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Abstract This study evaluated the functional and quanti-
tative differences between the early and delayed use of
phototherapy in crushed median nerves. After a crush
injury, low-level laser therapy (GaAs) was applied trans-
cutaneously at the injury site, 3 min daily, with a frequency
of five treatments per week for 2 weeks. In the early group,
the first laser treatment started immediately after surgery,
and in the delayed group, after 7 days. The grasping test
was used for functional evaluation of the median nerve,
before, 10, and 21 days after surgery, when the rats were
killed. Three segments of the median nerve were analyzed
histomorphometrically by light microscopy and computer
analysis. The following features were observed: myelinated
fiber and axon diameters, myelin sheath area, g-ratio,
density and number of myelinated fibers, and area and
number of capillaries. In the proximal segment (site of
crush), the nerves of animals submitted to early and delayed
treatment showed myelinated fiber diameter and myelin
sheath area significantly larger compared to the untreated
group. In the distal segment, the myelin sheath area was
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significantly smaller in the untreated animals compared to
the delayed group. The untreated, early, and delayed groups
presented a 50, 57, and 81% degree of functional recovery,
respectively, at 21 days after injury, with a significant
difference between the untreated and delayed groups. The
results suggest that the nerves irradiated with low-power
laser exhibit myelinated fibers of greater diameter and a
better recovery of function.

Keywords Median nerve - Crush injury - Morphometry -
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Introduction

Recovery from injuries to peripheral nerves eventually
occurs in most cases and can be a very slow and frequently
incomplete process. Numerous attempts have been made to
enhance and accelerate the recovery of injured peripheral
nerves and various tools have been experimentally tested,
one of the methods studied is the use of phototherapy [1].
The phototherapy has been applied clinically in cases of
pain, wound, inflammation, and soft-tissue injury, occurs at
irradiation intensities so low that any resulting biological
effects are due to physical and/or chemical changes
associated with the interaction of cells and tissues with
the laser irradiation, and not simply as a result of heating. In
the case of peripheral nerve injury, the phototherapy has
been used as an affective adjuvant to both conservative and
surgical treatment. In nerve-cell cultures, laser phototherapy
has been used to stimulate activation of cells [2, 3].
Several studies have shown the positive effects of
phototherapy on peripheral nerve regeneration in crush
injuries [4-8], in end-to-side [9] and end-to-end neuro-
rrhaphy [10-12], tubulization repair [13, 14], and acellular
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nerve allograft [15]. There are some similarities among the
protocols used to start treatment. Most studies have adopted
a treatment protocol based on the early use of phototherapy,
on the first postoperative day, with positive results [1]. The
only study [16] in which the beginning of treatment was
delayed to the second postoperative week led to negative
results.

The purpose of the present study was to investigate if
there were functional (evaluated by grasping test [17]) and
morphometric (achieved by light microscopy and computer
analysis) differences between the early (starting on the first
postoperative day) and delayed (starting on second postop-
erative week) use of phototherapy of crushed median
nerves and to observe the effects of these methods on three
segments of median nerve.

Materials and methods
Animals and surgical procedure

The animal protocol was approved by the Ethics Committee
for Animal Experimentation of the Faculty of Medicine of
Ribeirdo Preto, University of Sdo Paulo (protocol number:
050/2006). Twenty-four female Wistar rats weighing on
average 250 g were used. Before and after the operation the
animals were kept in plastic cages in rooms with a 12-
h light-dark cycle, with free access to food and water. The
animals were anesthetized with an intraperitoneal injection
of xylazine (20 mg/kg) and ketamine (100 mg/kg). Under
aseptic conditions and after hair trimming, the right median
nerve was exposed 10 mm above the elbow and a crush
injury was induced using a standard hemostat in which the
second notch was utilized for maintaining the nerve crush.
The same was maintained closed, during 2 min, in order to
crush the nerve. The skin was closed with 4-0 silk sutures.
The animals were randomly divided into three groups of
eight animals each: group 1 did not receive the laser
treatment (untreated group), group 2 received the laser
treatment starting on the first postoperative day (early
group), and group 3 received the laser treatment starting
1 week after the injury (delayed group).

Phototherapy

The equipment used herein was a pulsed gallium-arsenide
(GaAs) laser (BIOSET®) with wavelength of 904 nm,
power of 40 mW, energy density of 9 J/cm?® and total
delivered energy for irradiated groups was 7.2 J. Laser
treatment was applied transcutancously to the site of
surgery, in a single point, the incidence angle of beam
was kept perpendicular (90°) to the irradiation surface, and
the irradiated area was same size as the laser spot (0.2 cm?).
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The therapeutic procedure was begun immediately after
surgery in the early group and in the delayed group after
7 days, with a frequency of 5 days per week, for 2 weeks.
All animals were treated the same way.

Assessment of nerve function recovery

The recovery of median nerve function was assessed by
means of the grasping test [17]. Briefly, the rats were gently
lifted by the tail and allowed to grasp a grid connected to an
ordinary electronic balance. While grasping the grid, the
animal continued to be lifted by the tail with increasing
firmness until it lost its grip. At this precise moment, the
value shown by the balance was recorded. Before surgery,
the function of the right median nerve was assessed in all
animals in order to obtain baseline control values (presur-
gery). All animals were then retested on postoperative day
10 and at the end of the experiment (day 21). The
contralateral forepaw was temporarily prevented by wrap-
ping it around with an adhesive tape. The tests were made
by a single, skilled investigator who was blinded to the
experimental group to which each animal belonged.

Histology and quantitative morphology

Twenty-one days after surgery, under general anesthesia, the
site of crush was located through a stitch made in the
neighboring muscle, and the median nerve segment
(proximal segment) was removed after being fixed in situ
with 2.5% glutaraldehyde solution in 0.025 M cacodylate
buffer. The distal segment (forearm, distal 1/3) of the
median nerve and the lateral proper digital nerve of the
third finger (the more distal branch of the median nerve)
were also removed. After removal, the nerves were kept in
the same fixative solution for an additional 48 h, postfixed
with 1% osmium tetroxide for 12 h, and processed for
epoxy resin embedding (Poly/Bed 812®, Polysciences Inc.,
Warrington, PA, USA). After careful positioning of the
nerve fragments in the embedding molds, transverse
sections were cut at 0.25 pum, stained with 1% Toluidine
blue, and observed under an Axiophot photomicroscope
(Carl Zeiss, Jena, Germany).

The images were acquired via a digital camera (TK-
1270, JVC, Victor Company of Japan, Ltd, Tokyo, Japan)
and were analyzed using an IBM/PC. Analysis of the
sections was blind. The cross-sectional areas of the
fascicles were obtained manually, and the number of
fascicles was counted. The luminal area and number of
capillaries were also obtained. The endoneurial area
occupied by the capillaries was measured. In the study of
the myelinated fibers, the endoneurial space was observed
using an optical set with an oil immersion lens (100x),
optovar (1.6x), and a camera with lens of 0.5% and an 8x
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magnification, which provided images with excellent
resolution. The images were scanned using an automatic
motorized microscope stage (Carl Zeiss, Jena, Germany),
without overlap of the microscopic fields. Thirty percent of
such microscopic fields were randomly studied in proximal
and distal segments of the median nerves. All microscopic
fields of the lateral proper digital nerve of the third finger
were analyzed. The morphometric parameters for the
myelinated fibers of the nerve segments were obtained as
described previously [18, 19]. Briefly, the total number of
myelinated fibers present in each microscopic field was
identified by visual inspection and counted. The numerical
density of the myelinated fibers was calculated. The
minimal diameter of the myelinated fibers was measured
using image-analysis software (KS 400, Kontron 2.0,
Eching Bei Miinchen, Germany). Only fibers of circular
shape were measured. Both the axonal minimal diameter
and the total fiber minimal diameter were measured, and the
ratio between the two diameters, the g-ratio (a measure of
the degree of myelination), was obtained [20, 21]. The
myelin sheath area was calculated for each myelinated fiber
area measured. Histograms of the distribution of the
myelinated fiber and axon populations were constructed.
A regression analysis was generated to determine the
relationship between the diameter of the axon and that of
the myelinated fiber (shown for the proximal and distal
segments of the median nerves).

Statistical analysis

Functional and morphometric data are presented as mean +
SD. Morphometric data were compared between groups by
the non-parametric Kruskal-Wallis test. Two-tailed and
functional data was compared by the non-parametric
Kruskal-Wallis test followed by the post hoc Dunn test.
Statistical analysis was performed using the Statistical
Package for the Social Science (SPSS), version 15.0.
Differences were considered significant at p<0.05.

Results

The results of the grasping test assessment are reported in
Table 1. On the 10th day after injury, the three groups
presented similar values of muscle strength, corresponding
to only 7% (untreated and delayed groups) and 6% (early
group) of normal values. The untreated, early, and delayed
groups presented 50, 57, and 81% of the normal strength,
respectively, on the 21st day after injury. There was a
significant difference (p=0.03) between the untreated and
delayed groups on the 21st day.

Figure 1 shows photomicrographs of the proximal (i.e.,
injury site) and distal segments of the median nerve and the

Table 1 Values obtained by the grasping test (data are means + SD)

Group Presurgery 10 days 21 days
Untreated 327429 23+13 164+20
Early 285+50 1714 162+69
Delayed 281+34 19+14 228+66*

*Indicates a significant difference between the delayed and untreated
groups

Differences were considered significant at p<0.05.

lateral proper digital nerve of the third finger of the three
groups. In the early and delayed groups, the proximal
segments showed myelinated fibers of larger diameter. In
the distal segments that difference was less evident, with
the delayed group appearing to have some myelinated
fibers of larger diameter. The lateral proper digital nerves
of the third finger showed an expressive reduction of
myelinated fibers without visual differences among
groups.

The morphometric data obtained for the proximal and
distal segments of the median nerve of the three groups are
presented in Table 2. In the proximal segments, the axon
diameter (p=0.04), the myelinated fiber diameter (p=0.03),
and the myelin sheath area (p=0.02) were significantly
larger in the delayed group compared to the untreated
group. The myelinated fiber diameter (p=0.03) and the
myelin sheath area (p=0.02) were significantly larger in the
early group compared to the untreated one. The delayed
group tended to present a larger number of capillaries in the
proximal segments. However, there was no difference
among groups in the total endoneurial area occupied by
the capillaries, which did not exceed 1.14% (proximal
segments) and 0.26% (distal segments). In the distal
segment, the myelin sheath area (p = 0.05) was larger in
the delayed group compared to the untreated group. The
absence of visual differences in the lateral proper digital
nerves of the third finger among groups was confirmed by
statistical analysis. The distribution of the myelinated fibers
and axons diameters in the proximal segments of the early
and delayed groups showed fibers of larger diameter
compared to the untreated group (Fig. 2). Regression
analysis obtained by the least-squares method (Fig. 3)
showed the relationship between the axon and myelinated
fiber diameters. Regression coefficients larger than 0.90
were obtained for all nerves studied. The g-ratio obtained in
most of the myelinated fibers was 0.7 to 0.8.

Discussion

Phototherapy has had positive effects on regenerative
medicine mainly related to skin and nerves [22],
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Fig. 1 Photomicrographs of transverse semi-thin sections of the
proximal (a, b, and ¢) and distal (d, e, and f) segments and of the
lateral proper digital nerve of the third finger (g, h, and i) in the
untreated (a, d, and g), early (b, e, and h) and delayed (c, f, and i)
groups. Note presence of a higher number of myelinated fibers with a

D L2030

"
SOPINC 5

large diameter in the early and delayed groups in proximal segments,
myelinated fibers with a large diameter in the delayed groups in distal
segments, and absence of myelinated fibers in the lateral proper digital
nerve of the third finger in the three groups (Toluidine blue). Scale
bars =10 um (a, b, ¢, d, e, and f), 50 um (g), 30 um (h and i)

Table 2 Morphometric data for proximal and distal segments of the median nerve in the three groups studied

Untreated group Early group Delayed group

Proximal Distal Proximal Distal Proximal Distal
Myelinated fibers
Number 1,058+192 263+83 991+307 259+113 1,240+112 250+61
Density (fibers/mm?) 8,977+2,150 5,213+1,143 10,323+2,606 4,101+1,746 10,026+3,986 4,643+1,190
Minimal diameter (pm) 3.05+0.26 2.56+0.21 3.76+0.89# 2.63+0.39 3.82+0.65* 2.80+0.241
Myelin area (um?) 4.73+0.87 3.17+£0.77 9.51+6.65# 345+1.14 8.86+4.00* 3.86+0.87*
Axon
Minimal diameter (pm) 2.20+0.23 1.89+0.15 2.50+0.37 1.92+0.32 2.66+£0.41* 2.06+0.21
Capillary
Number 20+9 4+3 21+15 6+4 39+19 6+3
Area (um?) 3,319+1,496 490+917 4,163+3,037 183+146 4,496+2,062 120+82

Data are the mean + SD, referring to microscopic fields analyzed (30%)

*Indicates a significant difference between the untreated and delayed groups

#Indicates a significant difference between the untreated and early groups

Differences were considered significant at p<0.05.
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Fig. 2 Distribution of the myelin- a

ated fiber (a and b) and axons %1
(c and d) diameters of the early
and delayed groups showed fibers 20 4

of larger diameter compared to the
untreated group in the proximal
segments of the median nerve

Frequency (%)

Frequency (%)

Axon diameter (m)
FI—

Hfomn diameber (pm)

Fiber diameter (um)

Axon diameter (pm)

Frequency (%)

Frequency (%)

Fiber diameter (pm)

25 4

&>

=

veween Untreated  o-eo-

HAoon diameter (pm)

o 1 2 3 4 5 6 T 8 9 W0 M 112

Myelinated fiber diameter (um)

Aoon diameter (pm)
o

=053

Aoxon diamedter (Jam)

o =+ N @ & oo

~ @ o

Axon diameter (jam)
*

o 1 2 3 4 & 6 T & @ 10 M 12

Myelinated fiber diametaf (urm)

Myelinated fiber diameter (um)

o 1 2 3 4 & 8 7T & @ W N 12

Myelinated fiber diameter (urm)

Fig. 3 Regression analysis for the relationship between axon diameter and myelinated fiber diameter in the proximal and distal segments of the

median nerve in the untreated (a and d), early (b and e) and delayed (¢ and f) groups
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however, the beneficial effects of laser therapy on
neuromuscular recovery have been observed [23] and the
potential application of photocurrent—therapy with par-
ticipation of light and electrical stimulation—has been
studied in regenerative medicine [22]. The effect of low-
level laser therapy irradiation on the peripheral nerve
system has been studied in experimental axonotmesis
models as well as in neurotmesis, which requires surgical
repair to allow nerve regeneration. Generally, photo-
therapy is applied transcutaneously at the site of injury
with continuous light emission, wavelengths of less than
904 nm, and starting on the first postoperative day [1], and
having positive results in most studies. Previous studies
have obtained negative [16] and null [24] results using a
GaAs laser at a wavelength of 904 nm and with pulsed
emission. Chen et al. [16] created a gap of 10 mm in the
sciatic nerve of Sprague-Dawley rats and treated this
injury with silicone rubber tubes and a low-level pulsed
laser. The stimulation began 1 week after the nerve repair
and continued for 7 weeks. After 8 weeks of recovery, the
middle regions of the regenerated nerve in the chamber
were studied. The qualitative and quantitative data
revealed that the control group had a more mature
ultrastructural nerve organization with a higher number
of myelinated axons. Bagis et al. [24] used low-level laser
irradiation in crushed sciatic nerves of Wistar rats 24 h
after injury for seven consecutive days. As done in the
present study, the animals were killed 21 days after the
injury. No qualitative difference in the pattern of regen-
erated nerve fibers was observed between the control and
laser-irradiated nerves. The choice nerve in the study was
the median nerve, which is more superficial than the
sciatic nerve. One reason for the positive results obtained
here is the greater effectiveness of the method in more
superficial nerves such as the median nerve. The treatment
was applied with an interval of 2 days (Saturday and
Sunday), as done in clinical application, such as the
parameters of low-level laser therapy utilized. It is
possible that the differences between this study and the
study of Chen et al. [16] were due to the distinct
experimental models. Camara et al. [25] used a laser at
904 nm (AsGa) for recovery of crushed sciatic nerve in
Wistar rats. The laser therapy was initiated on the post-
surgical first day, with applications once a day for 14 and
21 days. Histological analysis showed an increase in the
number of Schwann cells, myelinic axons with a large
diameter and neurons, making the nerve recovery more
rapid and efficient.

Low-level laser therapy's effects on the components of
the nerve have been described by Anders et al. [26].
Regarding the neuronal components, they refer to the
induction of massive axonal sprouting and outgrowth in
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cultured neuronal cells in in vitro studies [27] and to the
post-traumatic chromatolysis and neuronal atrophy of
motoneurons, which are less extensive in the rat crushed
sciatic nerve [28]. The biological basis of this effect can be
represented by an increased synthesis of various molecules
with a neuroprotective effect such as calcitonin gene-
related peptide [7] and transforming growth factor beta-1
[29] and by the demonstration of suppressed nitric oxide
activity (neurotoxic agent). Besides, in the non-neuronal
component, low-level laser irradiation can stimulate the in
vitro proliferation of rat Schwann cells [30], macrophages
[31], and fibroblasts [32], which play a role in the
regeneration process.

This experimental model is useful since the median
nerve and finger flexor function can be easily assessed
by the grasping test [17]. Rats usually have no contrac-
tures or autotomy, the distance to the target organs is short
in the rat forelimb, and the time required for functional
recovery is less than in the hindlimbs [17, 33]. The median
nerve was studied in three regions: proximal (site of
injury) and distal (forearm, distal 1/3) segments, and the
lateral proper digital nerve of the third finger. This model
allows observing not only the direct effects of the laser but
also the speed of regeneration evaluated morphologically
and clinically. On the 21st day, the number of myelinated
fibers in the proximal segment of the three experimental
groups was close to normal [9, 34, 35]. In the distal
segments (30 mm away from the site injury) that number
was only 30% of the normative data previously published
[35]. The minimal diameters of axons and myelinated
fibers and the myelin sheath area were smaller in the
studied groups compared to normal nerves [35] and this
difference was much more marked in the distal segments.
The values of the early and delayed groups were closer to
normal. The lateral proper digital nerves of the third
finger, approximately 53 mm away from the injury site,
showed a significant reduction of myelinated fiber number
because the duration of the experiment did not allow these
fibers to reach that nerve branch. The dimensional
parameters utilized in this study, myelin sheath, fiber size,
and fiber diameter/axon diameter ratio, are among the
major factors when the regeneration of nerve fibers is
investigated [36, 37], and a generally observed convention
is that the minor axis is most representative of the true
diameter [19, 38—40]. A disadvantage of this study is the
small number of rats. However, this is in compliance with
the norms of the Ethics Committee for Animal Experi-
mentation of the Faculty of Medicine of Ribeirdo Preto.
There is a dead-weight device for crushing the rats' nerves
[8], but the way in which the crushing lesions were
produced in this study (with hemostatic tweezers) has also
been utilized in a variety of other studies [4-7, 28, 41].
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Conclusions

According to the results obtained for the proximal and distal
segments of the median nerve and the return of function within
21 days, the treatment is effective in terms of the speed of
nerve regeneration. The results obtained in this study suggest
that the nerves irradiated transcutaneously at the site of injury
with low-level laser therapy, mainly in the delayed treatment,
exhibit myelinated fibers of greater diameter and a better
return to function.
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