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ABSTRACT

EFFECTS OF EARLY AND DELAYED LASER
APPLICATION ON NERVE REGENERATION

Studies to understand the operating mechanism of the nervous system and to

�nd new treatments for its diseases have been growing at an increased pace.

To accelerate the rate of regeneration, the laser is used immediately after surgery

and the protocols in literature are generally adapted to this method. After crushing

or transection of nerve, the mononuclear cells invade the injured segment and remove

injured nerve structure. This degenerative event takes place at the �rst week after

injury. These two critical points gave rise to the question of this study; are there any

di�erences between early and delayed application? In this regard, three experimen-

tal groups underwent surgery (sciatic nerve was damaged by crushing for 10 minutes

by applying a force of 50 N using dead-weight machine) and two of which were ad-

ministrated 14-days of low dose laser irradiation. 650 nm, 25 mW laser irradiation

in continuous mode was applied to the early group immediately after injury whereas

the therapy started one week after in the delayed group. The healing process of the

damaged sciatic nerve has been shown to be accelerated in the laser therapy groups

by means of functional, electrophysiological and histological examinations. It was ob-

served that the sciatic functional index (SFI) value of the laser groups approximately

reached to the normal whereas the SFI of the control group did not in day 21. However,

this �nding was not signi�cantly important (p>0.05). In addition, it was observed that

the latency of the Compound Action Potential (CAP) decreased signi�cantly (p<0.05)

in the delayed group. Moreover, histological examinations showed that the number of

mononuclear cells was lower (p<0.05) in the laser groups.

Although further tests are needed to be more conclusive, these results indicate

that the laser therapy accelerates the rate of recovery. Both laser groups had positive

results. However, the delayed group showed better recovery. This result may be due

to the degeneration during the �rst-week.

Keywords: nerve regeneration, laser, sciatic functional index
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ÖZET

ERKEN VE GEÇ LASER UYGULAMANIN S�N�R
YEN�LENMES�NE ETK�S�

Sinir sistemi çal�³ma mekanizmas�n� anlama ve sinir sistemi hastal�klar�na yöne-

lik tedavi yöntemleri üzerine çal�³malar büyük h�z kazanm�³t�r.

Sinir yenilenmesini h�zland�rmak için kullan�lan laser, zedelenmeden hemen sonra

uygulanmaktad�r ve literatürdeki protokollerin genel olarak bu yöntemi kullanmak-

tad�r. Sinir kopmas� veya zedelenmesinden sonra, mononükleer hücreler zedelenmi³

bölgeye ak�n ederek bu bölgeyi ortadan kald�r�r. Bu süreç hasardan sonraki ilk bir

hafta içerisinde gerçekle³ir. Bu iki önemli bilgi ³u sorunun do§mas�na neden olmu³-

tur; erken ve geç laser uygulamalar� aras�nda herhangi bir fark var m�? Bu ba§lamda,

üç deneysel grupta hasar meydana getirilmi³ (siyatik sinir 50 N uygulayan bir alet

yard�m�yla 10 dakika ezilmi³tir) ve iki gruba 14 gün boyunca dü³ük doz laser uygulan-

m�³t�r. 650 nm 25 mW' l�k devaml� kipteki laser erken grubuna hasardan hemen sonra,

geç grubuna ise hasardan 1 hafta sonra uygulanm�³t�r. Fonksiyonel, elektro�zyolojik

ve histolojik gözlemler yard�m�yla laser uygulanan gruplarda zedelenen sinirin iyile³me

sürecinin h�zland�§� gösterilmi³tir. 21.günde, laser grubunun SFI de§erleri normale

yakla³�rken, kontrol grubu yakla³amad�§� gözlemlenmi³tir. Ancak bu bulgu istatik-

sel olarak anlaml� de§ildi (p>0.05). Ayr�ca, geç grubun Bile³ik aksiyon potansiyel ait

latans de§erinin önemli ölçüde azald�§� gözlemlendi (p<0.05). Son olarak kullan�lan

histolojik gözlemler ise laser grubunda mononükleer hücre say�s�n�n daha az oldu§unu

göstermi³tir (p<0.05).

Her ne kadar kesin bir sonuca varmak için ba³ka testlere gerek duyulsa da,

elde edilen sonuçlar laserin iyile³me sürecini h�zland�rd�§�n� göstermektedir. �ki laser

grubunda da pozitif sonuçlar elde edilme³tir. Ancak, geç grup daha h�zl� iyile³me

göstermi³tir. Bu sonuç ilk haftan�n dejeneratif sürece ait olmas�ndan kaynaklanabilir.

Anahtar Sözcükler: sinir yenilenmesi, laser, siyatik fonksiyonel indeks
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1. INTRODUCTION

1.1 Motivation

Understanding the basic mechanisms of neural systems and �nding cures for

their disorders have become central issues in numerous researches. Obtaining fast and

appropriate nerve regeneration after peripheral nerve or central nerve injury has been

especially a hot topic for several decades. Though elongating and sprouting degenerated

axons in the central nerves system (CNS) has some obstacles, the peripheral nerve

system (PNS) is capable of regenerating its severed/amputated axons without any

interventions. After nerve injuries, the proximal and distal stumps of the injured nerve

undergo structural and molecular changes, in particular, in preparation for the process

of axonal regeneration. During this process, the basement membrane which surrounds

the axon and the Schwann cells in the PNS remain intact. Schwann cells line up in the

basement membrane tube and synthesize growth factors, which attract axonal sprouts

formed at the terminal of the proximal segment of the severed axon. The basement

membrane tubes provide pathways for the regenerating axons to follow to muscles

and skin. The Schwann cells then remyelinate the newly formed axons. Likewise,

the oligodendrocytes perform the same function in the CNS. However, astrocytes in

the CNS form a scar area after digesting the damaged axons, causing axons to have

di�culties in regeneration toward the distal stump [1]. Despite of the capacity of the

PNS to regenerate its damaged axons, regeneration has still limitations, resulting in

the poor functional recovery.

Factors that are important for poor functional recovery are:

• invasion of macrophages cells into injured area and removal of the myelin and

axon debris,1

• slow regeneration of axons across the injury site,

1This process is called Wallerian Degeneration
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• muscle atrophy,

• axonal regeneration from the proximal stump into inappropriate distal parts,

• the distance from injury to the original target.

Thus, it can be said that the degree of functional recovery after an injury is depen-

dent on the success in axonal regeneration, the accuracy of target reinnervation and

the restitution of adequate connectivity in spinal circuits and central nervous system

integration [2].

Many studies have shown that low-dose laser application meets these needs. It

is only since the late 1980s that scienti�c interest were focused on this therapeutic

approach for nerve regeneration and its usage has gained importance due to its non-

invasiveness, application comfort through the skin surface and its e�ectiveness. Laser

irradiation immediately after injury accelerates the rate of recovery of the injured nerve

as shown by functional, morphological and electrophysiological evaluations [3]. How-

ever, there are few studies related to delayed use of the phototherapy [4, 5, 6]. Since

pathologic changes occur at the �rst days, whether the laser slows the degeneration

progress is unclear. This point needs to be clari�ed by further research. Therefore,

there is a need to investigate the di�erences between starting times.

1.2 Objective

The objective of this thesis is to investigate whether there are functional, mor-

phological and electrophysiological di�erences between the early and delayed use of

laser phototherapy delivered to the crushed sciatic nerve.
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1.3 Outline

The thesis is divided into four parts. In Chapter 2, the background information

about the structure of peripheral nerves system, what changes are occurred in case of

degeneration and how the natural mechanism reacts to deterioration and initiates the

regenerative process. In Chapter 3, used experimental procedures are explained. In

Chapter 4, results are presented and statistical di�erences are indicated. Finally in

Chapter 5, an interpretation of the results along with a discussion of previous related

studies are given.
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2. BACKGROUND

Peripheral nervous system (PNS) is a network that connects central nervous

system (CNS) to the body. PNS executes this function through the nerves that expand

throughout the body. PNS is comprised of two parts: the somatic nervous system that

receives sensory information from the sensory organs and regulates movements of the

skeletal muscle and the autonomic nervous system the role of which is regulation of

smooth muscle, cardiac muscle and glands. The somatic nerves are divided into two

types depending on the place from which they are originated: spinal nerves and cranial

nerves. Spinal nerves stem from the vertebral column whereas cranial ones emerge from

the ventral surface of the brain. In contrast to spinal nerves, cranial nerves, except of

the �rst two, namely the olfactory and optic nerves emerge directly from the ventral

surface of the brain [1, 7].

In spite of the di�erent roots of spinal and cranial nerves, both of them are

branched by the sensory and motor nerves. Sensory nerves are responsible for relaying

information from organs to brain and spinal cord that form CNS. On the other hand,

PNS relays the response of CNS to muscles and organs through motor nerves. Thus,

sensory nerves (incoming axons) are called as a�erent axons while motor ones (outgoing

axons) are referred to as e�erent axons [1].

Peripheral nerve trunks that belong to spinal nerve originate from di�erent

locations. Motor nerves emerge from the ventral root (anterior root) of spinal cord

whereas sensory neurons have their root from the dorsal root ganglion (spinal ganglion).

At the distal part of each ganglion, sensory nerves join motor nerves forming spinal

nerves [8].

Although peripheral nerve trunks have di�erent roots and locate in the various

part of the body, their morphology is almost similar with the only exception being the

�rst two cranial nerves because they pertain to CNS [8].
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2.1 Structure of Peripheral Nerve

The CNS has protection from mechanical injuries and toxins with the help of

skull and blood-brain barrier. On the other hand, the PNS is protected by collagen

sheath structure instead of skull and blood-brain barrier. This collagen sheath struc-

ture provides the PNS tensile strength and resistance to mechanical injuries. The

collagen sheath covers the nerve from the inner to outer sides with layers, respectively

endoneurium, Perineurium and epinerium. The nerve �ber that is the smallest func-

tional unit of a peripheral nerve is enclosed by endoneurium; these nerve �bers are

bundled up into groups called nerve fascicles, which are covered with perineurium; the

outer layer is epineurium that covers groups of fascicles [7, 8].

Figure 2.1 Illustration of intact peripheral nerve structure of Wistar rat. a) The cross section of
sciatic nerve; a: epinerium, b: perineurium, c: fascicle, d: tissue structure. 10X magni�cation, HE
stain b) The longitudinal section of sciatic nerve. 40X magni�cation, HE stain.

2.1.1 Endoneurium

The inner layer of the connective tissue is the endoneurium. It consists of

axons, Schwann Cells (SCs), �broblasts, macrophages, mast cells, collagen �bers and

a capillary network. The endoneurium protects the nerve �ber with its endoneurial

�uid which is a low protein �uid that is the peripheral nervous system equivalent of

the cerebro-spinal �uid in the central nervous system. The pressure of the endoneurial

�uid is slightly higher than that of the surrounding epineurium. In addition to the
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endoneurial �uid, endoneurium has a matrix which is rich in regard to types I and III

collagens. This gives it elasticity during movement and also protects the nerve against

external trauma [7, 8].

2.1.2 Perineurium

The perineurium, the second layer of peripheral nerve, envelopes a group of

nerve �bers called fascicle. The perineurium consists of collagen �bers and pinocytotic

vesicles. Collagen �bers by which the perineurium cells are interconnected form a tight

junction. On the other hand, pinocytotic vesicles within the perineurium are respon-

sible for trans-cellular transport. Hence, the tight junctions between perineurial cells

and pinocytotic vesicles within them form blood nerve barrier (BNB [8]. Like blood

brain barrier in the CNS, the BNB controls the transmission of blood-borne structures

to endoneurium, thus protecting the endoneurium from harmful constituents. In ad-

dition, maintaining osmotic milieu and the �uid pressure within the endoneurium is

obtained thanks to perineurium with BNB [7, 8].

2.1.3 Epineurium

The epineurium that surrounds the mutlifascicular layer is the outer layer of pe-

ripheral nerve. As a general rule, the more fasciculi present in a peripheral nerve,

the thicker the epineurium [7]. It contains collagen tissue sheath, some resident

macrophages, �broblast, and mast cells. One of the most important features of the

epineurium is including the main supply channels of the intraneural vascular system:

the vasa nervorum. Another equally important quality is having adipose tissue, provid-

ing epineurium with an important role in protection of nerve. Moreover, the epineurial

sheath has little connection to adjacent tissues allowing nerves to normally slide and

move during limb movement [8].
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2.2 Nerve Types and Structure

Two major types of axons are identi�ed within the endoneurium: myelinated

and unmyelinated axon [7].

2.2.1 Myelinated Nerve Fiber

The production of layer composed of myelin around the axon is called myelina-

tion. Myelin is electrically insulting material that consists of water, proteins and mainly

lipid. The cell responsible for myelination in the CNS is oligodendrocyte whereas

myelin is synthesized by the Schwann cells in the PNS. It is not a general rule but it

can be considerable that myelinated axons have diameters above 1.5 mm in the PNS.

A myelinated nerve �ber, larger in caliber consists of an individual axon enveloped by

a single Schwann cell [7]. The Schwann cell is not only responsible for myelination but

also nerve development and regeneration, trophic support (nourishing) for neurons and

production of the nerve extracellular matrix.

The membrane of this Schwann cell wraps around the nerve �ber to form a

multilaminated myelin sheath. Myelination is critical for the conduction of impulses

through axon. This is because Schwann cells forms Ranvier nodes between internodes

in which the axon membrane is exposed to intracellular �uid containing sodium and

potassium. Interaction of intracellular �uid allows the nerve impulses called action

potential to be transmitted. This situation is coined as salutatory transmission [1, 8].

2.2.2 Unmyelinated Nerve Fiber

Unmyelinated nerve �bers are smaller in caliber between 0.15 and 2.00 mm

in diameter. They are composed of several axons surrounded together by only one

Schwann cell [7].
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The speed of nerve impulses changes dramatically in respect to whether presence

of myelin or not. The Table 2.1 illustrates di�erent types of nerve �ber and their speed.

Table 2.1

The speed of myelinated and unmyelinated axons

Fiber Type Myelinezation Function Diameter (µm) CV(m/s)

A α (e�erent) + Proprioception, somatomotor 12-20 100

β (a�erent) + Touch, pressure 5-12 30-70

γ(e�erent) + Motor to muscle spindle 3-6 15-30

δ (a�erent) + Pain esp. cold, touch 2-5 12-30

B + Preganglionic autonomic < 3 3-15

C - Thermal pain, mechanoreceptor 0.4-1.2 0.5-2

- Postganglionic autonomic 0.3-1.3 0.7-2.3

2.2.3 Action Potential

The action potential (AP) is a phenomenon in which the electrical membrane

potential of a nerve cell rapidly rises and falls because of special types of voltage-gated

ion channels embedded in a cell's plasma membrane (Figure 2.2). On the other hand,

the compound action potential (CAP) is the summation of all the action potentials

produced by all �bers that were �red by the same stimulus [1].

Figure 2.2 The Action Potential (AP)
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The nerve is composed of many �bers with di�erent diameters, and they are

distributed at random throughout the nerve. The threshold for discharge of an axon in

response to externally applied current is inversely related to the diameter of the axon,

so that the large axon will have the lower threshold in case a large and small one is

equidistant from the stimulating electrode. In addition, �bers contribute voltage to

the compound potential in proportion to the square of their diameters. The result is

that large �bers give the largest components to the compound action potential (Figure

2.3) [9, 10, 11].

Figure 2.3 The speed of nerve �bers

2.2.4 Axon Ultrastructure

The intact mature peripheral nerve axon is constructed of a sca�old of proteins

consisting of micro�laments, neuro�lament intermediate proteins, and microtubules

all surrounded by an axolemma. Micro�laments are expressed in the subaxolemmal

cytoskelton, whereas neuro�laments and microtubules are distributed throughout the

axon [7].
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2.3 Degeneration in PNS

There are, on the average, 50.000 cases of peripheral injuries recorded in America

every year. Limited reported data are available to determine the incidence of peripheral

nerve injuries. In North America, data taken from a trauma population in Canada

revealed that approximately 2-3% of patients had a major nerve injury. In New South

Wales, Australia, 2% of patients were reported to have a major nerve injury [12].

Peripheral injuries can be derived from compression, chemical toxins, transac-

tion and trauma. Severity of injury is depended on location of damage in compartments

of peripheral nerve [13]. The injuries �rstly classi�ed by Seddon are divided into neu-

rapraxia (Class 1), axonotmesis (Class 2), and neurotmesis lesions (Class 3) regarding

to where the damage occurred in the nerve.

Neurapraxia is the less severe injury in which there is only a lack of conduction

as a result of demyelination. The axon and its connective tissue remain intact. There

is no Wallerian degeneration and nerve is recovered completely.

In axonotmesis, axons of nerve are disrupted because of mechanical, chemical

or ischemic lesion, yet its connective tissue are not. Due to the protection of connec-

tive tissue, the connection between the distal and the proximal stump of the nerve is

maintained. After damage in axons, Wallerian degeneration mentioned below starts in

the distal stump of the nerve to remove damaged tissue.

Neurotmesis is the most serious injury in which both axons and the connective

tissue of the nerve are damaged. This type of injury is generally a result of transaction

by which the proximal and distal stump is separated. Because of separation of distal

stump from the nerve cell body, there is Wallerian degeneration in the distal part.

Although the nerve is capable of regeneration after degeneration in axonotmesis, the

only change for regeneration in neurotmesis is to connect the stumps of the nerve with

suture or graft techniques. Despite surgical intervention, there is still a lack of recovery

[8].
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Addition to Seddon classi�cation: Sunderland added 2 more groups into injury

types related to damage in endoneurium and perineurium as summarized in Table 2.2

[8].

Table 2.2

Peripheral nerve injury classi�cation done by Sunderland

Type 1 Conduction block (Neurapraxia)

Type 2 Unmyelination and Axonal Injury (Axonotmesis)

Type 3 Type 2 + Endoneurium Injury

Type 4 Type 3 + Perineurium Injury

Type 5 Type 4 + Epineurium Injury (Neurotmesis)

1. First-degree injury similar to neurapraxia mentioned above and is de�ned

as an injury without structural interruption of the axon or subsequent Wallerian-like

degeneration. The lesion is characterized by local demyelination.

2. Second-degree injury is similar to axonotmesis mentioned above. The injury

does not disrupt the basal lamina or endoneurial integrity but the axon is damaged

and there is distal Wallerian-like degeneration. Recovery occurs through regeneration

of axons.

3. Third-degree injury involves a loss of axon continuity and subsequentWallerian-

like degeneration but the perineurial sheath remains intact. The general arrangement

of the fascicles is preserved but there is endoneurial disruption.

4. Fourth-degree injury involves a severe disruption of the peripheral nerve trunk

with disorganization of its topography and loss of fascicular arrangement. The nerve

trunk is in continuity because the epineurium is not separated.

5. Fifth-degree injury involves a complete transection or separation of the entire

nerve trunk, as described with the term neurotmesis [8, 14].
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2.4 Regeneration in The PNS

After injury of PNS, axonotmesis or neurotmesis, similar morphologic and metabolic

changes occur at injured nerve. These changes also occur in the nerve cell body, the

proximal and distal part to injury site, the muscle end-plates and sensory receptor to

which injured nerve is innervated. The proximal stump refers to the segment near

the injury site that is connected to neuron cell body, whereas the distal stump means

the other segment near to injury site that is attained to the end of axon. During

degeneration and regeneration processes, several components of nerve change their

regular function. Hence, neurons switch its role from relaying signal to growing mode,

and Schwann cells responsible for myelination start to degrade myelin sheath. Also,

protein syntheses are done to produce growth factor instead of the production of neu-

rotransmitter [14].

The processes that take place after injury are divided into mainly three parts:

Wallerian degeneration, axon regeneration/growth, and nerve reinnervation and that

can be summarized as below:

1. Excitability : At initial stage of Wallerian degeneration signaling pathway in

the injured axon works at normal rate and the distal stump of the damaged nerve tend

to remain electrically excitable. However, the axon losses the ability of excitability

which in turn slows down axonal transport at 2-3 days after damage [15].

2. Chromatolysis : At the neuron cell body, Nissl bodies that consist of arrays

of rough endoplasmic reticulum and ribosome clusters break up and disperse. In ad-

dition, the nucleus migrates to the periphery of the neuron cell body. Disorganization

of Nissl body called chromatolyis enables an increase in protein synthesis for axonal

regeneration [14, 15].
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3. Cessation of interaction between the axon and the extracellular �uid : Imme-

diately after transaction of nerve, the open ends of axon are exposed to extracellular

calcium and sodium ions causing an electrical signal that is conveyed to the nerve cell

body. The voltage-dependent ion channels are opened and calcium ions �ow into the

axon. As a result of calcium in�ux, several proteinases responsible for breakdown of

axonal structures (axolemma, neuro�lament and neurotubules) are produced. Then,

axon seals the plasmatic membrane at its edges ceasing interaction between the axon

and the extracellular �uid.

4. Wallerian degeneration: During Wallerian degeneration, the Schwann cells

degrade myelin sheaths of injured axon to remove inhibitory e�ect of myelin on axonal

regeneration. The signal that triggers degradation of myelin results from the separation

of neurollemma (the membrane of Sc) from axollemma (the membrane of axon).

5. Phagocytosis : It is not just Schwann cells that phagocytose myelin sheath and

debris but also macrophages. Through the signalling of Schwann cells, macrophages

invade injured nerve. It is surprising that they only accumulate around degenerat-

ing �bers not around intact nerve. This may be due to molecules which belong to

chemokine family.

6. Axon guidance: Axons degenerate leaving the endoneurial tube behind in

both the proximal and distal segment. However, the proliferation of Schwann cells

�ll in the endoneurial tube forming Bünger tube in the later segment. Bünger tube

guides the growth cones in the proximal stump to reach the distal stump by secreting

adhesion molecules. The Schwann cells also produce neutrophic factors that facilitate

nourishment for axon cues.

7. Proliferation of Schwann cells : Proliferation of Schwann cells forms Bünger

tube along endoneurial tube in the distal stump to the injury site. The loss of

axon�Schwann cell contact generates a signal that causes Schwann cell proliferation.

The Schwann cells upregulate the synthesis of several types of neurotropic factors such

as NGF and BDNF. Proliferating Schwann cells organize themselves into columns and
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the regenerating axons associate with them by growing distally between their basal

membranes. During normal development, the Schwann cells proliferate to accommo-

date neurite elongation. This proliferation ceases during maturity and the Schwann

cell population becomes quiescent. However, after nerve injury, the Schwann cells re-

gain their proliferative phenotype and cell division starts at day 2 and peaks rapidly

at day 3 post axotomy. At later time points examined (days 18 and 30) Schwann cell

proliferation is markedly decreased.

8. Growth cones in the proximal, capable of degrading cellular debris : The

growth cone has the ability to produce a protease that digests any material or de-

bris that remains in its path of regeneration toward the distal site. The growth cone

responds to molecules produced by Schwann cells such as laminin and �bronectin.

9. Facilitation of axonal growth: Molecules secreted by macrophages such as

cytokines shifts SC functions from demylenating to forming neurtrophins and adhesion

molecules. Neurotrophins, NGF and CNF, facilitate axonal growth. On the other

hand, adhesion molecules into Schwann cells of the distal stump attract growth cones.

10. Pruning : During regeneration, the excess number of cones reaches the distal

stump. With time some of them that reach the appropriate target enlarge and mature.

The others that do not reach the target are pruned and disappear. This process is

called pruning.

11. Myelination and compartmentation: At the initial stage of regeneration,

new axons are not enclosed by myelin sheath. Schwann cells produce myelin and

envelope the axons forming a mature nerve �ber. After myelination, compartmentation

(endoneurium, perineurium and epinerium) takes place completing the formation of the

intact nerve [15] (Figure 2.4).
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Figure 2.4 Schematic of the main events of degeneration and regeneration after peripheral nerve
injury. (A) Normal nerve �ber, maintaining synaptic contact with target cells. (B) Transection of
the �ber results in distal fragmentation of axon and myelin sheaths. Macrophages and Schwann cells
phagocyte degraded materials. Chromatolysis at the neuron soma and dendritic arbor retraction
occur. (C) Fine sprouts emerge from the proximal axonal end, and elongate in association with
the proliferated Schwann cells in the distal segment, that line up in bands of Büngner. (D) Axonal
reconnection with target cells and maturation of the nerve �ber. The regenerated axon remains of
smaller caliber and with shorter internodes than normal. The neuron returns to a normal transmitting
phenotype. Target cells may su�er atrophy and phenotypic changes during denervation.
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Despite the ability of peripheral nerve to regenerate, the rate of axonal regener-

ation is initially very slow, and reaches a constant value by 3�4 days after injury, which

is about 2�3 mm/day. This permanent impaired sensory and motor function results

in neuropathic pain and major social consequences. To relive this, many therapeutic

intervention strategies for peripheral nerve repair such as delivering growth factors,

electrical stimulation, physical activities and surgical repair have been tried. So far,

phototherapy remains to be the most promising application and has been studied since

the 80s, with numerous positive reports [16].

2.5 Laser in Repairing Injured Nerves

Laser is a term used for abbreviation of Laser Ampli�cation by Stimulated

Emission of Radiation. Laser creates and ampli�es a narrow, intense beam of coherent

light thanks to oscillator and population inversion [17].

Phototherapy is also named as low-power laser therapy due to low light radiation

intensity. Energy intensity is so low so that the biological interaction of laser with cells

and tissues is physical and chemical instead of heating [5]. The used energy spectrum is

ranged from visible light to near-infrared light. The most commonly used wavelength is

visible due many researches that report its bene�cial e�ect for stimulating regenerative

events.

Besides the wavelength, the treatment protocol can be modi�ed by changing

parameters such as the emission time, energy density, and the site of application.

Although the most studies which used various laser parameters reported the positive

e�ects of low-laser therapy, its mechanism is still poorly understood [3, 18].
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3. MATERIAL AND METHODS

Thirty male adult Wistar rats weighing 291± 26 g in the same age line were

obtained from the Life Sciences and Technologies Research Center of Bogazici Uni-

versity, Turkey. The experiments were done in physiology laboratory of Biomedical

Engineering Institute. The animals were kept in plastic cages (three per cage) under

controlled temperature (22 ± 2) with a 12 h light-dark cycle. The animals were fed

rodent chow and water ad libitum. All procedures were approved by the Institutional

Ethics Committee for the Local Use of Animals in Experiments (BÜHADYEK) under

the protocol number 2011-10-25.

3.1 Surgical Procedure

The rats were weighed for calculation of the anaesthetic dose, and then they were

anaesthetized with a mixture of ketamine (65 mg/1000 g body weight) and 2% xylazine

(10 mg/1000 g body weight) with intra-peritoneal injection. After verifying the state

of consciousness, each animal was positioned in the ventral decubitus position. The

thigh of right hind leg of rat was shaved and sterilized locally by means of 5% alcohol

and povidone iodide. An incision was made in the lateral face of this limb followed

by a layer-by-layer dissection until the sciatic nerve was exposed. After separating

the sciatic nerve from adjacent tissue, it was smashed from 1 cm proximal to its three

main branches, called bifurcation (�bular, sural, and tibial) using the 5,000 g via dead-

weight machine (DWN) developed by us used for 10 min as shown in Figure 3.1. During

smashing period, the sciatic nerve was moisturized with saline in order to prevent it

from drying.
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Figure 3.1 The surgical procedure
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Then, the nerve was relocated in its bed, and the muscles and skin were sutured

with simple stitches (Silk 3/0, Do§san). After suturing, local asepsis was carried out,

and each animal was given a dose of Gentamycin (10 mg/1000 g body weight) and

Rimadiyl (5 mg/1000 g body weight) subcutaneously for prophylaxis of infections and

promotion of analgesia.

The animals were divided into three experimental groups according to the pro-

cedure to be performed (n=10):

Table 3.1

Groups of animals used in present investigation

Experimental Groups Wavelength Power Energy Density First Second Third

(n=10) (nm) (mW) (J/cm2 ) Week Week Week

Control - - - - - -

Early Group 650 25 10 + + -

Delayed Group 650 25 10 - + +

Group 1 did not receive the laser treatment (untreated group),

Group 2 received the laser treatment starting on the �rst postoperative day

and continuing for 14 days (early group),

Group 3 received the laser treatment starting 1 week after the injury and

continuing for 14 days (delayed group).

Phototherapy

A 24 mW, 650 nm diode type laser with an approximate spot size of 0.14 cm2

(Model: DH650-24-3(5), Huanic, China) was used in this experiment. The delivered

energy density was chosen as 10 J/cm2 in accordance with studies that reported success

[19, 20, 21]. The average power of the equipment was measured as 25 mW before the

experiment, with a power-measuring device (Low Power Detector, Model 918D-SL-0D3,

Newport). Thus, the applied time was calculated as 56.7 sec to satisfy 10 J/cm2.
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Figure 3.2 The measurement of laser power with a detector

Laser treatment was applied transcutaneously to the site of three points of

surgical incision which was approximately 3 cm in all rats: one point at each extremity

and another at the midpoint. The laser was positioned at an angle of 900 to the skin,

according to the contact point technique. Prior to laser irradiation, the half dose of

anaesthetic which found su�cient according to preliminary experiments was given to

the rats. The therapeutic procedure was begun immediately after surgery in the early

group and after 7 days in the delayed group. The therapy was continued for 2 weeks.

All animals were treated the same way.

3.2 Functional Test: Sciatic Functional Index (SFI)

Initially, the animals were trained for two consecutive days on a walking track

dimension of which is 42 x 8.2 cm as described by De Medinaceli et al. [22]. This

track (Figure 3.3 (a)) was used to facilitate sampling of the hind footprints, which was

necessary to calculate the Sciatic Functional Index (SFI). The footprints were obtained

in the several time intervals that are the pre-operative period, and after seven, 14 and

21 post-operative days. The footprints were collected using stamp ink. The ink-soaked

paws left footprints on strips of paper and three footprints per paw on average were

recorded. The following formula proposed by Bain et al. (1989) was used to calculate

the SFI. The distances between the second and fourth distal phalanges (IT), between

the �rst and �fth distal phalanges (TS) and between the proximal edge of the foot

and the third distal phalanx (PL) were measured (Figure 3.3 (b)). Negative scores
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represent the percentage of functional loss [23].

SFI = −38 · 3× (EPL−NPL)
(NPL)

+ 109 · 5× (ETS−NTS)
(NTS)

+ 13 · 3× (EIT−NIT )
(NIT )

− 8 · 8

(a) (b)

Figure 3.3 (a) Walking Track. (b) EPL, ETS and EIT stand for the experimental paw lengths, the
experimental toe spread (distance between the 1st and 5th toe) and the experimental intermediary
toe spread (distance between the 2nd and 4th toe), respectively. NPL, NTS and NIT stand for the
normal paw length, normal toe spread and normal intermediary toe spread, respectively.

3.3 Electrophysiology

At the end of 21 postsurgery days, the rats were sacri�ced with cervical dislo-

cation. Both operated and intact legs were open and sciatic nerve was dissected. To

record the conduction velocity (CV) and latency of compound action potential (CAP)

of sciatic nerve invitro, stimulator and recording electrodes were used. Since the nerve

gets dry easily after dissecting from its bed, it needs to be humisted. The Krebs Hense-

leit solution (112 mM NaCl, 4.6 mM KCl, 1.9 mM CaCl2, 1.1 mM MgSO4, 0.8 mM

KH2PO4, 24 mM NaHCO3, and 10 mM D-glucose adjusted to pH 7.2-7.4) is the best

for moisturisation that is identical to body �uid of rat [24].

Using a Harvard Stimulator2 a supramaximal square stimulus with a pulse-

2Harvard Nerve Stimulator
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duration of 0.5 msecs and 20V amplitude was delivered to the proximal segment of the

sciatic nerve. The same stimulus was then applied to the distal segment of nerve. The

replacement of distal and proximal stimulation is 0.5 cm. CAP was observed in the

oscillator's screen (Tektronix TDS-1002b). Any appropriate response processed with a

5 kHz low pass �lter was recorded. During recording, the sciatic nerve was moisturized

with Krebs Henseleit solution.

Conduction velocity was calculated by dividing replacement (0.5 cm) to latency

and the data obtained were recorded.

ConductionV elocity = (ProximalDistance−DistalDistance)
(ProximalLatency−DistalLatency)

3.4 Histology

The other method to observe recovery of crushed nerve is measuring the mononu-

clear cell in the crushed area. To count mononuclear cells, sciatic nerve was �xed in 10%

formaldehyde bu�er solution immediately after the CAP measurement. The �xation

process is necessary to prevent postmortem decay including autolysis (self-digestion)

and putrefaction (decomposition of protein structure of the cell).

The second part of tissue preparation for histology examination is dehydration.

To cut tissue into thin slices, it must have strength and rigidity. Thus, water must

be extracted from tissue and exchanged with a solidifying agent. Most common used

solidifying agent is para�n, but para�n is immiscible with water. Thanks to dehydra-

tion process, water can be replaced with para�n via transition agents which are alcohol

replaced with water, xylene that removes alcohol and �nally para�n exchanged with

alcohol. The dehydration process done after twenty-four hours �xation is summarized

in Table 3.2 (a). Tissue processing was automatically performed by tissue processing

machine (Leica TP-1020, Germany) in our Biophotonics Laboratory at the Institute of

Biomedical Engineering, Bogazici University.
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The third part of tissue processing is sectioning and staining. To section the

sciatic nerves into thick slices, the processed tissue was embedded in blocks �lled with

para�n. The orientation of tissue in para�n blocks is very important. In this study,

the nerves were aligned transversely in para�n wax to observe the nerve �bers and

the mononuclear cells between them. Firstly, the heated plate of embedding machine

(Leica EG − 1150 H, Germany) was used to position the nerve segment in the blocks.

Then, para�n was cooled using cold plate. After enough time for cooling para�n, the

blocks were placed into microtome (Leica RM − 2255, Germany) capable of sectioning

10 µm thick tissue. 10µm thick sections were placed on glass slides using 450C bath

then put into incubator (Nüve EN-025) adjusted to 370C overnight for vaporization of

water. The nerve slices were stained with Hematoxylin and Eosin which are the most

frequently used stains in histology. Hematoxylin, a basic dye, stains the nucleus of the

nerves blue; whereas eosin, an acidic dye, stains the cytoplasm of nerve �bers to pink.

Table 3.2

a) The steps of dehydration procedure b) Summary of H&E staining steps

Dehydration Procedure

Alcohol 70% 1 hour

Alcohol 80% 1 hour

Alcohol 80% 1 hour

Alcohol 96% 1 hour

Alcohol 96% 1 hour

Alcohol 100% 1 hour

Alcohol 100% 1 hour

Xylene 1 hour

Xylene 1 hour

Para�n 600C 1 hour

Para�n 600C 1 hour

H&E Staining

Xylene 5 min

Alcohol 100% 10 dip

Alcohol 90% 10 dip

Alcohol 70% 10 dip

Water 10 dip

Hematoxylin 90 sec

Water 100% 10 dip

Alcohol 90% 10 dip

Alcohol 70% 10 dip

Eosin 2 min

Water 10 dip

Alcohol 70% 10 dip

Alcohol 50% 10 dip

Xylene 2 min

Ten images of each animal were captured using a Leica DM200 microscope and

analyzed with Image J. Mononuclear cells representing in�ammatory in�ltrate were

observed and the number of mononuclear cells was recorded in the �elds equal to 104

µ m2.
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3.5 Statistical Analysis

Functional, morphometric and electrophysiological data were expressed as mean

± SD. Functional data between groups were compared by the nonparametric Kruskal-

Wallis test. Di�erences in SFI scores on di�erent days were analyzed using Friedman

test. Di�erences in nerve condunction velocity and latency of CAP and di�erences in

the number of mononuclear cells were analyzed by One-Way ANOVA with Post-hoc

Tukey.

Signi�cance was set at p<0.05.
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4. RESULTS

4.1 Functional Test: Sciatic Functional Index (SFI)

To observe the progress and the functional recovery of animals, the Sciatic Func-

tional Index was used. As expected, it was observed that all animals that underwent

surgery could not use their a�ected foot e�ectively, causing walking problems. Walking

ability deteriorated for the �rst and the second week in all the experimental groups.

However, this condition improved and the animals started to walk normally, especially

in the last week.

Table 4.1

Values obtained by Sciatic Functional Index mean ± SD

Group Pre-Surgery 7 days 14 days 21days

Control - 8.4±12.67 - 72.45±5.75 -79.0±12.7 -55.46±18

Delayed - 8.75±5.96 - 72.0±7.45 -75.3±6.96 -46.2±21.5

Early - 6.65±9.73 - 70.2±3.54 -77.2±7.5 -51.1±19.4

The analysis of the SFI value obtained using Equation 3.2 is consistent with

observation. Table 4.1 shows the data on the SFI during di�erent experimental days.

As expected, the SFI values of all groups in the pre-surgery are higher than those for

the other days. According to Table 4.1, it can be concluded that the Early Group on

the 7th day and the Delayed Group on the 14th and 21st days show better result in

comparison with the other groups on these days. However, there are no signi�cant dif-

ferences between the groups at di�erent days (p>0.05). There are also no signi�cantly

di�erences between pre-surgery values and the values on the 21st days after operation

(p>0.05, Figure 3.1) in all groups, but values on 7th and 14th days showed signi�cantly

di�erences compared to pre-surgey values and those on 21st days (p<0.05).
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Figure 4.1 Mean and standard deviation values of the SFI obtained from three groups at pre-surgery,
the 7th day, the 14th day and the 21th day.

4.2 Electrophysiology

Velocity and latency values of the compound action potential for all groups

were recorded after 21 consecutive days. The values of contralateral (left) side were

submitted to Normal groups. A total 29 data could be measured, leading to unequal

sample size as indicated in Table 4.2.

Table 4.2

Velocity and Latency of Compound Action Potential

Group Control(n=5) Delayed(n=8) Early(n=8) Normal(n=8)

Latency(ms) 2.2±0.29 1.57±0.39 1.68±0.45 0.55±0.1

Velocity(m/s) 0.23±0.32 3.3±0.73 3.17±0.86 9.32±1.37

One-way ANOVA test showed that latency of all experimental groups is signi�-

cantly di�erent than the latency value of the Normal Group. In addition, the di�erence

between the latency of the Delayed and Control Groups are signi�cant (p<0.05) based

on post-hoc Tukey test (Figure 4.2 (a)). On the other hand, Figure 4.2 (b) illustrates

that there is no signi�cant di�erence between velocities of all groups (p>0.05), but all

of them are di�erent compared to velocity of Normal group (p<0.05).
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(a) (b)

Figure 4.2 Contralateral sciatic nerves are submitted to Normal groups. a) Mean latency of com-
pound action potential. All groups are signi�cantly di�erent than Normal group ( p<0.05). There
is also a signi�cant di�erence between Delayed and Control groups ( p<0.05). b) Mean velocity of
compound action potential. No signi�cant di�erence between groups except that velocity of normal
group is signi�cantly di�erent than other groups ( p<0.05).

4.3 Histology

In addition to functional and electrophysiological tests, morphological exami-

nations of the crushed nerves were performed. To indicate the possible recovery of

sciatic nerve, the numbers of mononuclear cells were counted in the crush lesion seg-

ment divided to �elds of areas equal to 104 µ m2. The shape of the mononuclear cells

in the lesion were round whereas the Schwann cells were interspersed among the nerve

�bers and had �uted appearances (Figure 4.4). This feature was used for separating

mononuclear cells from the Schwann cells aand to count them manually. This counting

technique called morphometric analysis showed that all the experimental groups have

more in�ltration than Normal groups (p<0.05) due to higher number of mononuclear

cells. However, groups in which laser was applied (Delayed: 12.62 ± 2.81 \ 104 µ m2

and Early: 13.38 ± 2.85\104 µ m2)had less mononuclear cells compared to control

group (15.2±2.92\104 µ m2; p<0.05). To exclude the e�ect of beginning time of laser

application, analysis between Delayed and Early groups was also performed and no

signi�cant di�erence was found (p<0.05) (Figure 4.3).
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Figure 4.3 The number of mononuclear cells at the end of the study. All animals underwent crush
lesion expect of Normal. No intervention in Control. Delayed and Early groups are submitted to laser
phototherapy 7 days after surgery and immediately after surgery, respectively. The mean number of
cells counted in images 104µm2 captured at 400X. After 21 days, the number of mononuclear cells
was signi�cantly lower in both Delayed and Early groups than Control (p<0.05, ANOVA and post
hoc Tukey test). p<0.05, in related to Normal group. p<0.05, in related to Control group.

In addition to a decrease in the mononuclear cells in the laser groups, examina-

tion under light microscopy showed that both the Delayed and the Early groups got

more dense �ber area, indicating myelination. Moreover, appearance of the samples

that belong to the laser treated groups resembles the native nerve sample (Figure 4.4).

This is another indication of nerve recovery.
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(a)

(c)

(b)

(d)

Figure 4.4 a) Intact nerve b) Sciatic nerve crush lesion without any treatment. An increase in the
number of mononuclear cells (arrows), myelin degeneration (*) c) Sciatic nerve of delayed group d)
Sciatic nerve of early group.
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5. DISCUSSION

5.1 The Experimental Set Up

The objective of this study was to answer the question of whether e�ects of

subsequent (early) and delayed laser radiation on crushed sciatic nerve regeneration

shows di�erences. To observe the rate of recovery, evaluation was done by means of

functional, electrophysiological and histological techniques.

Towards this objective, rats were chosen as subjects for experimentation because

of their nerve anatomy similar to humans and easiness in their handling. Although

reaching the sciatic nerve and determining a standard location for creating lesion seems

to be di�cult, the knowledge that this nerve is divided into three branches (tibial,

�bular and sural nerve), provides the needed guidance. This branch point was taken

as a reference position in creating the crush lesions for all the animals.

Although the crush type injury called axonotmesis is less severe than neu-

rotmesis, it is mostly used in crush models since it enables experimenters to easily

perform surgery who may not be pro�cient in micro-surgery. Moreover, the endoneurial

tube is preserved after axonotmesis, giving the opportunity to observe the e�ect of any

intervention on regeneration for a short time [13, 25].

To create the most used injury type, many researchers have preferred the use

of standard surgical hemostatic clamps [13, 26, 27, 28]. Rockhind and his coworkers

showed that the pressure of hemostat is 6.3±0.7 MPa and and its usage for 30 sec is

su�cient to obtain crush models [29]. To overcome inhomogeneous crush area, special

non-serrated hemostat tweezers were produced [19, 30]. To control, standardize and

ensure duplicability of the lesions, however, we have preferred the use of another device

instead of the hemostats. This is the so-called �dead-weight machine�. It has been

shown that the dead weight machine with weights of 500, 1000 and 15.000 g provides
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adequate crush lesions [31].

Mazzer et al. (2008) used 500, 1000, 5000, 10 000 and 15 000 g weights to

smash nerve. They observed that 5.000 g weight applied for 10 minutes is enough and

e�ective for the crush model since it caused su�cient deterioration in axon diameter,

the number of �ber and myelinated area [32].

We also used dead-weight machine with 5.000 g equal to 50 N for 10 min that

is more reliable application for axonotmesis [17].

Electrical, exercise and electro-acupuncture stimulation are used for the sake of

nerve regeneration. Some of them induce successful recovery [33, 34, 35, 36]. Besides

these alternative therapy techniques, the use of the laser has gained importance due to

its noninvasiveness, application comfort through the skin surface and its e�ectiveness.

Reports of works related to low-power laser therapy have appeared since the 80s.

The �rst studies of Helieum Neon laser gained success in nerve regeneration and

its positive e�ects have been more dominant as compared to the other wavelengths in

the success studies. Anders et al. (1993) have studied various wavelengths, ranging

from the ultraviolet to the infrared energy spectrum (361, 457, 514, 633, 720, and 1.060

nm). They investigated their e�ects on facial nerve regeneration by counting the motor

neurons corresponding to the crushed nerve. Although all wavelengths have a certain

degree of bene�cial e�ect on regeneration as compared to non-irradiated group, the 633

nm was found to be the most e�ective for biostimulation [37]. Barbosa et al. (2010)

also applied laser therapy at wavelengths at 660 nm and 830 nm to treat crush lesion

for 21 days at the same energy density of 10 J/cm2. According to the SFI analyses,

animals subjected to 660 nm irradiation showed better healing [20]. In addition to the

works related to crush models, transaction of sciatic nerve called neurotmesis has also

used to investigate the e�ect of laser therapy. With mean of neurotmesis model, 660

nm laser and 808 nm laser at 10 and 50 J/cm2 were delivered to complete resection of

the sciatic nerve. The laser application with 650 nm at both energy densities for 15

days showed better results in gait analysis [21].



32

Another laser parameter that a�ects the rate of recovery is the total energy

density delivered. Previous studies have shown that red light with 10 J/ cm2 energy

density causes an increase in the number of �bers, the myelin and axon diameters

[20, 21, 37]. Also, Gigo-Benato et al. (2010) illustrated that 660 nm with 10 J/cm2

and 60 J/cm2 provides neuromuscular recovery after nerve crush [19]. Under the light

of previous studies, 650 nm with 10 J/cm2 energy density was chosen in this study.

At this point, the question whether to start laser therapy immediately after ax-

onetmesis or whether it is more reasonable to wait for a week to deliver laser irradiation

arises. Most of the studies have adopted a treatment protocol of laser application im-

mediately after surgery and they obtained positive results compared to non-irradiated

animals [13, 19, 20, 21, 25, 26, 27, 28, 38, 39]. However, fewer studies are interested

in the onset of application that delayed the beginning of the treatment to 24 hours

after surgery and the second postoperative week, obtaining null and negative results,

respectively [5, 6]. Bagis (2003) crushed the sciatic nerve bilaterally and used the 904

nm pulsed laser at 24 hours after post-surgery. According to the data on compound

muscle action potential and histological examination, they observed no di�erences be-

tween the control and the laser group [6]. On the other hand, Chen (2004) created

10-mm gap between proximal and the distal stumps of nerve sutured into rubber tubes

to overcome the facility of Bunger Tube. In this respect, they searched whether low-

power laser irradiation performed one week after micro-surgical repair could accelerate

the rate of regeneration between the gaps. The histological and visual examination

revealed that non-irradiated animals had more mature structure with a higher number

of myelinated axons [6]. Despite these unexpected results, the 904 nm laser irradiation

on crushed median nerves in mainly delayed group in which the onset of application

started after 7 postoperative days, showed larger myelinated �bers than the control

animals, resulting in better functional recovery [4]. In regard to this study, we have

also preferred to use the most commonly used wavelength which is 650 nm.
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5.2 The E�ect of Laser on In�ammation

After any injury in the peripheral nervous system, natural defense mechanism

becomes activated for recovery. The �rst reaction is the breakdown of injured nerve

structures and its removal with help of resident or recruited macrophages. The myelin

debris must be phagocytosed by macrophage in this degenerative period since the

myelin debris is found as an inhibitor for myelination and axon sprouting [40]. In

addition to produce appropriate area for regeneration, macrophage cells must also

produce growth factors that induce proliferation of Schwann cells and �broblasts [41].

Although the macrophage cells have a critical role for regeneration, their persistent

presence causes neuroma and painful sensitivity. Thus, a decrease in the number of

mononuclear cells is a crucial indicator of regeneration with regard to the progressive

aspect. It is reported that 904 nm light-emitting diode radiation on crushed sciatic

reduces the number of the in�ammatory cells and areas of edema [26]. The changes in

the number of in�ammatory cells in our experiments are in good agreement with this

result. The number of mononuclear cells is lower in both the delayed and the early

groups, indicating that delayed laser application has the same e�ect with subsequent

laser application after surgery. However, this decrement is not enough to be recovered

totally in respect to the mononuclear cell population of the intact nerve. It should be

mentioned that the intact nerve has fewer macrophage cells which are resident [7].

5.3 The E�ect of Laser on Functional Recovery

Functional tests have various types depended on which kind of nerve is investi-

gated. Gait analysis is one of functional tests and is based on the position of �nger and

heel. This test is a cheap and easy way in the use of gait analysis. Another advantage

of SFI is giving the chance to follow the degree of recovery until animals are sacri�ced

[22, 23]. Thanks to this feature, it could be observed that the gait of all animals got

worse after their nerves were injured during the two weeks following surgery. At day

21, this situation was changed and animals could walk more comfortably. Mean val-
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ues of the SFI also justi�ed this observation. The increase in the mean value for the

delayed group at 14 and 21 days and early group at 21 days in the SFI, indicating

recovery were promising. However, the Friedman test did not indicate any signi�cant

di�erences. Despite the SFI data gathered in this study, low-laser therapy on crushed

or transected nerve immediately after surgery increased the SFI in the second week

[25, 26, 27]. The possible reason for the failure in the functional test may be inac-

curacy in measuring the distance. As mentioned by Monte-Raso et. al., the value of

the SFI measured by di�erent experimenters can show variations [42]. A walking track

equipped with a camera has been proposed to overcome this problem, thereby making

dynamic evaluations possible [43, 44].

5.4 The E�ect of Laser on CAP Response

It has been reported that 632.8 nm He-Ne laser radiation applied on the intact

sciatic nerve, at an energy density between 4 J/cm2 and 10 J/cm2 delivered transcu-

taneously causes signi�cant increase in action potential (AP) of irradiated nerves. It

has also been reported that daily irradiation for 20 consecutive days showed that the

cumulative e�ect of the He-Ne irradiation lasted nearly 8 months and the maximum

AP was obtained at the 20th day [45].

5.5 Possible Mechanism of Laser E�ects

Although the e�ects of low-energy laser are controversial, and its mechanism is

not completely understood, some studies have tried to explain this phenomenon. It

has been demonstrated that red light interacts with the chromophore of mitochondria,

leading to acceleration in the respiratory chain and an increase in ATP synthesis [46].

Another attempt to show a possible mechanism for biostimulation was carried out by

Shen et al (2003) who showed that irradiation with 650 nm laser for four consecutive

days elevates the growth-associated protein-43 (GAP-43) in the crushed sciatic nerve.
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As the level of GAP-43 is associated with the number of nerve sprouts, the rate of its

expression can be indicative of nerve regeneration [27]. The injury in the PNS does

not only initiate degenerative changes in the injured segment but also in the motor

neurons of the corresponding segment of the spinal cord and in the muscle to which

the injured nerve innervates. However, laser treatment of the crushed peripheral nerve

stops pathologic changes and initiates proliferation of astrocytes and oligodendrocytes

responsible for myelination [28]. In addition, it has been shown that red light with low

energy density accelerates muscle recovery after injury to the sciatic nerve [19]. These

�ndings clearly support the success of laser therapy in nerve regeneration.

Rochkind et al. (2007) is a pioneer of the application of low-power laser therapy

in patients with long-term peripheral injury. In this pilot study, 780 nm laser at an

energy density of 300 J/cm2 was delivered to the injured peripheral nerve and to the

corresponding segments of spinal cord for 21 consecutive days. The patients were

monitored at the end of 21 days of treatment and after 3 and 6 months. The analysis

of motor function and electrophysiological evaluation showed signi�cant improvement

in laser irradiated patients compared to the placebo group [47]. Although we have not

performed any research on humans, our results on rats are encouraging and show that

laser therapy can be e�ective in the treatment of peripheral nerve injuries.

5.6 Recommendations for Future Work

Based on the morphological and electrophysiological evaluations of the data

presented here supports that delayed laser use could enhance nerve regeneration in.

Thus, the future studies can be focused on the time set and onset of therapy.

To get further information about how delayed laser use e�ects on the nerve

regeneration, the histological examination under which diameter of axon and myelin are

measured can be done. This evaluation technique gives information about myelination

a major factor in signal transmission and can be correlated with the amplitude and

velocity of action potential of nerve [48].
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In addition, the e�ects of the longer wavelength can be researched due to its

high penetration depth that can be applied to patients su�ering from peripheral nerve

injuries.
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