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ABSTRACT

Aim: To investigate the effect of laser irradiation on myelinated fibers and blood vessels in the distal segment of the sciatic nerve after its transection and
surgical repair.

Materials and Methods: The study was conducted on 39 male rabbits. The left sciatic nerve was transected at the mid-thigh level and repaired with epineurial
sutures. The experimental animals were irradiated with a helium-neon laser with a light energy density of 2.5 mW/cm?. The exposure duration was 5 minutes;
the treatment course comprised 15 sessions; the total delivered energy was 90 J. At each time point, three animals from each group were used. All procedures
involving animals were conducted in accordance with bioethical guidelines. Myelinated fibers were stained with the Kulchitsky-Pal stain, and intraneural
microvessels were visualized by injection with a chloroform/ether solution of Prussian blue dye.

Results: On days 7 and 14 of the experiment, typical Wallerian degeneration developed in the distal segment of the nerve. Myelinated fibers degenerated
more rapidly in irradiated animals. Three stages of Wallerian degeneration, each with distinct characteristics, were identified. On day 7, axonal fragmentation
and globular fragmentation of myelin (myelin ovoids) predominated, whereas by day 15, resorption of degenerative products prevailed. From day 30 onward,
reinnervation of the distal nerve segment began, with laser irradiation significantly enhancing the process. It accelerated angiogenesis, dilated and increased
the number of blood vessels, and increased their total cross-sectional area, indicating improved blood supply.

Conclusions: Helium-neon laser irradiation accelerates and enhances all processes occurring in the distal segment of the nerve after neurotomy: Wallerian
degeneration and reinnervation, axonal growth, myelination, and maturation; restoration of myeloarchitecture; revascularization and blood supply; and
reconstruction of the nerve’s angioarchitecture. Distal to the injury, reparative angiogenesis precedes the regeneration of myelinated fibers.
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INTRODUCTION

Traumatic peripheral nerve (PN) injuries represent a
significant medical challenge. They account for 1-5% of
all peacetime injuries and up to 12% of combat-related
injuries [1]. During armed conflicts, extremity injuries
account for 75% of all wounds, with PN involvement
observed in up to 25% of these cases [2]. Extremity PN
injuries are not life-threatening; however, they often
result in partial or complete impairment of both daily
functional and occupational capacities [3, 4]. Approxi-
mately 65-70% of patients with PN injuries ultimately
develop long-term disability [5]. The full-scale invasion
of the Russian Federation has significantly exacerbated
this problem in Ukraine. Consequently, the search for
novel approaches to stimulate the recovery of injured
PNs and to improve existing strategies remains highly
relevant. Currently, physiotherapeutic interventions,
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including low-level laser therapy, are widely employed
for this purpose.

AIM

To investigate the effect of helium-neon (He—Ne) laser
irradiation on the degeneration and regeneration of
myelinated fibers (MFs) and vascular remodeling in
the distal segment of the sciatic nerve (SN) after its
transection.

MATERIALS AND METHODS

The study was conducted on 39 adult male rabbits
weighing 3-4 kg. The animals were divided into three
groups: intact (n=3), control (n = 18), and experimental
(n=18).
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The left SN was transected at the mid-thigh level, and
the proximal and distal nerve stumps were reconnected
using 2-3 epineurial sutures with atraumatic OPTIX
needles. Following neurotomy and neurorrhaphy, the
experimental animals were irradiated with a He-Ne
laser through the skin over the posterior thigh. The
exposure duration was 5 minutes, with a light energy
density of 2.5 mW/cm? The treatment course comprised
15 sessions, with a total delivered energy of 90 J. At
each time point (7, 15, 30, 90, 180, and 300 days), three
animals from the control and experimental groups were
assessed. Animal care, surgical procedures, laser irradi-
ation, and euthanasia were performed in accordance
with general bioethical guidelines and the established
regulations on the conduct of animal experiments.

Nerve harvesting, fixation, rinsing, dehydration,
embedding, preparation of paraffin sections, and MF
staining with the Kulchitsky-Pal stain were performed
using standard, widely accepted methods [6]. Intraneu-
ral vessels were visualized using a chloroform/ether
solution of Prussian blue dye (10 g of dye, 70 ml of chlo-
roform, and 30 ml of ether). The solution was injected
into the abdominal aorta just below the diaphragm at a
pressure of 120-140 mmHg. Epineurial and perineurial
vessels were subsequently impregnated with silver
nitrate on whole-mount preparations, as described by
Kupriyanov [6].

SN sections were examined using a light microscope
(Micros, MC300, Vienna, Austria) and imaged with a
ToupCam 5.1M UHCCD C-Mount Sony digital camera
equipped with a Toup Tek Photonics AMAO75 adapter,
using ToupView v.3 software. Morphometric analysis
of MFs was performed using ImageJ software (version
1.471) [7], employing a previously developed method [8].

According to our previous studies [9, 10], MFs of the
SN were classified into three groups: small (1.0-4.0 um),
medium (4.1-7.0 um), and large (>7.0 um).These groups
differed significantly in fiber, axon, and myelin sheath
areas, as well as in their spatial distribution within the
coordinate field. In rabbits, the number of MFs in the
SN exhibits considerable individual variability. When
normalized to the nerve cross-sectional area per 1
mm?, these variations are minimal, as reflected by a low
coefficient of variation (C,= 1.25-1.82%). A statistically
significant linear correlation was observed between
the total number and size of MFs and the number and
diameters of intraneural blood vessels. Accordingly,
these vessels were classified into three groups: small (d
= 1-4 uym), medium (d = 4.1-7.0 um), and large (d > 7
pm). Given that the intraneural microcirculation consists
of a collection of microvessels of varying diameters,
we determined the total cross-sectional area (TCA) of
intraneural blood vessels (um? per 1 mm? of nerve).

RESULTS

DEGENERATION AND REGENERATION

OF MYELINATED FIBERS IN THE DISTAL
SEGMENT OF THE NERVE

Following nerve transection (neurotomy) and subse-
quent surgical repair (neurorrhaphy), the distal segment
of the nerve underwent typical secondary (Wallerian)
degeneration of MFs, followed by reinnervation (axon
regrowth through the scar), myelination, maturation of
the fibers (increases in axon and myelin sheath thick-
ness), and remodeling of the vascular network.

On days 7 and 15 of the study, the number of MFs of
all sizes decreased significantly (Table 1). Specifically,
the number of small and medium MFs decreased com-
pared to normal values, 3.8-and 10.9-fold, and 2.9-and
9.9-fold, respectively (p <0.001), whereas the number of
large MFs decreased only 1.3- and 3.17-fold (p < 0.001).
The total number of MFs at these time points decreased
1.8-and 4.6-fold (p < 0.001). By day 30, active reinnerva-
tion of the distal segment was evident. On day 90, large
MFs were observed, albeit in small numbers, while the
numbers of small and medium MFs exceeded normal
values 2.06- and 1.35-fold, respectively (p < 0.001). On
days 180 and 300, the number of large MFs in the distal
segment gradually increased; however, even on day
300, MF distribution across different diameters did not
reach normal levels.

Under He-Ne laser irradiation, morphometric analysis
of MFs in the SN distal segment showed that on day 7
of the experiment, the total number of MFs of all sizes
was 1.2-fold lower than in the control group (p < 0.05)
(Table 1). On day 15, the number of MFs remained 1.10-
fold lower compared to the control group (p < 0.05).
From day 30 onward, the number of regenerating MFs
exceeded that of the control group, increasing 2.1-fold
on day 30 (p < 0.02), 2.9-fold on day 90 (p < 0.001), 1.8-
fold on day 180 (p < 0.001), and 1.4-fold on day 300 (p
< 0.01).

Counting MFs in the distal nerve segment, where
complete fiber breakdown occurs, based solely on
fiber diameter, does not accurately reflect the actual
state of Wallerian degeneration, since fibers of the
same size may be at different stages of degeneration.
Therefore, we quantified the number of degenerating
MFs at various stages of secondary degeneration on
cross-sections of the SN stained by the Kulchitsky
method. Three stages of Wallerian degeneration were
distinguished: Stage | —irritation of nerve fibers; Stage
Il — globular fragmentation of myelin (myelin ovoids)
and axonal fragmentation; Stage Ill - granular disinte-
gration of myelin resulting from chemical degradation
and resorption of degenerative products (Fig. 1).
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Table 1. Number of nerve fibers per 1 mm? of the distal segment cross-section in intact, control, and irradiated animals at different time points

Experimental time

Number of myelinated fibers

point, days Small Medium Large Total
Intact animals
2,608 + 98 1,143 +33 4,650 £ 65 8,397+ 105
Control animals
7 689 + 29* 392 + 26* 3,582 +110* 4,659 + 154*
15 238 + 16* 115 £ 5% 1,466 + 22* 1,818 £31*
30 2,908 + 188 116 + 5% 0* 3,022 +191*
90 5,379 + 380* 1,554+ 115 769 + 64* 4,635 + 868*
180 6,728 + 453* 1,597 £ 95 1,255 + 86* 7,692 + 341*
300 4,764 + 343* 1,461+ 83 2,161 + 196* 8,402 + 487
Irradiated animals
7 499+ 14 # 258 + 74# 3,213+ 191 3,974 + 186#
15 225+23 111+£10 1,319 £ 244# 1,656 + 47#
30 5934+123 # 479 £ 544 0 6,413 + 126#
90 9,611 +£301# 2,720 £ 2994 1,051 £125 13,383 + 6404
180 8,868 + 268 # 2,274 + 74# 2,820+ 143 13,962 + 1974
300 5,759+ 122 2,646 + 1294 3,333 £ 154# 11,800 + 1534

Notes: *statistically significant difference compared to intact animals;

#statistically significant difference compared to control animals;

For each experimental time point, n = 3; data are presented as Mean = SD

Source: Own materials

Fig. 1. A — control; B -
Wallerian degeneration on
day 7 of the experiment. In
laser-irradiated animals,
Wallerian degeneration

is more pronounced, with
granular disintegration of
myelin and resorption of
degenerative products (B),
compared to control animals
(A), where globular fragmen-
tation of myelin predomi-
nates. Staining: myelinated
fibers, Kulchitsky method.
Magnification: x280.
Source: Own materials
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Table 2. Distribution of myelinated fibers by stages of secondary degeneration per 1 mm? of distal segment cross-section

Number of myelinated fibers at different stages of secondary degeneration

Experimental time point, days

Stagel Stagelll Stagellll
Control animals
7 1,645 + 138.81 2,288 +98.10 555 +30.60
15 218 £ 20.32 216+ 21.55 1,084 £52.12
Irradiated animals
7 1,053 £ 54.48# 1,839 £ 83.294# 945 + 37.47#
15 46 +3.23# 243 + 15.64# 1,602 + 34.48#

Notes: #statistically significant difference compared to control animals;
For each experimental time point, n = 3; data are presented as Mean =+ SD.
Source: Own materials

Table 3. Morphometric parameters of intraneural vessels in the distal segment of the sciatic nerve in the experiment

Experimental Control animals

Irradiated animals

time point, days

Number of vessels Total cross-sectional area (um?)

Number of vessels  Total cross-sectional area (um?)

7 85+3.84 2,313 +£191.07 116 + 5944 4,250 + 237.87#
15 110+ 1.91 3,887 £137.75 174 £7.16# 10,925 £ 312.16#
30 131+£3.25 4,297 + 268.23 162 + 6.43# 9,569 + 507.194#
20 139+4.15 5,029 +339.91 181+7.13# 6,406 + 346.98
180 137 +5.61 5454 +316.62 135+8.99 5,106 + 320.51
300 116 £ 2.40 3,459+ 94.73 122 +3.04 3,408 +183.69

Notes: values are presented per 1 mm? of nerve cross-section;
#statistically significant difference compared to control animals;

For each experimental time point, n = 3; data are presented as Mean = SD
Source: Own materials

MF irritation was manifested by increased argentophilia
and edema. In cross-sections of the nerve, MFs differed
only slightly from normal: the axon and myelin sheath were
well visualized; the latter appeared edematous or thinned,
exhibited uneven hypo-or hyperchromatic staining,and had
smooth orirregular (serrated) contours. At Stage ll, the axon
and myelin sheath formed a fused structure that stained
unevenly and had indistinct, often disrupted contours or
appeared as a large vacuole surrounded by a thin myelin
sheath. Stage lll was characterized by myelin breakdown and
resorption, resulting in pale, fading' MFs in nerve cross-sec-
tions. At each experimental time point, MFs at different stag-
es of Wallerian degeneration were observed concurrently,
although their relative proportions varied according to the
extent of secondary nerve degeneration (Table 1, 2).

Table 1 shows that laser irradiation significantly acceler-
ated the degeneration of small and medium MFs on day
7 compared to the control, whereas by day 15, this effect
predominantly involved large fibers. In contrast, Table 2
clearly demonstrates thatin the distal segment of the nerve,
onday 7 after transection, processes of MF irritation, axonal
fragmentation, and globular fragmentation of myelin pre-
dominated, whereas by day 15, MF resorption occurred due
to chemical transformation. Furthermore, statistically sig-

nificant differences were observed between irradiated and
control animals in the number of MFs at different stages of
secondary degeneration on days 7 and 15 of the experiment.

NEUROVASCULAR REMODELING AFTER
NEUROTOMY
Dissection of the SN from surrounding tissues, followed
by transection and suturing during surgery, significantly
disrupts the integrity of its blood vessels, which are subse-
quently restored through vascular growth from the central
and peripheral nerve stumps and surrounding tissues. On
day 7 of the experiment, in the distal segment of the SN,
a few thin vascular branches arose from the epineurium
of the disrupted ends of large arteries and veins (Fig. 2).
The diameters of all components of the intraneural
microcirculation approached normal values; however,
the number of vessels was reduced 1.4-fold compared
to intact animals (p < 0.001), resulting in a 1.6-fold de-
crease (p < 0.001) in the TCA of the intraneural micro-
circulation per 1 mm? of nerve cross-section.
Microvessels in the distal segment of the sciatic nerve
were injected with a chloroform/ether solution of Prus-
sian blue dye. Cleared specimens. Magnification: x90.
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Figure 2. A - control; B — epi-
neural vasculature on day 7 of
the experiment. In control ani-
mals (A), vessels are constricted,
with numerous discontinuities
and avascular areas. Under
helium-neon laser irradiation,
microvascular density increas-
es, and the vessels dilate.
Source: Own materials

Onday 15, the number of intraneural vessels returned
to theinitial level, and the relative proportions of vessel
groups shifted toward a higher proportion of large and
medium vessels. The TCA of vessels exceeded normal
values 1.2-fold (p < 0.01). At subsequent time points,
the number of vessels remained within normal limits;
however, the TCA increased 1.6-1.9-fold (p < 0.001).
During these periods, the proportion of large vessels
was highest, while the proportion of small vessels
decreased slightly. By the end of the experiment, an-
gioarchitectural parameters returned to normal values.

We found that He—Ne laser irradiation significantly
affected revascularization and blood supply in the
distal segment of the SN (Table 3). Notably, on day 7
after neurorrhaphy under irradiation, avascular areas
were not observed in the epineural vasculature of the
distal nerve segment. The number of intraneural vessels
was 1.4-fold higher than in controls (p < 0.02). Large
and medium vessels predominated over small vessels,
resulting in a 1.8-fold increase in the TCA compared to
non-irradiated animals (p < 0.001) (Table 3).

On day 15 of the experiment, epineural vascular
density increased, vessels dilated, and capillary loop
sizes decreased noticeably. The number of intraneural
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vessels increased 1.6-fold compared to controls (p <
0.001). Large vessels predominated over medium and
small vessels, resulting in a 2.8-fold increase in the TCA
(p < 0.001). On days 30 and 90 of the experiment, the
epineural and intraneural vascular networks of the
nerve remained dense. The total number of intraneural
vessels at these time points exceeded that in controls
1.2- and 1.3-fold (p < 0.05-0.01), whereas on days
180-300, it did not differ significantly from normal. The
TCA of the intraneural microcirculation increased 2.2- to
1.3-fold compared to controls on days 30 and 90 (p <
0.001-0.01). At subsequent time points, it did not differ
from control values.

DISCUSSION

Based on counts of MFs at different stages of Wallerian
degeneration on days 7 and 15 of the experiment,
identified according to our findings and published data
[11,12], we found that low-level He-Ne laser irradiation
accelerated and intensified Wallerian degeneration.
Other researchers have reported consistent results,
providing evidence that after laser irradiation, Schwann
cells phagocytose myelin debris more actively and
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promote macrophage recruitment from blood vessels,
thereby facilitating its clearance [13-15]. This enhanced
degeneration is primarily mediated by Schwann cell
mitochondria, which regulate the development, main-
tenance, degeneration, and regeneration of PN MFs.
After PN injury, mitochondrial bioenergetic dysfunction
develops, leading to pain, neuropathy, and impaired MF
regeneration. Laser irradiation can normalize mitochon-
drial and energy metabolism, either by directly affecting
mitochondrial cytochromes or indirectly through water
acting as a photoacceptor [14]. Moreover, low-level
laser irradiation has been shown to reduce oxidative
stress, reduce the levels of inflammatory cytokines
and reactive oxygen species, and modulate immune
responses [14].

By counting MFs of different sizes and the total num-
ber of MFs that regenerated through the scar into the
distal segment of the SN on days 30, 90, 180, and 300
after SN neurotomy under He-Ne laser irradiation, and
comparing them to control values, we concluded that
laser irradiation accelerates axonal growth, myelination,
and maturation (i.e., axon and myelin sheath thicken-
ing). Other researchers have reported similar findings
of accelerated PN regeneration under laser irradiation.
Some studies highlight increased reinnervation of the
distal PN segment, others emphasize rapid axonal my-
elination and increased numbers of large MFs, while
still others report both processes [13, 16-22].

All Schwann cell phenotypes secrete neurotrophic fac-
tors (neurotrophins), proteins that stimulate and regulate
neurogenesis and axonal regeneration. Nerve growth
factor (NGF) promotes neuronal growth, survival, and
proliferation. Brain-derived neurotrophic factor (BDNF)
supports neuronal survival and stimulates the develop-
ment and differentiation of new neurons. Myelin protein
zero (MPZ) maintains the integrity of the myelin sheath
around the axon. Previous studies have demonstrated that
laser irradiation significantly increases the levels of these
neurotrophins and vascular endothelial growth factor
(VEGF) [16, 23, 24]. Neurotrophins may have been among
the key mediators of the laser-induced effects observed
in the distal segment of the SN in our study.

Morphometric analysis of intraneural microvessels in
irradiated and non-irradiated animals demonstrated
that He—-Ne irradiation accelerated the onset of angio-
genesis in the distal segment of the SN, dilated both
epineural and intraneural vessels, and increased the TCA
of the microvascular bed per mm? of nerve tissue. Our
findings are consistent with previous studies [16, 19],
which reported that laser irradiation enhances micro-
circulation and angiogenesis in the injured PN, thereby
improving blood flow and nutrient and growth factor
delivery to regenerating tissue, as well as stimulating
endothelial cell proliferation and migration.

CONCLUSIONS

1. The processes developing in the distal segment of
the nerve under low-level laser irradiation are char-
acterized by a shortened duration of Wallerian de-
generation, an earlier onset of axonal regeneration
and remyelination, accelerated MF maturation, and
a more complete restoration of normal myeloarchi-
tecture.

2. For the first time, secondary nerve degeneration
was studied with consideration of the extent of MF
damage. Three stages of Wallerian degeneration
were identified. When comparing the effects of dif-
ferent factors on nerve regeneration, morphometric
analysis of MFs at these stages is recommended

3. He-Ne irradiation stimulates reparative angiogen-
esis, dilates both epineural and intraneural vessels,
and increases the number of intraneural vessels
and their TCA per mm? of the distal nerve segment,
indicating improved blood supply. It also contrib-
utes to a more complete restoration of the nerve’s
angioarchitecture.

4. After neurotomy and neurorrhaphy of the PN, repar-
ative angiogenesis in the distal segment precedes
MF regeneration. The number of microcapillaries
and microvascular geometry were restored by days
15-30 of the experiment, whereas the number of re-
generated MFs distal to the injury reached baseline
levels by day 180.
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