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The modulation of collagen fibers during experimental skin wound healing was studied in 112 Wistar rats
submitted to laser photobiomodulation treatment. A standardized 8 mm-diameter wound was made on
the dorsal skin of all animals. In half of them, 0.2 ml of a silica suspension was injected along the border of
the wound in order to enhance collagen deposition and facilitate observation. The others received saline
as vehicle. The treatment was carried out by means of laser rays from an aluminum-gallium arsenide

Keywords: diode semiconductor with 9 mW applied every other day (total dose =4 J/cm?) on the borders of the
é‘;‘l';’algee":l laser wound. Tissue sections obtained from four experimental groups representing sham-irradiated animals,
Silica laser, silica and the association of both, were studied after 3, 7, 10, 15, 20, 30 and 60 days from the laser
Fibrosis application. The wounded skin area was surgically removed and submitted to histological, immunohisto-

chemical, ultrastructural, and immunofluorescent studies. Besides the degree and arrangement of colla-
gen fibers and of their isotypes, the degree of edema, the presence of several cell types especially
pericytes and myofibroblasts, were described and measured. The observation of Sirius-red stained slides
under polarized microscopy revealed to be of great help during the morphological analysis of the collagen
tissue dynamic changes. It was demonstrated that laser application was responsible for edema regression
and a diminution in the number of inflammatory cells (p < 0.05). An evident increase in the number of
actin-positive cells was observed in the laser-treated wounds. Collagen deposition was less than expected
in silica-treated wounds, and laser treatment contributed to its better differentiation and modulation in
all irradiated groups. Thus, laser photobiomodulation was able to induce several modifications during the
cutaneous healing process, especially in favoring newly-formed collagen fibers to be better organized and
compactedly disposed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Several studies have recently demonstrated that laser photobio-
modulation is able to alterate cellular metabolism, especially by
interfering with mitochondrial-membrane potential and ATP syn-
thesis [1,2]. Furthermore, such modality of laser therapy is also
effective in stimulating the cellular cycle and therefore cellular
proliferation [3]. Through such capability of biostimulation, laser
therapy may induce a decisive impact on the course of biological
events that take place during wound healing. The gradual fibro-
blastic proliferation and the amount of collagen being synthesized
can be particularly affected during tissue reconstruction [4]. Sev-
eral exogenous factors may interfere with the structural pattern
and the amount of collagen fibers being deposited during the heal-
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ing process. Pugliese et al. [5] observed that skin wound experi-
mentally produced in rats exhibited more collagen deposition
when under low level laser irradiation, than the non-irradiated
controls. An important detail about collagen bio-synthesis under
laser irradiation has been stressed by Garavello-Freitas et al. [6].
They studied the structural pattern of the collagen fibers during
bone repair by polarizing-light microscopy and observed that laser
therapy induced the formation of more compact and paralleled-
disposed fibers. Also, Fung et al. [7] experimentally demonstrated
that collagen fibers appeared thicker and better organized in the
collateral-medial ligaments of the knee, 3-6 weeks following sur-
gery, supplemented by a 660 nm wavelength laser application.

The present study was aimed at investigating the interference
of low level aluminum-gallium-arsenide laser upon collagen syn-
thesis and its further structural organization during skin wound
healing in rats. To better observe such changes by enhancing colla-
gen production, two groups of rats were additionally injected with
silica along the line demarcating the area of the skin that should be
immediately removed.
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2. Materials and methods
2.1. Experimental groups

One hundred and twelve Wistar rats of both sexes, weighing
220 g, were kept in individual cages with good conditions of light
and room temperature (+26 °C), with free access to a balanced
commercial diet. All the animals had their dorsal skin shaved and
cleaned. In the center of this shaved area an 8 mm-diameter circle
was marked with India ink. This marked area was either injected
with 0.2 ml of saline for half of the animals or with 0.2 ml of a silica
suspension for the remaining half (approximately 3 x 10° particles,
calculated with the use of a hemocytometer). Injections were made
around the inner periphery from the ink-demarcated circle, into
four points of the superficial dermis, under strict conditions of
asepsis and anesthesia. Three days afterwards, a circular portion
of the skin was removed from the delimited area of all animals
by means of an 8 mm-diameter circular device (Biopsy Punch -
Stiefel - Germany), leaving a well delimited and uniform skin ul-
cer, which was thereafter investigated.

The animals were divided into four experimental groups.

2.1.1. Group 1
Shame-irradiated controls with the skin ulcer produced in an
area previously injected with saline.

2.1.2. Group I

Laser, animals with the skin ulcer produced in an area previ-
ously injected with saline and submitted to low level laser irradia-
tion, as follows: a semi-conductor diode As-Ga-Al laser apparatus
was used to deliver a 9 mW-670 nm wavelength treatment (Laser
VR-KC-610 Dentoflex, Brazil). Four 0.5 J/cm? punctual applications
were performed on the edges of the wound so that the total dose of
1]J/cm? was reached every other day, until a dose of 4 Jjcm? was
completed. Time used for the laser-ray application of each point
was based on an equation proposed by Tuner and Hode [8], which
indicated 31 s per session. The total time corresponding to 4 J/cm?
of energy density was 124 s. To estimate the area at the light beam
emission point, a specimeter provided with a scale from 0.1 to
10mm? was used. The area of the spot size was
28.27 x 1072 cm? and power density about 31 mW/cm?. The dose
of 4 JJcm? was selected on the basis of previous studies by Medrado
et al. [9].

2.1.3. Group 11l

Silica, animals from this group were injected with silica 3 days
before the skin ulcer was produced and treated in the same way as
for the others groups, but with the laser apparatus unplugged.

2.1.4. Group IV

Laser + silica, animals from this group were injected with silica
3 days before the skin ulcer was produced and submitted to low le-
vel laser irradiation. Laser therapy was similar to that of the previ-
ous group IL.

Upon completing the laser treatment, tissues representative of
the border of the ulcer were removed from all the experimental
animals at 3, 7, 10, 15, 20, 30 and 60 days pos treatment, and
immediately submitted to the following procedures. Four animals
of each group were killed at these specific days.

2.2. Histology

Fragments of the skin, including the margin of the wound and
subcutaneous tissue were fixed in 10% neutral formalin, followed
by paraffin embedding, and the microtome sections were stained

with hematoxilyn and eosin and Sirius-red. The cuts stained with
picrosirius were examined under a polarized light microscope
and analysis of the results obtained from the examination of the
sections was descriptively expressed. Changes affecting the num-
ber of polymorphonuclear inflammatory cells, the degree of edema,
mononuclear inflammatory cells and collagen fibers deposition
were semi-quantitatively and blindly evaluated in coded slides
and registered as absent (0), mild (+), moderate (++), and marked
(+++).

2.3. Fluorescence microscopy

Fragments of the ulcerated skin were immediately placed in Tis-
sue-Tek, and immersed into liquid nitrogen for a few minutes and
kept frozen at —70 °C in airtight boxes, until the moment they were
sectioned in a cryostat at —20 °C. The sections were submitted to
an indirect immunofluorescence technique for the demonstration
of collagen isotypes (I, Il and IV), laminin and fibronectin. The spe-
cific anti-sera were polyclonal, obtained in rabbits (Institute Pas-
teur, France). They were used in dilution varying from 1:40 to
1:100. Details concerning their preparation and tests of specificity
appeared elsewhere [10]. Secondary fluoresceinated anti rabbit-
IgG was commercially obtained from Sigma, USA and diluted at
1:40 in PBS with 2% of BSA diluted at 1/5 in Evans’ blue. Analyses
of the results obtained from the examination of the sections were
descriptively expressed.

2.4. Immunohistochemistry

For the demonstration of SM-a actin and desmin, paraffin sec-
tions of formalin-fixed tissue were used. Antigen retrieval was
accomplished through micro-wave treatment in citrate buffer at
pH 6.0. Sections were incubated with the primary antibodies either
for anti-alpha-1 actin (1:800; clone 1A4) or anti-desmin (1:100;
clone M0760) overnight, at 4 °C in a humidified chamber (DAKO,
Cardinteria, CA, USA). Primary antibodies were diluted in 2% BSA
in PBS (pH 7.4). After washing in PBS, sections were incubated in
10% skimmed milk during 20 min for blocking non-specific liga-
tions. The slides were then incubated with the secondary antibody:
a sheep - anti-Rat IgG conjugated to peroxidase (Dako envision
system - labeled polymer, Dako, USA) at the dilution of 1:1000
for 30 min at 37 °C in an humidified chamber. Blockage of the
endogenous peroxidase was done with 0.3% H,0, for 30 min, at
room temperature. The color was developed with 0.06% 3.3’-diam-
inobenzidine tetrahydrochloride (DAB) (Sigma, St. Louis, Mo-USA)
and 0.06% H,O, plus 1% dimethylsulphoxide (Sigma, St. Louis,
Mo-USA). Sections were counterstained with 1% hematoxilyn for
5 min, dehydrated and mounted with Permount. Control sections
in which primary antibody was either omitted or replaced by nor-
mal mouse serum diluted in 1:300 were used as negative controls.
Positive controls were obtained of smooth muscle of a rat’s uterus
for anti-alpha-1 actin and stried muscle for anti-desmin. Changes
affecting the number of cells marked for desmin and smooth mus-
cle alpha actin were semi-quantitatively evaluated in accordance
with the same parameters described in histology section.

2.5. Transmission electron microscopy

Tiny fragments of the skin (about 1 mm?®) were immediately
fixed by immersion into 4% glutaraldehyde in 0.2 M cacodylate
buffer, pH 7.4, for 1 h at 4 °C, washed in buffer and postfixed with
1% osmium tetroxide, dehydrated in graded concentrations of ace-
tone and embedded in Poly-bed 812 (Embedding Media Poly-
sciences, IVC). Selected ultrathin sections (50-70 nm) were made
with a Reichert (Ultratome Supernova Leica) ultramicrotome and
mounted on uncoated copper grids, contrasted with uranyl acetate
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and a lead citrate. Specimens were examined in a Zeiss EM-9 elec-
tron microscope, which was operated at an acceleration voltage of
50 kV. The sections were also descriptively expressed.

2.6. Statistical analysis

A non-parametric version of the Exact Kruskal-Wallis test for
the determination of differences between groups was used, to-
gether with the Dunn’s multiple comparison test for pair analysis.
Results were considered significant when reached p < 0.05.

3. Results
3.1. Group 1

In the histological sections stained with hematoxylin and eosin
of sham group, corresponding to the third day after surgical proce-
dure, accentuated edema and marked inflammatory infiltrate of
predominantly neutrophilic polymorphonuclear cells were ob-
served (Fig. 1, Tables 1 and 3). Mild lymphocytic infiltrate were
seen (Table 2). In some areas, the sections observed under polar-
ized light showed a predominance of greenish-yellow fibers with
irregular refringence. On the seventh day, it was observed that
all sham and irradiated animals exhibited granulation tissue, with
angiogenesis and increased mononuclear cell infiltrate, especially
macrophages and lymphocytes (Table 2). Collagen matrix under
polarized light showed a predominance of greenish-yellow fibers,

and few thick yellowish-orange fibers disposed in various direc-
tions were observed. The content of collagen was always less
expressive when compared to the other groups. The difference
was even greater at the 10th day (Fig. 5A, Table 6). The presence
of cells expressing alpha actin and desmin was discrete at different
periods of death. The immunofluorescence findings revealed mild
expression of collagen and fibronectin, which was confirmed by
ultrastructural study. Although this group exhibited a delayed
wound healing, all the animals showed similar histological charac-
teristics at the final periods of the experiment.

3.2. Group II

The earliest microscopical changes observed in the skin wounds
in all groups were dominated by acute inflammation, but from the
3rd day on those changes subsided, and were gradually replaced by
mononuclear leukocytes. However, the laser-irradiated animals
exhibited much less polymorphonuclear cells than their respective
controls (Table 1). Infiltration of small islets of adipose cells were
observed in the dermis (Fig. 1B). Mononuclear infiltrate was statis-
tical different from the others groups at this time (Table 2). Seven
days after the wound was inflicted, all the groups presented a
prominent granulation tissue which became more and more evi-
dent, with the sprouting of numerous small blood capillaries
accompanied by disperse fusiform cells and edema. Edema de-
creased significantly in the laser-treated group, as can be appreci-
ated in Table 3. The granulation tissue was made particularly

Fig. 1. Presence of edema and inflammatory infiltrate as observed in different experimental groups three days after the surgical procedure. (A) Control; (B) laser; (C) silica; (D)

laser/silica. Hematoxilyn-eosin staining, X100.
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evident when the sections treated with a fluoresceinated anti-lam-
inin serum were observed under U-V light, especially for the laser-
treated group (Fig. 2). This group also presented several scattered
fusiform smooth-muscle alpha-actin positive cells, both around
the proliferating capillaries and venules, as in the interior of the
inflammatory tissue (Table 4, Figs. 3 and 4). In addition anti-des-
min positive cells appeared sparse within granulation tissue (Table
5). Around the 10th day the general pattern differed little from the
above described. However, the lesions submitted to laser irradia-
tion exhibited a diminution in the degree of edema, which became
mild. Also, they disclosed mild, but significant differences in the
amount and in distribution pattern, regarding the collagen fibers,
which appeared straight instead of wavy, thicker and with a ten-
dency toward a parallel disposition, as compared to non-irradiated
wounds (Table 6, Fig. 5B). Fluorescence microscopy revealed a
gradual increase of type I collagen and fibronectin, especially
prominent in the animals submitted to silica contamination and la-
ser treatment. At this point, the electron microscopical picture was
compatible with and increased synthesis activity, as demonstrated
by the presence of fibroblasts and myofibroblasts with proliferated
and dilated endoplasmic reticulum, in the middle of collagen fibrils
and abundant amorphous material (proteoglycans), and mild ede-
ma (Figs. 6 and 7).

3.3. Group Il

As for the silica-injected group fibrinous exsudation repre-
sented a prominent change, regardless of laser treatment (Fig.

Table 1
Distribution of the polymorphonuclear cells in the sham, laser, silica and laser/silica
treated groups

1C). The areas just below the crust and little above the muscular
layer were particularly involved. Under the electron microscope
such deposit appeared structureless with a tendency to form small
aggregations (Fig. 8). During this early stage collagen fibers and fi-
brils were thin, bent and distributed at random, without a particu-
lar spatial orientation. They acquire a greenish hue when viewed
under polarized light. However, they tend to form thicker bundles
at the 10th day (Fig. 5C), although the expression of total collagen
was always smaller than that of the other experimental groups at
different days of death. Fluorescence microscopy exhibited a grad-
ual increase of type I collagen similar to Group II. Fibronectin was
also seen in focal areas of inflammatory exudate which was ob-
served until the 10th day. Sections from the silica group revealed
in addition focal collection of polymorphonuclear leukocytes (Ta-
ble 1) and foreign body giant cells, besides a strong proliferation
of fusiform basophilic cells and blood capillaries (angiogenesis).
The silica treated group allowed for an enhancement of chronic
inflammation in the wounds (Table 2). Another proeminent finding
was the presence of alpha-actin positive cells at 20, 30 and 60th
days.

3.4. Group IV

On the third day large ectasic and congested vessels were evi-
dent (Fig. 1D). Edema and polymorphonuclear leukocytes were
mild and at this time of death, a large contingent of mononuclear
cells were noted, especially macrophages and lymphocytes (Tables
1-3). On the seventh day, the granulation tissue formation was

Table 2
Distribution of the mononuclear cells in the sham, laser, silica and laser/silica treated
groups

Time of death (days) Group Median Q:-Qs® D Time of death (days) Group Median Q:-Qs® p

3 Sham 3.00 2.25-3.00 0.029° 3 Sham 2.00 2.00-2.75 0.172
Laser 2.00 2.00-2.00 Laser 2.50 2.00-3.00
Silica 3.00 2.25-3.00 Silica 2.00 2.00-2.00
Laser + silica 2.00 2.00-2.00 Laser + silica 3.00 2.25-3.00

7 Sham 1.00*0< 1.00-1.00 0.002" 7 Sham 2.00 2.00-2.00 0.002"
Laser 0.004 0.00-0.00 Laser 2.00 2.00-2.00
Silica 1.00%f 1.00-1.00 Silica 3.00f 3.00-3.00
Laser + silica 0.00°f 0.00-0.00 Laser + silica 1.00° 1.00-1.00

10 Sham 1.00 0.25-1.00 0.016" 10 Sham 2.00 1.25-2.00 0.004"
Laser 0.00 0.00-0.00 Laser 1.00 0.25-1.00
Silica 0.00 0.00-0.00 Silica 2.00f 2.00-2.00
Laser + silica 0.00 0.00-0.00 Laser + silica 0.00 0.00-0.00

15 Sham 0.00 0.00-0.00 1.000 15 Sham 2.00? 2.00-2.00 0.002"
Laser 0.00 0.00-0.00 Laser 0.00* 0.00-0.00
Silica 0.00 0.00-0.00 Silica 1.00 1.00-1.00
Laser + silica 0.00 0.00-0.00 Laser + silica 1.00 1.00-1.00

20 Sham 0.00 0.00-0.00 1.000 20 Sham 0.00¢ 0.00-0.00 0.007"
Laser 0.00 0.00-0.00 Laser 0.00¢ 0.00-0.00
Silica 0.00 0.00-0.00 Silica 1.00 0.25-1.00
Laser + silica 0.00 0.00-0.00 Laser + silica 1.00%¢ 1.00-1.00

30 Sham 0.00 0.00-0.00 1.000 30 Sham 0.00¢ 0.00-0.00 0.008"
Laser 0.00 0.00-0.00 Laser 0.00¢ 0.00-0.00
Silica 0.00 0.00-0.00 Silica 0.00 0.00-0.75
Laser + silica 0.00 0.00-0.00 Laser + silica 1.00%¢ 1.00-1.00

60 Sham 0.00 0.00-0.00 1.000 60 Sham 0.00 0.00-0.75 0.392
Laser 0.00 0.00-0.00 Laser 0.00 0.00-0.00
Silica 0.00 0.00-0.00 Silica 0.00 0.00-0.00
Laser + silica 0.00 0.00-0.00 Laser + silica 0.00 0.00-0.00

" The median difference is significant at the 0.05 level.

@ Significant difference between sham and laser groups.

b Significant difference between sham and silica groups.

¢ Significant difference between sham and laser + silica groups.
4 Significant difference between laser and silica groups.

¢ Significant difference between laser and laser + silica groups.

f Significant difference between silica and laser + silica groups.
& Q; - Lower quartiles/Qs - Upper quartiles.

“ The median difference is significant at the 0.05 level.

2 Significant difference between sham and laser groups.

b Significant difference between sham and silica groups.

¢ Significant difference between sham and laser + silica groups.
d Significant difference between laser and silica groups.

¢ Significant difference between laser and laser + silica groups.
f Significant difference between silica and laser + silica groups.
& Q; - Lower quartiles/Qs; — Upper quartiles.
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more expressive than those of sham and silica groups, but was very
similar to laser group. The same aspect was observed as far as con-
cerned to alpha actin and desmin positive cells. Ultrastructurally,
fibroblasts were more frequent in comparison to the silica group
and exhibited a slightly more developed rough endoplasmatic

Table 3
Distribution of edema in the sham, laser, silica and laser/silica treated groups
Time of death (days) Group Median Q1-Qs® p
3 Sham 3.007 3.00-3.00 0.002"
Laser 2.00*¢ 2.00-2.00
Silica 3.004f 3.00-3.00
Laser + silica 2.00° 2.00-2.00
7 Sham 1.00¢ 1.00-1.00 0.025"
Laser 0.00 0.00-0.75
Silica 1.00 0.25-1.00
Laser + silica 0.00¢ 0.00-0.00
10 Sham 2.00%P< 1.25-2.00 0.002"
Laser 0.00? 0.00-0.00
Silica 0.00° 0.00-0.00
Laser + silica 0.00¢ 0.00-0.00
15 Sham 0.00 0.00-0.00 1.000
Laser 0.00 0.00-0.00
Silica 0.00 0.00-0.00
Laser + silica 0.00 0.00-0.00
20 Sham 0.00 0.00-0.00 1.000
Laser 0.00 0.00-0.00
Silica 0.00 0.00-0.00
Laser + silica 0.00 0.00-0.00
30 Sham 0.00 0.00-0.00 1.000
Laser 0.00 0.00-0.00
Silica 0.00 0.00-0.00
Laser + silica 0.00 0.00-0.00
60 Sham 0.00 0.00-0.00 1.000
Laser 0.00 0.00-0.00
Silica 0.00 0.00-0.00
Laser + silica 0.00 0.00-0.00

=

The median difference is significant at the 0.05 level.
Significant difference between sham and laser groups.
Significant difference between sham and silica groups.
Significant difference between sham and laser + silica groups.
Significant difference between laser and silica groups.
Significant difference between laser and laser + silica groups.
f Significant difference between silica and laser + silica groups.
& Qq - Lower quartiles/Q; — Upper quartiles.

a
b
c
d

e

reticulum. Deposition of denser matrix was verified, and next to
the fibroblasts, collagen fibers exhibiting packed and organized
appearance were observed. At the 10th day, the collagenous matrix
was constituted of fibers of varying thickness, with a more evident
organizational pattern than those observed in the sham and silica

Table 4
Distribution of alpha-actin positive cells in the sham, laser, silica and laser/silica
treated groups

Time of death (days) Group Median Q1-Qs® D

3 Sham 1.00¢ 1.00-1.00 0.002"
Laser 1.00¢ 1.00-1.00
Silica 2.00 2.00-2.00
Laser + silica 3.00%¢ 3.00-3.00

7 Sham 1.00>¢ 1.00-1.00 0.008"
Laser 3.00 1.50-3.00
Silica 3.00° 3.00-3.00
Laser + silica 3.00° 3.00-3.00

10 Sham 1.00°¢ 1.00-1.00 0.008"
Laser 2.00 1.25-2.00
Silica 2.00° 2.00-2.00
Laser + silica 2.00¢ 2.00-2.00

15 Sham 1.00 1.00-1.00 1.000
Laser 1.00 1.00-1.00
Silica 1.00 1.00-1.00
Laser + silica 1.00 1.00-1.00

20 Sham 0.50 0.00-1.00 0.093
Laser 1.00 1.00-1.00
Silica 1.00 1.00-1.00
Laser + silica 1.00 1.00-1.00

30 Sham 0.00* b< 0.00-0.00 0.002°
Laser 1.00° 1.00-1.00
Silica 1.00° 1.00-1.00
Laser + silica 1.00¢ 1.00-1.00

60 Sham 0.00 0.00-0.00 0.058
Laser 0.50 0.00-1.00
Silica 1.00 1.00-1.00
Laser + silica 0.50 0.00-1.00

" The median difference is significant at the 0.05 level.

2 Significant difference between sham and laser groups.

b Significant difference between sham and silica groups.

¢ Significant difference between sham and laser + silica groups.
d Significant difference between laser and silica groups.

¢ Significant difference between laser and laser + silica groups.
f Significant difference between silica and laser + silica groups.

& Q - Lower quartiles/Qs — Upper quartiles.

Fig. 2. Fluorescent basement membrane from proliferated blood vessels appears in
a three-day wound made in a laser group animal. Immuno-fluorescence anti-
laminin staining. X200.

Fig. 3. Fusiform smooth-muscle alpha-actin positive cells around the proliferating
capillaries and venules. Endothelial cells appear unmarked. Laser group, 7 days.
Immunohistochemistry, smooth-muscle alpha-actin, X400.
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groups, showing a larger contingent of thicker, yellow-orange fi-
bers. Total collagen was greater for the laser irradiated groups (Ta-
ble 6), but some differences were noted in the distribution and
appearance of the collagen fibers during electron microscope
examination, even when laser/silica animals and non-irradiated

Fig. 4. Fusiform smooth-muscle alpha-actin positive cells in the middle of the
inflammatory tissue. Silica group, 7 days. Immunohistochemistry, smooth-muscle
alpha-actin, X400.

Table 5

ones were compared. In the former, collagen fibers were longer,
parallel and straight, while in the later they tended to appear frag-
mented and less uniform in thickness (Figs. 9 and 10). Collagen
type Il predominated in the first days of healing, but its expression
decreased rapidly as the expression of collagen type I became more
evident from the 7th day on. Sixty days elapsed from surgery, the
wounds from all the groups tended to acquire a more uniform
appearance, the wound area becoming a depressed fibroplastic pla-
que covered by skin with a thin epidermis and absence of folicules
in the fibrotic dermis. No appreciable differences could be regis-
tered when the wounds from all groups were compared at this fi-
nal period.

4. Discussion

The present investigation revealed once more that laser therapy
has the ability to incite some biological phenomena capable of
modulating the morphological pattern of the connective tissue
during repair and healing. The animals with experimental skin ul-
cers that were submitted to laser treatment presented statistically
significant reduction of the amount of edema and the degree of
polymorphonuclear leukocyte exudates, 3-7 days following laser
application. Similar findings have been described in the literature
[11]. Thus, the accumulated data are in accordance with the idea
that laser treatment depresses the exudative phase at the same
time that enhances the proliferative processes during acute and
chronic inflammation.

Distribution of desmin positive cells in the sham, laser, silica and laser/silica treated Table 6
groups Distribution of the collagen in the sham, laser, silica and laser/silica treated groups
Time of death (days) Group Median Q:-Qs8 p Time of death (days) Group Median Q:-Qs# P
3 Sham 0.00 0.00-0.75 0.010" 3 Sham 0.00 0.00-0.75 0.016"
Laser 0.00 0.00-0.75 Laser 1.00 1.00-1.00
Silica 2.00 1.25-2.00 Silica 1.00 1.00-1.00
Laser + silica 2.00 1.25-2.00 Laser + silica 1.00 1.00-1.00
7 Sham 0.00¢ 0.00-0.00 0.011° 7 Sham 1.00 1.00-1.00 0.058
Laser 1.00 0.25-1.00 Laser 1.00 1.00-1.00
Silica 1.00 1.00-1.00 Silica 1.00 1.00-1.75
Laser + silica 1.00¢ 1.00-1.75 Laser + silica 2.00 1.25-2.00
10 Sham 1.00 1.00-1.00 0.238 10 Sham 1.00 1.00-1.75 0.028"
Laser 1.00 0.25-1.00 Laser 2.00 2.00-2.00
Silica 0.50 0.00-1.00 Silica 1.00 1.00-1.75
Laser + silica 1.00 1.00-1.00 Laser + silica 2.00 2.00-2.75
15 Sham 1.00¢ 1.00-1.00 0.040" 15 Sham 2.00 2.00-2.75 0.172
Laser 0.00 0.00-0.75 Laser 3.00 2.25-3.00
Silica 0.50 0.00-1.00 Silica 2.00 2.00-2.00
Laser + silica 0.00¢ 0.00-0.00 Laser + silica 2.50 2.00-3.00
20 Sham 0.50 0.00-1.00 0.093 20 Sham 3.00 2.25-3.00 0.008"
Laser 0.00 0.00-0.00 Laser 3.00¢ 3.00-3.00
Silica 0.00 0.00-0.00 Silica 2.00%f 2.00-2.00
Laser + silica 0.00 0.00-0.00 Laser + silica 3.00f 3.00-3.00
30 Sham 0.00 0.00-0.00 1.000 30 Sham 3.00 3.00-3.00 0.016"
Laser 0.00 0.00-0.00 Laser 3.00 3.00-3.00
Silica 0.00 0.00-0.00 Silica 2.00 2.00-2.75
Laser + silica 0.00 0.00-0.00 Laser + silica 3.00 3.00-3.00
60 Sham 0.00 0.00-0.00 1.000 60 Sham 3.00 3.00-3.00 0.392
Laser 0.00 0.00-0.00 Laser 3.00 3.00-3.00
Silica 0.00 0.00-0.00 Silica 3.00 2.25-3.00
Laser + silica 0.00 0.00-0.00 Laser + silica 3.00 3.00-3.00

" The median difference is significant at the 0.05 level.

2 Significant difference between sham and laser groups.

b Significant difference between sham and silica groups.

¢ Significant difference between sham and laser + silica groups.
9 Significant difference between laser and silica groups.

¢ Significant difference between laser and laser + silica groups.

f Significant difference between silica and laser + silica groups.

& Q; - Lower quartiles/Q; - Upper quartiles.

" The median difference is significant at the 0.05 level.

2 Significant difference between sham and laser groups.

b Significant difference between sham and silica groups.

¢ Significant difference between sham and laser + silica groups? Significant differ-
ence between laser and silica groups.

¢ Significant difference between laser and laser + silica groups.

f Significant difference between silica and laser + silica groups.

& Q; - Lower quartiles/Q; - Upper quartiles.
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Fig. 5. Collagen fiber pattern observed under polarized light in different experimental groups ten days after the surgical procedure. (A) Control; (B) laser; (C) silica;

(D) laser/silica. Picrosirius staining, X400.

Fig. 6. A fibroblast exhibiting hyperplastic and dilated endoplasmic reticulum and
fatty vacuoles from a laser group animal, 10th day. Electron micrograph, X12 000.

It is known that silica is an important fibrosis inductor. It has
been observed that silica stimulates collagen synthesis by fibro-
blasts [12,13]. The evidences indicate that biological products se-
creted by macrophages during phagocytosis of silica particles,

Fig. 7. A group of fibroblasts aligned on the extracellular matrix of an animal
treated with laser, 10th day. Electron micrograph, X4 400.

such as TGF-B, are able to stimulate the deposition of collagenous
matrix locally [14]. Similarly, data from the literature also refer
that low-level laser increases collagen contents in extracellular
matrix [5]. Of course the increase in the amount of collagen fibrils
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Fig. 8. Fibrin deposits appear within the extracellular matrix. Silica-treated animal,
three days after the wound was inflicted. Electron micrograph, X7 000.

Fig. 9. An irregular distribution of collagen fibers as seen in an animal from silica
group without laser irradiation, 10 days. Electron micrograph, X7 000.

Fig. 10. Collagen fibers appear more compactedly arranged in a laser/silica-treated
animal. 10 days. Electron micrograph, X7 000.

and fibers in the matrix during laser treatment may result from a
combination of fibroblast proliferation coupled to enhanced colla-
gen synthesis by such cells. Therefore, laser may act by stimulating
either or both ways at the same time.

The addition of silica to the inflicted skin wound, as was made
in two groups of rats, was used as an experimental tool in order
to increase collagen production, and thus facilitate the observation
of the changes that laser treatment would bring about. However,
the comparative analysis of the silica groups at 15, 20, 30 and 60
days did not demonstrate significant differences in the rate of col-
lagen deposition when compared with their respective controls.
The increase in collagen deposition was less than expected, and
did not result in much additional information during the micro-
scopic studies. Probably one of the reasons for that was connected
to the physical state of the silica being used. It has been demon-
strated that recently fractured silica is more fibrogenic than that
kept in bottles for a prolonged time [15].

Ultrastructural findings from the silica-treated groups fre-
quently exhibited deposits of structureless amorphous material
within the interstitial tissue, sometimes forming small focal accu-
mulations, probably fibrin-derived. According to Giorgio-Miller
et al. [16] fibrin from the interstitial fluid may induce fibrosis in
the mouse skin lacking the plasminogen-activate factor. Although
a large amount of this insoluble protein was observed at the early
stages of the repair process in silica-treated rats, the statistical
analysis of collagen was not significant between sham and silica
groups.

Microscopic observation under polarizing light was proved ade-
quate for the qualitative analysis, due to the birefringence of colla-
gen fibers and fibrils. Such birefringence reveals a supramolecular
organization, with macromolecules arranged in parallel fashion.
Besides collagen, actin (F-actin), myosin, and intermediate fila-
ments may also disclose birefringence [17,18]. Modulation during
repair, leading to the appearance of more compacted and paral-
leled-oriented collagen fibers, can result in the formation of a
structure similar to that of the lost original tissue, including the
reestablishment of the tensile force. These features were here dem-
onstrated in the animals subjected to laser treatment at 10, 15 and
20 days from the skin wound, when thicker parallel collagen fibers
replaced the damaged area. Fluorescence microscopy analyses re-
vealed a tendency of earlier substitution of collagen type Il by type
[ in laser treated animals. However, from the 30th day on such
difference was less apparent, since collagen tissue replacement
from all groups similarly showed the same advanced degree of
maturation.

Immunohistochemistry with anti-alfa actin antibody has cur-
rently been used to mark smooth muscle, and to identify myofibro-
blasts and pericytes [19,20]. Medrado et al. [9] have demonstrated
the presence of great number of actin-positive cells in rats with 3-
7-day-old experimental skin ulcers following treatment with laser.
Ultrastructural findings confirmed the immunohistochemical data
by revealing myofibroblasts as fusiform cells, with hyperplastic
rough endoplasmic reticulum, indented nuclei, and perinuclear
basement-membrane-like material. These results were also re-
ported by others [21]. In the present investigation the number of
actin-positive cells was even more significant for the irradiated
groups at the 3, 7 and 10 days, although the non-irradiated sil-
ica-treated group, also revealed similar findings at the 3rd day
when compared to controls. Several of these actin-positive cells
showed para-vasal position, and some of them appeared to be
detaching from the periphery of capillaries and venules. They were
identified as pericytes, and appeared in great numbers in irradiated
animals. The participation of pericytes during the healing process
has already been described, and new functions have been de-
scribed to these cells, especially suggesting the possibility that they
may function as “reserve cells” or “stem-cells”. Although, the
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plasticity and other properties of the pericytes are still in need of
further studies, their potential to differentiate into osteoblasts,
condrocytes, fibroblasts, leiomyocytes and adipocytes has already
been largely studied [22]. Probably the participation of pericytes
in wound healing is still more important and fundamental than
we can now imagine. Another prominent finding detected in the
present study refers to angiogenesis. It has been recognized as an
essential element in several physiological and pathological pro-
cesses, such as embryogenesis and growth, healing, neoplasia,
metastasis, and so on. The new microvasculature allows the ex-
change of fluids, oxygen, nutrients and cells within the stroma
[23]. Laser photobiomodulation can activate the local blood circu-
lation and stimulate proliferation of endothelial cells, as reported
by some [24,25].

Immunofluorescent microscopy was of help in demonstrating
collagen types (Iand III), as well as fibronectin, within the healing tis-
sues, although no clear cut differences were noted as far as their gen-
eral pattern of distribution was concerned, except that fibronectin
appeared more concentrated in focal inflammatory zones.

As herein reported, external factors such as laser and silica were
identified as capable of modulating collagen synthesis during cuta-
neous wound healing, with increasing efficacy when both factors
acted together. Moreover, laser irradiation, even when associated
with silica, allowed a better arrangement of the collagen fibers
arrangement, necessary for the development the tensile force of
the cicatricial tissue. Similar data confirm and support data that have
been presented in relation to bone and ligament repair [6,7], all of
them indicative that laser therapy play a decisive role in influencing
the quality of the extracellular matrix during wound healing.
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