almeida-Lopes L, Zanardi LM, et al. Photo-
biomodulation and bacterial cellulose membrane in the treatment of third-degree burns in rats. J Tissue
Viability. 2018; 27(4):249-56. https://doi.org/10.1016/}.jtv.2018.10.001 PMID: 30318397

Szezerbaty SKF, de Oliveira RF, Pires-Oliveira DAA, Soares CP, Sartori D, Poli-Frederico RC. The
effect of low-level laser therapy (660 nm) on the gene expression involved in tissue repair. Lasers Med
Sci. 2018; 33(2):315-21. https://doi.org/10.1007/s10103-017-2375-7 PMID: 29159515

Sampaio RB, Mendonca RJ, Simioni AR, Costa RA, Siqueira RC, Correa VM, et al. Rabbit retinal neo-
vascularization induced by latex angiogenic-derived fraction: an experimental model. Curr Eye Res.
2010; 35(1):56-62. https://doi.org/10.3109/02713680903374216 PMID: 20021255

PLOS ONE | https://doi.org/10.1371/journal.pone.0210211  January 9, 2019 16/17


https://doi.org/10.1016/S0074-7742(09)87005-0
http://www.ncbi.nlm.nih.gov/pubmed/19682634
https://doi.org/10.1177/2041731411418392
http://www.ncbi.nlm.nih.gov/pubmed/22292105
https://doi.org/10.1089/ten.tea.2007.0342
http://www.ncbi.nlm.nih.gov/pubmed/18925830
https://doi.org/10.3171/FOC.2009.26.2.E8
http://www.ncbi.nlm.nih.gov/pubmed/19199510
https://doi.org/10.1016/j.vph.2010.04.005
http://www.ncbi.nlm.nih.gov/pubmed/20434587
https://doi.org/10.1161/CIRCRESAHA.109.210088
https://doi.org/10.1161/CIRCRESAHA.109.210088
http://www.ncbi.nlm.nih.gov/pubmed/20360245
https://doi.org/10.1074/jbc.M701081200
http://www.ncbi.nlm.nih.gov/pubmed/17666398
https://doi.org/10.1007/s00424-005-1436-0
http://www.ncbi.nlm.nih.gov/pubmed/15924236
https://doi.org/10.1055/s-0032-1304617
https://doi.org/10.1055/s-0032-1304617
http://www.ncbi.nlm.nih.gov/pubmed/22411587
https://doi.org/10.1038/aps.2011.141
http://www.ncbi.nlm.nih.gov/pubmed/22139028
https://doi.org/10.1002/(SICI)1097-4547(19961201)46:5&lt;581::AID-JNR7&gt;3.0.CO;2-F
https://doi.org/10.1002/(SICI)1097-4547(19961201)46:5&lt;581::AID-JNR7&gt;3.0.CO;2-F
http://www.ncbi.nlm.nih.gov/pubmed/8951670
https://doi.org/10.1016/j.bbrc.2013.01.045
http://www.ncbi.nlm.nih.gov/pubmed/23337506
https://doi.org/10.1002/ptr.3043
http://www.ncbi.nlm.nih.gov/pubmed/19943314
https://doi.org/10.1016/j.ijporl.2012.09.009
https://doi.org/10.1016/j.ijporl.2012.09.009
http://www.ncbi.nlm.nih.gov/pubmed/23021527
https://doi.org/10.1371/journal.pone.0027514
http://www.ncbi.nlm.nih.gov/pubmed/22087332
https://doi.org/10.1038/gt.2012.17
http://www.ncbi.nlm.nih.gov/pubmed/22378343
https://doi.org/10.1055/s-2004-818050
https://doi.org/10.1055/s-2004-818050
http://www.ncbi.nlm.nih.gov/pubmed/14973776
https://doi.org/10.1016/j.jtv.2018.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30318397
https://doi.org/10.1007/s10103-017-2375-7
http://www.ncbi.nlm.nih.gov/pubmed/29159515
https://doi.org/10.3109/02713680903374216
http://www.ncbi.nlm.nih.gov/pubmed/20021255
https://doi.org/10.1371/journal.pone.0210211

o ®
@ : PLOS | ONE Low-level laser and natural latex on crushed nerve. NGF and VEGF expressions and ultrastructural features

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Felix SP, Pereira Lopes FR, Marques SA, Martinez AM. Comparison between suture and fibrin glue on
repair by direct coaptation or tubulization of injured mouse sciatic nerve. Microsurgery. 2013; 33
(6):468—77. https://doi.org/10.1002/micr.22109 PMID: 23836677

Hashimoto T, Suzuki Y, Kitada M, Kataoka K, Wu S, Suzuki K, et al. Peripheral nerve regeneration
through alginate gel: analysis of early outgrowth and late increase in diameter of regenerating axons.
Exp Brain Res. 2002; 146(3):356-68. hitps://doi.org/10.1007/s00221-002-1173-y PMID: 12232692

Ishikawa N, Suzuki Y, Ohta M, Cho H, Suzuki S, Dezawa M, Ide C. Peripheral nerve regeneration
through the space formed by a chitosan gel sponge. J Biomed Mater Res A. 2007; 83(1):33—40. https://
doi.org/10.1002/jbm.a.31126 PMID: 17370321

Miligiliche NL, Tabata Y, Kitada M, Endoh K, Okamato K, Fujimoto E, et al. Poly lactic acid—caprolac-
tone copolymer tube with a denatured skeletal muscle segment inside as a guide for peripheral nerve
regeneration: a morphological and electrophysiological evaluation of the regenerated nerves. Anat Sci
Int. 2003; 78(3):156—61. https://doi.org/10.1046/j.0022-7722.2003.00056.x PMID: 14527129

Zhao J, YuH, Xu'Y, Bai Y. Experimental study on regeneration of sciatic nerve injury with physical ther-
apy. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi. 2011; 25(1):107-11. PMID: 21351623.

Shibuya A, Nakahashi-Oda C, Tahara-Hanaoka S. Inhibitory Immunoreceptors on Mast Cells in Allergy
and Inflammationinnovative Medicine: Basic Research and Development [Internet]. Tokyo: Springer;
2015. https://doi.org/10.1007/978-4-431-55651-0_8 PMID: 29787171

Johnson-Weaver B, Choi HW, Abraham SN, Staats HF. Mast cell activators as novel immune regula-
tors. Curr Opin Pharmacol. 2018; 41:89-95. https://doi.org/10.1016/j.coph.2018.05.004 PMID:
29843056

De Bortoli Teixeira L, Aguillar Epifanio VL, Lachat JJ, Tiraboschi Foss N, Coutinho-Netto J. Oral treat-
ment with Hev b 13 prevents experimental arthritis in mice. Clin Exp Immunol. 2012; 168(3):285-90.
https://doi.org/10.1111/j.1365-2249.2012.04582.x PMID: 22519591

Alves MM, Aratjo LA, Mrué F, Gomes CM, Oliveira MAP, Neves RA, et al. Immunomodulating Effects
of the purified Hev B 13 fraction on septic rats. Arq Bras Cir Dig. 2017; 30(2):93-7. https://doi.org/10.
1590/0102-6720201700020004 PMID: 29257842

Araujo LA, Melo-Reis PR, Mrue F, Gomes CM, Oliveira MAP, Silva HM, et al. Protein from Hevea brasi-
liensis "Hev b 13" latex attenuates systemic inflammatory response and lung lesions in rats with sepsis.
Braz J Biol. 201; 78(2):271-80. https://doi.org/10.1590/1519-6984.06316 PMID: 28793032

Ohta M, Chosa N, Kyakumoto S, Yokota S, Okubo N, Nemoto A, et al. IL-13 and TNF-a suppress TGF-
B-promoted NGF expression in periodontal ligament-derived fibroblasts through inactivation of TGF--
induced Smad2/3- and p38 MAPK-mediated signals. Int J Mol Med. 2018; 42(3):1484-94. https://doi.
org/10.3892/ijmm.2018.3714 PMID: 29901090

Wang Y, Wang L, Wen Z, Wang J, Zhu Y, Chen H, et al. High IL-6 and VEGF-A levels correlate with
delayed wound healing in cervical lymph node tuberculosis patients. Int J Tuberc Lung Dis. 2018; 22
(10):1227-32. https://doi.org/10.5588/ijtld.18.0027 PMID: 30236193

PLOS ONE | https://doi.org/10.1371/journal.pone.0210211  January 9, 2019 17/17


https://doi.org/10.1002/micr.22109
http://www.ncbi.nlm.nih.gov/pubmed/23836677
https://doi.org/10.1007/s00221-002-1173-y
http://www.ncbi.nlm.nih.gov/pubmed/12232692
https://doi.org/10.1002/jbm.a.31126
https://doi.org/10.1002/jbm.a.31126
http://www.ncbi.nlm.nih.gov/pubmed/17370321
https://doi.org/10.1046/j.0022-7722.2003.00056.x
http://www.ncbi.nlm.nih.gov/pubmed/14527129
http://www.ncbi.nlm.nih.gov/pubmed/21351623
https://doi.org/10.1007/978-4-431-55651-0_8
http://www.ncbi.nlm.nih.gov/pubmed/29787171
https://doi.org/10.1016/j.coph.2018.05.004
http://www.ncbi.nlm.nih.gov/pubmed/29843056
https://doi.org/10.1111/j.1365-2249.2012.04582.x
http://www.ncbi.nlm.nih.gov/pubmed/22519591
https://doi.org/10.1590/0102-6720201700020004
https://doi.org/10.1590/0102-6720201700020004
http://www.ncbi.nlm.nih.gov/pubmed/29257842
https://doi.org/10.1590/1519-6984.06316
http://www.ncbi.nlm.nih.gov/pubmed/28793032
https://doi.org/10.3892/ijmm.2018.3714
https://doi.org/10.3892/ijmm.2018.3714
http://www.ncbi.nlm.nih.gov/pubmed/29901090
https://doi.org/10.5588/ijtld.18.0027
http://www.ncbi.nlm.nih.gov/pubmed/30236193
https://doi.org/10.1371/journal.pone.0210211

