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Introduction
Muscle physiology is a fascinating field of study 

that plays a critical role in human health and 

performance. Healthy muscle physiology is es-

sential for a wide range of activities, from simple 

movements such as walking and lifting objects to 

high-intensity exercise and athletic performance. 

In this chapter, we will explore the fundamental 

principles of healthy muscle physiology, including 

muscle contraction, energy metabolism, and mus-

cle functionality. By the end of this chapter, you 

will have a deeper understanding of how healthy 

muscle physiology works.

Looking at the human body from an engineer-

ing perspective, it can be viewed as a mechanism 

for transmitting loads. Within this framework, skel-

etal muscle serves as the primary biological system 

for generating force and powering movement. 

Around a century ago, the action of muscles in the 

human body was initially understood through ana-

tomical considerations of their origin and insertion 

points. However, further exploration was undertak-

en by Duchenne in his 1867 book, “Physiologie des 

Mouvements” in which he described the response 

of several human muscles to Faradic stimulation.1 

Since the pioneering work of individuals such as 

Duchenne, Ranvier, and Hill, our understanding of 

the structure and function of skeletal muscle has 

advanced significantly.2,3 Today, virtually every as-

pect of muscle biology has been explored in detail, 

leaving few areas left unexamined.

The human body is home to over 600 individu-

al skeletal muscles, with approximately 300 mus-

cles located on each side of the body (Figure 1.1). 

Each of these muscles is specialized for specific 

functions and possesses unique properties that 

are determined during early developmental stag-

es. For example, the anatomical structure of each 

muscle, including its shape, spatial organization, 

and orientation of component fascicles, as well as 

its connections with specific tendons, bones, and 

aponeuroses, is determined irreversibly during de-

velopment. Together, these properties contribute 

to the remarkable precision and versatility of hu-

man movement.4

Figure 1.1  Human body skeletal muscles.
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As the “final common pathway” in Sher-

rington’s model of motor control, muscle rep-

resents the ultimate effector of a complex array of 

neuronal processes.5 Accordingly, it plays a critical 

role in the expression of movement, serving as the 

ultimate site of force generation and control with-

in the body. The basic functional unit of skeletal 

muscle is the motor unit, consisting of a group of 

muscle fibers innervated by a single motor neuron. 

For a successful performance of the human body, 

each motor unit must be capable of fulfilling any 

reasonable task that is required of it. In this way, 

the muscle units work together to produce the 

complex and varied movements necessary for dai-

ly living.

Skeletal Muscle Ontogeny
Skeletal muscles have their origin in the paraxial 

mesoderm, which arises during gastrulation and 

embryonic axis elongation. This tissue forms the 

presomitic mesoderm at the posterior end of the 

embryo, which consists of an immature posterior 

and a committed anterior region that eventually 

segments to form the somites. Within the somites, 

skeletal myogenesis is initiated through the spec-

ification of premyogenic progenitors and skeletal 

myoblasts. Differentiation and proliferation phases 

lead to the formation of multinucleated myofibers 

via the fusion of mononucleated myocytes. This 

process involves a series of molecular and cellular 

events that regulate the progression through differ-

ent developmental stages in the embryo.6

Muscle Tissue as A Source of Endocrine 
Signaling Molecules
The human body’s locomotor system heavily relies 

on the skeletal muscle, which is one of the largest 

organs. This essential component helps to main-

tain posture, generate force and power during in-

tentional movements, and assists with involuntary 

actions such us breathing and reflexes.7

Muscles were traditionally viewed as solely 

being responsible for movement and locomotion. 

However, recent research has revealed that mus-

cles are also involved in a wide range of metabolic 

processes and functions, including glucose ho-

meostasis, lipid metabolism, and energy expen-

diture. Additionally, it has been discovered that 

the muscle tissue secretes a variety of molecules, 

including myokines, which act as signaling mole-

cules in the body and have a wide range of phys-

iological effects beyond muscle contraction. This 

has led to the recognition of skeletal muscle as an 

endocrine organ, capable of influencing a variety 

of physiological processes throughout the body.8,9 

The first myokine to be discovered was Interleu-

kin-6 (IL-6), which was found to be released into 

the bloodstream by contracting muscles, even in 

the absence of inflammation.10 IL-6 is known to 

play a role in the regulation of glucose and lipid 

metabolism during exercise. Specifically, it has 

been shown to promote glucose uptake and fatty 

acid oxidation in skeletal muscle, which is medi-

ated in part by the activation of Adenosine Mono-

phosphate-activated Protein Kinase (AMPK) and 

enhances the production of hepatic glucose. This 

suggests that IL-6 is involved in the metabolic ad-

aptation of skeletal muscle to exercise, promoting 

the use of stored energy sources for fuel.11 In ad-

dition to IL-6, other cytokines such as IL-7, IL-15, 

and Leukaemia Inhibitory Factor have been iden-

tified as being secreted by skeletal muscles and ca-

pable of exerting metabolic effects.12

New research has revealed that AMPK signaling 

in skeletal muscle plays an important role in the 

biogenesis of microRNAs by regulating the expres-

sion of DICER, a critical enzyme involved in this 

process.13

The brain-derived neurotrophic factor (BDNF) 

is a myokine that has been shown to increase in 

response to exercise in both rodents and humans. 

It is the most abundant neurotrophin in the brain 

and plays a critical role in neuronal survival, dif-

ferentiation, and plasticity. In addition to its neu-

rotrophic functions, BDNF has been found to have 

metabolic effects in skeletal muscle, including 

promoting glucose uptake and enhancing mito-

chondrial function. The release of BDNF from con-

tracting muscle may contribute to the beneficial 

effects of exercise on brain function and cognitive 

health.14
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Recent studies have shown that muscle-specific 

deletion of BDNF in mice leads to the development 

of metabolic myopathy and insulin resistance, 

highlighting its essential autocrine and paracrine 

roles as a metabolic regulator.15 Furthermore, ev-

idence suggests that BDNF released from muscle 

may also act in an endocrine manner by signaling 

to vascular cells and perivascular adipose depots.16

The myokine irisin, produced by the Fibronec-

tin Type 3 Domain Containing Protein 5 (FNDC5) 

precursor protein, has been shown to induce BDNF 

expression in the brain and stimulate thermogen-

ic gene expression in beige adipocytes, promoting 

their conversion to brown adipocytes in response 

to exercise in both mice and humans.17,18 Irisin is 

also involved in the regulation of bone mineral 

density and synaptic plasticity in the brain, sug-

gesting that the skeletal muscle plays a significant 

role in regulating body metabolism and physiolo-

gy.19

Microstructure of Skeletal 
Muscle
Skeletal muscle is responsible for voluntary move-

ment and is under conscious control. It is com-

posed of muscle fibers that can contract and gen-

erate force, but also require a large amount of ener-

gy to do so, which can lead to fatigue. Examples of 

skeletal muscles include the Quadriceps Femoris 

in the thigh and the Biceps Brachii in the forearm. 

Skeletal muscle is a complex tissue with a high-

ly organized structure and function. It consists of 

several bundles of muscle fibers (myofibers), each 

containing several myofibrils, which are the basic 

cellular units called sarcomeres. The fascicles are 

bundles of myofibers, which in turn form the mus-

cle tissue, encapsulated by the Extracellular Matrix 

and supported by the cytoskeletal networks.

Skeletal muscle is highly vascularized and in-

nervated, and contains components of the meta-

bolic and regulatory machinery necessary for effi-

cient energy production and cellular homeostasis. 

The precise coordination between each of these 

components is essential for maintaining muscular 

health and associated motor activity. Any pertur-

bations, whether genetic or environmental, can re-

sult in loss of muscle health and function, typically 

characterized by muscle fiber loss, reduced motor 

output, and in some cases, death.20

The muscle as a biomechanical device requires 

the coordination between several factors (or com-

ponents) both intrinsic (e.g. genetic) and extrinsic 

(e.g. environmental stressors, circulatory factors) 

essential for normal muscle function. Over the 

decades, reviews in skeletal muscle research have 

focused extensively on specific aspects of muscle 

structure or function. However, a holistic under-

standing of the integrated nature of these compo-

nents is essential for a complete understanding 

of muscle health and function. The structural and 

functional aspects of skeletal muscle can be divid-

ed into three fundamental units that drive mus-

cle contraction: (a) the neuromuscular junction 

(NMJ), which serves as a junction between nerve 

and muscle; (b) the machinery involved in exci-

tation-contraction coupling, which is the process 

of transducing electrical impulses from the nerve 

to the muscle, required to initiate mechanical con-

traction; and (c) the sarcomere, the contractile 

apparatus responsible for force generation. These 

three units work together in a highly coordinated 

fashion to generate the mechanical force required 

for muscle movement. Dysfunction or impairment 

in any of these units can lead to muscle weakness 

or loss of function.21

Skeletal muscle fibers are unique in their large 

size and multinucleated structure, with each fiber 

containing numerous nuclei that are located pe-

ripherally adjacent to the plasma membrane. In 

fact, the number of nuclei in a single muscle fiber 

can range from hundreds to thousands depending 

on the size and function of the muscle. This periph-

eral distribution of nuclei is thought to be import-

ant for efficient protein synthesis and repair, as the 

nuclei can quickly respond to stimuli and produce 

the necessary proteins. While it is uncommon for 

nuclei to migrate to the center of a muscle fiber, this 

can occur in certain circumstances such as during 

development, regeneration, or disease. Myonuclei 

are specialized nuclei that are unique to skeletal 

muscle fibers. Unlike other cell types, myonuclei 
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are post-mitotic, meaning that they do not divide 

or replicate. They have a flattened and elongated 

shape, with their long-axis typically running par-

allel to the longitudinal axis of the muscle fiber. 

Interestingly, myonuclei are not randomly distrib-

uted within the muscle fiber. Rather, they appear 

to repel each other during positioning, resulting 

in an evenly distributed configuration throughout 

the muscle fiber. This organization is thought to be 

important for efficient muscle function and force 

generation. Under certain conditions such as mus-

cle damage or growth, additional myonuclei may 

be added to the muscle fiber through the activation 

and fusion of satellite cells, a population of muscle 

stem cells.22

The concept of myonuclear domains suggests 

that each myonucleus is responsible for regulating 

gene expression within a specific portion of the 

muscle fiber, known as its myonuclear domain.21 

This concept is based on the idea that a myonu-

cleus can only efficiently regulate gene expression 

within a limited volume of cytoplasm, as diffusion 

of mRNA and proteins beyond a certain distance 

becomes inefficient. Thus, the number of myonu-

clei in a muscle fiber is thought to directly impact 

the size and metabolic capacity of the fiber, with 

larger fibers having a greater number of myonu-

clei to regulate gene expression within their larger 

myonuclear domains.22

The myonuclear domain theory suggests that 

each nucleus in a muscle fiber is responsible for 

controlling the transcription and translation of 

proteins in a limited volume of the cytoplasm sur-

rounding it. This is because the diffusion of tran-

scription factors and mRNA molecules is limited, 

and thus the transcriptional capacity of each nu-

cleus is limited to a specific volume of the mus-

cle fiber, also known as the myonuclear domain. 

Therefore, in order to maintain proper protein syn-

thesis across the entire muscle fiber, the number 

of myonuclei must increase proportionally to the 

fiber size. The concept of the myonuclear domain 

is therefore important for understanding muscle 

physiology and adaptation to exercise.23

The concept of the myonuclear domain theory 

has been widely accepted by many researchers, 

but it remains a topic of intense debate within the 

field. According to this theory, there is a linear re-

lationship between the total number of myonuclei 

and the size or volume of the muscle fiber. Howev-

er, some researchers have questioned the validity 

of this theory and have proposed alternative mod-

els for the regulation of protein synthesis in muscle 

fibers. Despite the ongoing debate, the myonucle-

ar domain theory remains an important concept in 

the field of skeletal muscle physiology.24-26

Dynamic and plastic nature of skeletal muscle 

allows it to adapt to changes in external and in-

ternal environments, such as changes in physical 

activity levels, nutrient availability, and hormonal 

balance. Regular exercise, for instance, can stimu-

late muscle protein synthesis and growth, leading 

to increased muscle mass and strength. On the 

other hand, prolonged periods of inactivity or nu-

trient deficiency can lead to muscle atrophy, which 

is characterized by a loss of muscle mass and func-

tion. Understanding the factors that regulate mus-

cle protein turnover and adaptation is crucial for 

maintaining muscle health and function, particu-

larly in populations at risk of muscle wasting, such 

as older adults or individuals with chronic diseas-

es.27

Skeletal muscle is a highly versatile tissue that 

contributes significantly to multiple bodily func-

tions. Mechanically, skeletal muscle is responsible 

for generating force and power, maintaining pos-

ture, and producing movement, which can impact 

daily activities, social interactions, occupational 

settings, and overall health. Metabolically, skeletal 

muscle plays a key role in basal energy metabo-

lism, storing important substrates such as amino 

acids and carbohydrates, producing heat to main-

tain core temperature, and consuming the majori-

ty of oxygen and fuel used during physical activity 

and exercise. Additionally, skeletal muscle serves 

as a reservoir of amino acids needed by other tis-

sues for the synthesis of organ-specific proteins.28

Several techniques are used to quantify mus-

cle mass and determine the body composition, 

including dual-energy X-ray absorptiometry, 

bioelectrical impedance analysis, magnetic reso-

nance imaging, and computed tomography. These 
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techniques have been utilized in various research 

and clinical settings to evaluate changes in mus-

cle mass and function in response to interventions 

such as exercise, nutrition, and disease.7

Muscular System Structure
The organization of skeletal muscle is distinguished 

by a highly structured and extensively documented 

pattern of muscle fibers (also known as myofibers 

or muscle cells) and their corresponding support-

ive connective tissues. Muscle size can vary great-

ly among individuals and can also be influenced 

by factors such as genetics, age, and physical ac-

tivity. The arrangement of muscle fibers within a 

muscle is also highly organized, with fibers ori-

ented in parallel to the line of force generated by 

the muscle. This arrangement allows for efficient 

force transmission and contributes to the overall 

strength and function of the muscle. Additionally, 

the connective tissue surrounding and interweav-

ing between muscle fibers provides structural sup-

port and helps to transmit force throughout the 

muscle.29

Additionally, muscle fibers are highly special-

ized and can be categorized into different types 

based on their metabolic and contractile proper-

ties. These properties are determined by the ex-

pression of different isoforms of contractile and 

metabolic proteins within the fiber. Thus, the over-

all architecture and composition of skeletal muscle 

are critical to its function and are influenced by a 

variety of factors including genetics, physical activ-

ity, nutrition, and disease.30 Non-uniformity of con-

tractile properties within a single muscle fiber may 

be caused by a variety of factors, such as differences 

in the expression of contractile proteins, differenc-

es in the types of motor units innervating different 

regions of the fiber, or differences in the mechani-

cal loading experienced by different regions of the 

fiber. These differences can result in variations in 

contractile force, speed of contraction, and fatigue 

resistance within a single fiber. Understanding the 

factors that contribute to these variations is an area 

of active research in muscle physiology.31

Satellite cells are known to be quiescent (inac-

tive) in healthy muscles, but become activated in 

response to mechanical stress, injury, or disease. 

Upon activation, satellite cells undergo prolifer-

ation, followed by differentiation and fusion with 

existing muscle fibers or formation of new fibers, 

thus contributing to muscle repair and growth. 

Dysfunction or depletion of satellite cells has been 

implicated in various muscle diseases and age-re-

lated decline in muscle function.32

When activated by myogenic factors, satellite 

cells undergo a series of steps that ultimately lead 

to the formation of new muscle fibers. These steps 

include proliferation, migration, and differentia-

tion. Once activated, satellite cells proliferate to 

form a population of undifferentiated myoblasts. 

Some of these myoblasts migrate to the site of inju-

ry or damage, where they fuse with existing muscle 

fibers to repair or replace damaged muscle tissue. 

Other myoblasts continue to proliferate and differ-

entiate into new muscle fibers, which contribute to 

muscle growth and hypertrophy.33

The internal myofilament structure is responsi-

ble for the contractile properties of skeletal muscle. 

The basic unit of this structure is the sarcomere, 

which is composed of interdigitating thick (my-

osin) and thin (actin) filaments. The interaction 

between these two types of filaments, facilitated 

by a number of regulatory proteins, results in the 

generation of force and movement. The sarcomere 

is organized into repeating units along the length 

of the muscle fiber, giving rise to the striated ap-

pearance of skeletal muscle when viewed under a 

microscope.34

Muscle Fiber Phenotype Diversity
The capillary supply networks that support the 

metabolic demands of skeletal muscle vary de-

pending on the fiber type. Oxidative, slow-twitch 

fibers have a higher density of capillaries than 

glycolytic and fast-twitch fibers due to their great-

er reliance on oxygen for energy production. This 

difference in capillary density contributes to the 

differences in metabolic and endurance capacity 

between muscle fibers.35

The classification of muscle fibers based on dif-

ferent criteria has led to the identification of various 

fiber types. In humans, there are typically three main 
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fiber types: type I (slow, oxidative, fatigue-resistant), 

type IIa (fast, oxidative, intermediate metabolic fea-

tures), and type IIx (or IIb) (faster, glycolytic, fatiga-

ble). Type I fibers are often referred to as slow-twitch 

oxidative fibers and are characterized by their high 

oxidative capacity and resistance to fatigue. Type 

II fibers, on the other hand, are typically faster and 

more powerful, but have lower oxidative capacity 

and are more prone to fatigue. Type IIa fibers have 

an intermediate profile between type I and type IIx 

fibers, while type IIx fibers have the highest glycolyt-

ic capacity and are the fastest and most fatigable of 

all fiber types. The specific distribution of fiber types 

within a muscle is determined by various factors, 

including genetics, age, sex, and training status.36,37

Additionally, within these three major fiber 

types, there is a continuum of properties, resulting 

in a range of intermediate fiber types. These fiber 

types are not fixed and can be altered by various 

factors such as exercise, aging, and disease. For 

example, endurance training can increase the pro-

portion of slow oxidative fibers, whereas resistance 

training can increase the proportion of fast glyco-

lytic fibers. Understanding the properties and plas-

ticity of different fiber types is important for opti-

mizing exercise and rehabilitation programs and 

for understanding the pathophysiology of various 

neuromuscular disorders.4

It should also be noted that some sources may 

refer to Type IIx fibers as Type IIb fibers. This no-

menclature difference does not reflect a difference 

in the properties of the fibers themselves, but rath-

er a difference in historical classification schemes. 

Additionally, some sources may recognize a fourth 

fiber type, Type IIb, which is even more glycolytic 

and fatigable than Type IIx. However, this classifi-

cation is not as widely used as the three fiber types 

mentioned earlier.4

Muscle Fiber Cellular Components
In addition to the myofibrils, a muscle fiber con-

tains other important cellular components such 

as the T-tubule system, the sarcoplasmic reticu-

lum, and mitochondria. The T-tubule system is a 

network of invaginations of the sarcolemma that 

extends deep into the muscle fiber. Its main func-

tion is to transmit the action potential generated 

at the NMJ into the muscle fiber to initiate muscle 

contraction.38 The T-tubule system also ensures 

that the action potential reaches all parts of the 

muscle fiber uniformly. The sarcoplasmic reticu-

lum is a specialized endoplasmic reticulum that is 

responsible for the storage and release of calcium 

ions, which are essential for muscle contraction. 

Finally, the mitochondria in muscle fibers pro-

duce adenosine triphosphate (ATP), which is the 

main source of energy for muscle contraction. The 

amount and organization of these components 

may differ between fiber types, reflecting their dif-

ferent metabolic and contractile properties.39 When 

the muscle fiber is stimulated, an action potential 

propagates along the T-tubules, which triggers the 

release of calcium ions from the terminal cisternae 

into the sarcoplasm. The calcium ions then bind 

to the regulatory proteins troponin and tropomy-

osin, which allows for the interaction between 

actin and myosin filaments and the generation of 

force. When the stimulus ends, the sarcoplasmic 

reticulum reuptakes the calcium ions, causing 

the muscle fiber to relax. This process of calcium 

release and reuptake is essential for muscle con-

traction and relaxation. The amount and distribu-

tion of sarcoplasmic reticulum and T-tubules vary 

depending on the fiber type, with fast-twitch fibers 

having a larger and more extensive network of 

these structures than slow-twitch fibers.39 The mi-

tochondrial network in muscle fibers is crucial for 

generating ATP, which is necessary for muscle con-

traction. Mitochondria are able to perform oxida-

tive phosphorylation, a process in which they use 

oxygen and nutrients to create ATP. This process 

is much more efficient than the anaerobic glycol-

ysis used by fast-twitch fibers, and allows for sus-

tained muscle activity. Mitochondria are particu-

larly abundant in slow-twitch fibers, which have a 

high oxidative capacity and are able to sustain the 

contraction for long periods of time. In fast-twitch 

fibers, the mitochondrial network is less extensive, 

and glycolysis is the primary source of ATP during 

high-intensity exercise.40 Mitochondria are essen-

tial for the production of energy in muscle fibers, 

and their distribution within the cell can vary de-
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pending on the fiber type and metabolic demands. 

In some muscle fibers, mitochondria are located 

closer to the sarcolemma, which allows for more 

efficient transport of oxygen from the capillary 

supply to the mitochondria. This is especially im-

portant during aerobic exercise when the demand 

for oxygen increases. In other fibers, mitochondria 

are located in the inter-myofibrillar space, which 

allows for more efficient energy transfer during 

high-intensity, short-duration activities. The num-

ber and distribution of mitochondria can also be 

influenced by training, with endurance training 

leading to an increase in mitochondrial content 

and density in slow-twitch fibers.40

Transcriptional coactivator peroxisome pro-

liferator-activated receptor gamma coactivator-1 

alpha (PGC-1α) is a master regulator of mitochon-

drial biogenesis and function, as well as other met-

abolic processes in muscle cells. It is activated by 

various signaling pathways, including AMPK and 

calcium/calmodulin-dependent protein kinase, 

which are activated during exercise. PGC-1α stim-

ulates the expression of nuclear respiratory factor 1 

and mitochondrial transcription factor A, which in 

turn promote mitochondrial deoxyribose nucleic 

acid (DNA) replication and transcription, leading 

to an increase in mitochondrial biogenesis and 

function. Additionally, endurance exercise training 

increases the capillary density and the expression 

of transporters and enzymes involved in oxidative 

metabolism, leading to improved oxygen delivery 

and usage in muscle fibers.41 The fragmentation of 

the sarcoplasmic reticulum in aging muscle can 

lead to impaired calcium release and muscle acti-

vation. This can contribute to age-related muscle 

weakness and loss of function. Additionally, aging 

is associated with a decline in mitochondrial func-

tion and number, which can lead to a decrease in 

energy production and contribute to muscle weak-

ness and fatigue. Exercise training, particularly en-

durance or aerobic exercise, has positive effects on 

both mitochondrial function and the sarcoplasmic 

reticulum, which can improve muscle function 

and overall health in aging individuals.42

Abnormalities in the mitochondrial network 

have been reported in a number of neuromuscular 

diseases, including amyotrophic lateral sclerosis, 

mitochondrial myopathies, and Duchenne mus-

cular dystrophy. These abnormalities can include 

alterations in mitochondrial size and distribution, 

as well as changes in mitochondrial function and 

metabolism. In addition, chronic conditions such 

as metabolic syndrome and obesity are also as-

sociated with mitochondrial dysfunction, which 

can contribute to muscle weakness and atrophy.42 

Understanding the changes in cellular elements 

in muscle fibers in response to various stimuli or 

pathologies is important for developing effective 

strategies for preventing and treating muscle dys-

function.

Muscle Proteins
Single muscle fibers are composed mostly of pro-

tein, specifically contractile proteins (such as actin 

and myosin), regulatory proteins (such as tropo-

nin and tropomyosin), and cytoskeletal proteins 

(such as titin and nebulin), which make up about 

80% of the fiber’s weight. The remaining 8% is 

composed of sarcoplasm, which includes various 

organelles such as mitochondria, the sarcoplasmic 

reticulum, and the T-tubule system, as well as oth-

er substances such as glycogen and myoglobin.43 

The myofibrils within muscle fibers are organized 

into distinct regions called sarcomeres, which are 

the basic contractile units of skeletal muscle. Sar-

comeres are composed of two main types of my-

ofilaments: actin and myosin. Actin filaments are 

thin and form a lattice-like structure, whereas 

myosin filaments are thick and contain globular 

heads that interact with actin to generate force and 

movement. In addition to actin and myosin, there 

are many other proteins present in the sarcomere 

and sarcoplasm that contribute to the structure 

and function of skeletal muscle, including proteins 

involved in the cytoskeleton, excitation-contrac-

tion coupling, energy release, and force and power 

generation. Modern Proteome analysis techniques 

have allowed for the identification and character-

ization of many of these muscle proteins, leading 

to a better understanding of muscle physiology 

and pathophysiology.44 The troponin complex is 

responsible for binding calcium ions and initiating 
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a conformational change that results in the move-

ment of tropomyosin away from the myosin-bind-

ing sites on the actin filament. This movement 

exposes the binding sites and allows the myosin 

heads to interact with the actin, leading to the for-

mation of cross-bridges and the subsequent slid-

ing of the myofilaments past each other. Tropomy-

osin also helps to stabilize the actin filament and 

maintain the position of the myosin-binding sites 

when there is no calcium present. In this way, the 

troponin complex and tropomyosin act as key reg-

ulators of muscle contraction, ensuring that force 

is generated only when calcium is present and the 

proper signaling pathways are activated.44

Titin and nebulin are also included in the cat-

egory of proteins that affect the physiology and 

mechanical properties of the muscle.45 Titin is the 

largest known protein and plays a crucial role in 

maintaining the structural integrity of the sarco-

mere, as well as in determining the passive stiffness 

of muscle fibers. It acts as a molecular spring that 

provides an elastic restoring force when muscle fi-

bers are stretched. Nebulin, on the other hand, is a 

giant protein that runs along the length of the thin 

filament and regulates its length. It also plays a role 

in anchoring the thin filament to the Z-disc, which 

is a protein structure that separates adjacent sar-

comeres.45

Muscle Fiber Activation Process
In response to this influx of calcium, a calcium 

release channel on the sarcoplasmic reticulum, 

known as the ryanodine receptor, is activated and 

releases a large amount of calcium into the cyto-

plasm. This calcium binds to the troponin complex 

on the actin filament, causing a conformation-

al change that moves tropomyosin out of the way 

and exposes the myosin-binding site on the actin 

filament. Myosin then binds to actin, forming a 

cross-bridge. ATP is hydrolyzed to provide the en-

ergy needed for myosin to change its conformation 

and pull the actin filament toward the center of the 

sarcomere, shortening the muscle fiber and gen-

erating force. As the nerve stimulus ends, calcium 

is pumped back into the sarcoplasmic reticulum, 

causing the myofilaments to detach and the mus-

cle fiber to relax. This process can be repeated rap-

idly to produce the repetitive contractions needed 

for muscle movement.46 As the subsequent power 

stroke that results from the movement of the myo-

sin head, is responsible for the sliding of the actin 

and myosin filaments past each other, resulting in 

muscle contraction. This process continues as long 

as ATP is available and calcium levels remain high 

enough to sustain the interaction between actin and 

myosin filaments. When the nerve impulse ceases, 

calcium is pumped back into the sarcoplasmic re-

ticulum by the calcium ATPase pump and the actin 

and myosin filaments return to their relaxed state.46

In addition to the proteins and molecular 

events involved in the excitation-contraction cou-

pling process, recent research has identified sev-

eral genes that play a role in modulating this pro-

cess. For example, myotubularin-related protein 

14 has been shown to be involved in regulating the 

amount of calcium released from the sarcoplasmic 

reticulum during muscle contraction, while mitsu-

gumin 29 has been implicated in maintaining the 

structural integrity of the sarcoplasmic reticulum. 

Kruppel-like factor 15, on the other hand, appears 

to be involved in regulating muscle fiber type and 

energy metabolism. Together, these genes and 

their protein products play important roles in the 

regulation of muscle function and physiology.47

Muscle Energy Pathways
The relationship between the capillary network and 

the mitochondrial network within muscle fibers is 

critical for sustained aerobic exercise. The mito-

chondria produce ATP through oxidative phos-

phorylation, which requires oxygen, and they are 

especially abundant in slow-twitch muscle fibers. 

These fibers are also rich in myoglobin, which fa-

cilitates the transport of oxygen from the capillaries 

to the mitochondria. In contrast, fast-twitch muscle 

fibers are poor in mitochondria and myoglobin, but 

rich in glycogen, which is the substrate for anaero-

bic glycolysis. The balance of fast-twitch and slow-

twitch muscle fibers in a muscle determines its con-

tractile properties and metabolic capacity. Physical 

training can induce adaptations that increase the 

proportion of slow-twitch fibers in a muscle, which 
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can improve endurance performance.48 Carbohy-

drates and fats are the two primary sources of fuel 

for the muscle cell to produce ATP. During exercise, 

the body relies on a mixture of both carbohydrates 

and fats, with the relative contribution of each fuel 

source depending on factors such as exercise in-

tensity and duration, as well as the individual’s diet 

and training status. For example, during high-in-

tensity exercise, the body primarily relies on carbo-

hydrates for fuel, while during low-intensity exer-

cise, fat is the primary fuel source.49

Muscle Force Generation Types
Muscle actions can also be classified based on 

their functional role in movement. For example, 

agonist muscles are those that contract to pro-

duce a desired movement, while antagonist mus-

cles work in opposition to the agonist to control 

the movement or slow it down. Synergist muscles 

work with the agonist to enhance the movement, 

while stabilizer muscles work to stabilize the joint 

or body segment during movement. Additionally, 

some movements involve a combination of muscle 

actions, such as isometric contractions to stabilize 

a joint while a dynamic concentric or eccentric ac-

tion occurs in another joint or body segment. Ec-

centric muscle actions cause muscle damage if not 

executed properly. However, exercise training, es-

pecially when incorporating eccentric actions, can 

help reduce this damage and the resulting inflam-

matory response.50 For patients undergoing reha-

bilitation for cardio-pulmonary diseases, eccentric 

actions can be beneficial as they require less mus-

cle activation, energy consumption, and oxygen 

consumption compared to concentric actions at a 

given level of force.50

Muscle Performance
The sliding filament theory of muscle contraction 

proposes that muscle fibers generate force by the 

sliding of the thin actin filaments over the thick my-

osin filaments. When an action potential reaches 

the muscle fiber, calcium ions are released from the 

sarcoplasmic reticulum, which binds to the regu-

latory protein troponin on the actin filament. This 

causes tropomyosin to move away from the active 

sites on the actin filament, allowing myosin heads 

to bind to the actin filament and form cross-bridges. 

The myosin heads then undergo a conformational 

change, pulling the actin filament towards the cen-

ter of the sarcomere, which shortens the muscle 

fiber and generates force. The sliding filament the-

ory has been modified over the years to account for 

additional complexities, but it remains the widely 

accepted mechanism for muscle contraction.51 The 

force generated by the actin-myosin cross-bridges 

is transmitted along the length of the muscle fiber 

and also laterally to neighboring fibers. This force 

transmission is important for producing movement 

and generating tension in the muscle. The force is 

transmitted to the Z-disk of the sarcomeres in series, 

and ultimately reaches the myotendinous junction, 

tendons, and joints to produce movement. This 

process involves a complex interplay of various pro-

teins and structures within the muscle fiber and is 

regulated by nervous and hormonal signals.51

The specific force of a muscle is defined as the 

force generated by the muscle per unit of cross-sec-

tional area. It is a measure of the muscle’s ability to 

generate force relative to its size and is considered 

an important indicator of muscle quality. Gener-

ally, muscles with a higher specific force are con-

sidered to be of higher quality, as they are able to 

generate more force per unit of muscle mass.51

The rate of ATP consumption during muscle 

contraction depends on various factors such as 

the number of myosin heads, the fraction of my-

osin heads that form cross-bridges, and the rate 

constant for cross-bridge detachment. The rate of 

ATP consumption is also influenced by the expres-

sion of myosin heavy chain isoforms, which deter-

mines the metabolic properties of muscle fibers. 

In human muscles, type I fibers have the lowest 

ATP consumption rate, followed by type IIa fibers, 

while type IIx fibers have the highest rate of ATP 

consumption.52

Neuromuscular Junction
The NMJ plays a crucial role in the control of mus-

cle contraction and maintenance of muscle func-

tion (Figure 1.2). Dysfunction of the NMJ has been 

implicated in a variety of neuromuscular disor-
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ders, including myasthenia gravis, Lambert-Eaton 
myasthenic syndrome, and amyotrophic lateral 
sclerosis. In these disorders, the communication 
between the motor neuron and muscle fiber at the 
NMJ is disrupted, leading to muscle weakness and 
fatigue.

The study of NMJ structure and function is 
therefore an important area of research for under-
standing neuromuscular diseases and developing 
effective treatments.53

Presynaptic Region
At the NMJ, the Schwann cell surrounds the major-
ity of the nerve terminal, excluding the part facing 
the postsynaptic membrane. The nerve terminal is 
packed with synaptic vesicles (SVs), which store, 
release and uptake the neurotransmitter acetyl-
choline (ACh).54 These SVs fuse to the presynaptic 
membrane at “active zones”, leading to the initia-
tion of neuromuscular transmission. The Schwann 
cell plays an important role in maintaining the 

Figure 1.2  Neuromuscular junction.
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structure and function of the NMJ by providing tro-
phic support to the nerve terminal and regulating 
the release of ACh.54

Synaptic Space and Synaptic Basal 
Lamina
The synaptic space is the narrow gap between the 
pre- and post-synaptic membranes, where the 
neurotransmitter molecules are released from the 
presynaptic neuron and bind to the receptors on 
the postsynaptic membrane, triggering a response 
in the muscle fiber. The synaptic basal lamina is a 
specialized extracellular matrix that lines the syn-
aptic space, providing structural support for the 
NMJ and anchoring the pre- and post-synaptic 
membranes.55 The basal lamina is composed of 
several proteins, including laminin, collagen, and 
perlecan, which play important roles in the forma-
tion, maintenance, and regeneration of the NMJ. 
Disruption of the synaptic basal lamina can lead to 
NMJ dysfunction and muscle weakness, as seen in 
certain neuromuscular disorders.55

Postsynaptic Region
The postsynaptic region at the NMJ contains junc-
tional folds that increase the surface area of the 
postsynaptic membrane, leading to a larger vol-
ume of synaptic space. The junctional sarcoplasm, 
which fills the synaptic space, contains various 
cellular structures such as mitochondria, Golgi ap-
paratus, and intermediate filaments, that provide 
metabolic and structural support to the postsyn-
aptic region. The crests of the junctional folds are 
densely packed with nicotinic acetylcholine recep-
tors (nAChRs), which are ion channels composed 
of subunits alpha, beta, gamma, delta, and epsilon. 
These subunits are linked together via a protein 
called rapsyn.56,57

The depolarization potential created by the 
activation of nAChRs by ACh reaching the post-
synaptic membrane allows for the permeability 
of Na+ and K+ ions and to a lesser extent Cl- and 
Ca2+ ions, while the voltage-gated sodium chan-
nels (VGSCs) concentrated in the troughs of junc-
tional folds generate an action potential which is 
transmitted through the fiber via the T-tubules. 

Ankyrin-G and ß-spectrin are necessary for main-

taining VGSC densities in the postsynaptic folds, 

which are essential for impulse propagation.58
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Pathophysiology of the Pathophysiology of the 
MuscleMuscle

2

Overview About Muscle 
Atrophy
The muscle atrophy refers to the breaking down 
of muscle fibers and it is described as occurring in 
skeletal muscle. This process could affect skeletal, 
cardiac, and smooth muscles. The muscle atrophy 
has three mechanisms– physiologic, patholog-
ic, and neurogenic. While some forms can be re-
versed, others cannot. Depend on the condition 
the evolution of muscle atrophy could be different 
and the symptoms, but usually is reduced muscle 
mass.1,2

The main signs of muscle atrophy are:
1.	 One arm or one leg is thinner than the other.
2.	 Weakness in one arm and or one leg.
3.	 Tingling in arms and legs.
4.	 Trouble in walking or balance
5.	 Difficulty of speaking.
6.	 Facial weakness.

Many of physical or pathological stimuli could 
generate a lot of muscle tissue changes fiber con-
tent, capillary distribution, and the components of 
intracellular connective tissue. The effect increases 
the pathologic mechanism that support develop-
ment of atrophy or hypertrophy.3

One of the therapeutic interventions is Neu-
romuscular Electrical Stimulation (NMES) a kind 
of electrical stimulation that uses a device to send 
electrical stimulations to nerves and will cause 
muscle contraction. This kind of intervention does 
not require any muscle strength. This is a passive 

muscle contraction and is effective in treating 

muscle atrophy.4

What Causes Muscle Atrophy?
The cause of muscle atrophy depends on the type 

you have. Disuse (physiologic) atrophy is caused 

by not using the muscles enough. If you stop using 

your muscles, the body will not waste the energy it 

needs to take care of them. Instead, body will start 

to break the muscles down, which causes them to 

decrease in size and strength. Disuse atrophy may 

affect if you:
1.	 Lead a sedentary lifestyle.
2.	 Are malnourished.
3.	 Do not get enough exercise.
4.	 Sit at a desk job all day.
5.	 Are on best rest.
6.	 Have a genetic disorder such as muscular dys-

trophy or Charcot-Marie-Tooth disease.
7.	 Cannot move your limbs due to a stroke or oth-

er conditions such as dermatomyositis.
8.	 Have age-related atrophy (sarcopenia).

Neurogenic atrophy is caused by an injury or 

disease affecting nerves that connect to muscles. 

When the nerves are damaged, they cannot trigger 

the muscle contractions that are needed to stimu-

late muscle activity. When the muscles do not con-

tract, the body thinks that those muscles are not 

needed anymore. Therefore, the body starts break-

ing them down, which causes them to decrease in 

size and strength. Diseases and other conditions 

that can affect these nerves include:
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1.	 Amyotrophic Lateral Sclerosis.
2.	 Guillain-Barre Syndrome.
3.	 Carpal Tunnel Syndrome.
4.	 Poliomyelitis
5.	 Spinal Cord Injury.
6.	 Multiple Sclerosis.

How Long Does It Take Muscles to 
Atrophy?
The amount of time it takes to muscle atrophy de-

pends on the age, fitness level, and cause of atro-

phy. If muscle atrophy is due to disuse (physiolog-

ic), the process can start within 2-3 weeks of not 

using muscles. Neurogenic muscle atrophy may 

develop sooner depending on health condition.

Diagnosis and Tests
How is muscle atrophy diagnosed?

To diagnose muscle atrophy, the healthcare 

provider will give a  physical exam  and ask about 

the symptoms. They’ll look at to arms and legs and 

measure the muscle mass. In addition, the health-

care provider may order tests, including:2

•	 Blood test
•	 Muscle or nerve biopsy
•	 Electromyography
•	 Nerve conduction studies
•	 X-ray imaging
•	 Computed tomography (CT)scan
•	 Magnetic resonance imaging (MRI) scan

Management and Treatment
Can Muscle Atrophy Be Reversed?
Disuse (physiologic) atrophy can sometimes be re-

versed with exercise and a healthy diet. The health-

care provider may start a program that includes ex-

ercises  in the pool. Working out in the water can 

reduce your muscle workload. Neurogenic atrophy 

typically cannot be reversed because of the physi-

cal damage in the nerves.3

What Treatments Are Used for Muscle 
Atrophy?
Treatment for muscle atrophy depends on the type. 

Disuse (physiologic) atrophy can be treated with 

regular exercise and better  nutrition. The health-

care provider may recommend physical therapy 

or an exercise plan. Even if the patient cannot ac-

tively move certain joints in the body, the patient 

can still do exercises wearing a splint or brace. The 

healthcare provider may require to work with a di-

etitian on a healthy eating plan. They may suggest 

nutritional supplements as well.

Neurogenic atrophy can sometimes be treat-

ed with a special kind of  physical therapy  called 

electrical stimulation. The physical therapist place 

electrodes on the skin over the muscles. The elec-

trodes send small electrical impulses to nerves 

and muscles. The electrical impulses try to artifi-

cially exercise or contract muscles. This can help 

the patient maintain muscle mass and strength. 

The physical therapist may also recommend ul-

trasound therapy. Ultrasound therapy uses sound 

waves to promote muscle healing.

If a contracture developed due to the muscle 

atrophy, the healthcare provider may perform 

surgery to correct it. A contracture occurs when 

muscle tissues become fibrous. This tissue makes 

it hard to stretch the muscle and prevents move-

ment.

Muscle Composition
Muscle mass, quality, and composition are im-

portant factors that contribute to overall muscle 

function. However, these factors can be negative-

ly impacted by conditions such as atrophy and 

sarcopenia. Atrophy refers to a decrease in mus-

cle mass due to a reduction in muscle fiber size, 

while sarcopenia is characterized by a loss of both 

muscle mass and quality that typically occurs 

with aging.3,4

During atrophy and sarcopenia, there is often 

a decrease the size and number of muscle fibers, 

as well as a decrease in muscle protein synthesis 

and an increase in muscle protein breakdown. This 

leads to a decrease in muscle mass and an alter-

ation in muscle composition, with a reduction in 

muscle fiber cross-sectional area and an increase 

in intramuscular fat and connective tissue. In addi-

tion to changes in muscle mass and composition, 

atrophy and sarcopenia also result in a decline in 
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muscle strength and function. This can lead to de-

creased mobility, falls, and an increased risk of dis-

ability and mortality.

To counteract these negative effects, interven-

tions such as resistance training and adequate pro-

tein intake can be effective in maintaining and im-

proving muscle mass, quality, and composition in 

older adults and individuals with muscle wasting 

conditions.

Age-related decline in muscle mass and 

strength is known as sarcopenia. Sarcopenia is a 

multifactorial process that involves a combination 

of factors such as decreased physical activity, hor-

monal changes, chronic inflammation, mitochon-

drial dysfunction, and altered protein metabolism. 

In addition to age-related sarcopenia, muscle mass 

and quality can also be affected by acute or chronic 

conditions such as disuse, immobilization, malnu-

trition, and certain diseases.3,4

Muscle quality is an important factor that de-

termines muscle function and performance. It 

refers to the force-generating capacity of muscle 

adjusted for its size and is often assessed by spe-

cific force, which is the force per unit of muscle 

cross-sectional area. Specific force can be affected 

by changes in muscle fiber type composition, my-

osin heavy chain isoform expression, and contrac-

tile protein content.

Muscle composition also plays a crucial role in 

muscle function and performance. Skeletal muscle 

is composed of various tissues such as muscle fi-

bers, connective tissues, blood vessels, and nerves. 

Changes in the composition of these tissues can 

lead to alterations in muscle function and perfor-

mance. For instance, an increase in connective tis-

sue content can reduce muscle elasticity and con-

tractile force, while a decrease in capillary density 

can impair muscle metabolism and endurance.

Overall, maintaining muscle mass, quality, and 

composition is essential for optimal muscle func-

tion and performance, and preventing or delaying 

age-related sarcopenia and other muscle-related 

conditions. Regular exercise, adequate nutrition 

and appropriate medical care can help promote 

muscle health and function throughout the lifes-

pan.

This alteration in muscle composition has been 

attributed to various factors, including changes 

in hormones, inflammation, and oxidative stress 

among others. Moreover, the quality of muscle fi-

bers also changes with aging, with an increased 

proportion of type II fibers and a reduction in type 

I fibers, resulting in a decreased oxidative capac-

ity of the muscle. These changes, together with a 

reduction in neuromuscular activation and mo-

tor unit recruitment, contribute to the age-related 

decline in muscle strength and power are seen in 

sarcopenia. Additionally, inactivity, malnutrition, 

and certain diseases or medical conditions can 

exacerbate the loss of muscle mass and function. 

Therefore, maintaining or increasing muscle mass, 

quality, and function is crucial for healthy aging 

and prevention of sarcopenia.1

The rate of muscle strength or power loss is 

much greater than the rate of skeletal muscle mass 

loss with advancing age. While muscle strength 

decreases at a rate of 2.5% to 4% per year, skeletal 

muscle mass only decreases at a rate of 0.5% to 1% 

per year. This suggests that other factors, such as 

changes in muscle quality and composition, may 

be responsible for the decline in muscle function 

associated with aging.2

Muscle Atrophy During Aging
Age-related transformation of human skeletal 

muscle fibers is a well-known phenomenon. Re-

search by Lexell has shown that the limb muscles 

of aging individuals are 25-35% smaller and have 

more fat and connective tissue compared to those 

of younger individuals. The size of type II fibers is 

reduced in older individuals, while type I fibers are 

less affected by aging.3

In addition to the reduction in muscle fiber size 

and number, aging is also associated with a decline 

in overall muscle cross-sectional area. This decline 

is primarily due to a reduction in the number and 

size of type II muscle fibers, which are responsible 

for generating power and speed during muscle 

contractions. Type I muscle fibers, which are used 

for endurance activities, are less affected by aging. 

However, even the type I fibers show some decline 

in size and number with aging.5
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With aging, there is a natural decrease in skel-

etal muscle cross-sectional area, ranging between 

21% and 40% compared to healthy young individu-

als.6 This reduction is associated with poorer phys-

ical performance.7 Additionally, muscle disuse can 

exacerbate this decline in the elderly, resulting in 

more pronounced changes.

Sarcopenia is a term used to describe the loss of 

muscle mass and strength that occurs with aging. It 

is a natural part of the aging process and can lead 

to functional decline and increased risk of falls and 

fractures in older adults. Cachexia, on the other 

hand, refers to the loss of muscle mass and weight 

that occurs in the context of an underlying illness, 

such as cancer or heart failure. While sarcopenia 

and cachexia share some similarities, they are dis-

tinct conditions with different causes and clinical 

implications.

The loss of muscle fibers is more pronounced 

in the fast-twitch (type II) fibers compared to the 

slow-twitch (type I) fibers. This is significant as type 

II fibers are responsible for generating the most 

force and power. Additionally, the loss of muscle 

fibers can also result in a reduction of muscle pro-

tein synthesis and an increase in muscle protein 

breakdown, leading to muscle wasting. This de-

cline in muscle mass and function can have signif-

icant impacts on the overall health and quality of 

life in aging individuals, increasing the risk of falls, 

fractures, and loss of independence. Therefore, in-

terventions such as exercise and proper nutrition 

are important to maintain muscle mass and func-

tion in aging individuals.8

The accumulation of Mitokondriyal DNA muta-

tions in aging muscles is thought to be a result of ox-

idative damage from free radicals generated during 

energy production in the mitochondria. The Cyto-

chrome C Oxidase (COX) deficient muscle fibers 

have reduced or absent activity of the COX enzyme, 

which is involved in the electron transport chain 

and Adenosine triphosphate production in the mi-

tochondria. This can lead to a decrease in energy 

production and contribute to muscle weakness and 

atrophy. Ragged-red fibers are muscle fibers with 

abnormal accumulations of mitochondria, and they 

are often seen in mitochondrial myopathies. In ag-

ing muscles, ragged-red fibers are less common and 

are usually only found in small areas.9

Measurements of Muscle 
Atrophy
Ultrasonography (US) is a non-invasive imaging 

technique that uses high-frequency sound waves 
to produce images of internal structures.10 It is a 
useful tool for assessing muscle structure charac-
teristics, such as muscle thickness, fascicle length, 
and pennation angle. However, US images can be 
affected by artefacts that may interfere with auto-
matic segmentation software, leading to inaccurate 
measurements. Therefore, careful attention must 
be paid to image acquisition and interpretation to 
ensure accurate results. Other imaging techniques, 
such as CT and MRI, may also be used to assess 
muscle structure, but they are more expensive and 
may expose the patient to ionizing radiation.11

MRI is considered the gold standard for soft-tis-
sue segmentation and evaluation of muscle struc-
ture characteristics. MRI can provide high-resolu-
tion images with excellent tissue contrast and can 
detect changes in muscle composition and quality. 
It can also be used to assess muscle size, muscle 
fiber orientation, and muscle fat infiltration. The 
multipoint Dixon fat mapping MRI technique is a 
promising technique that can be used to accurately 
quantify fatty degeneration in various musculoskel-
etal disorders, including lumbar disc pathology.12

Cross-sectional area (CSA) of a muscle can be 
measured using different imaging techniques, in-
cluding CT, MRI, and US. The CSA measurement 
by means of MRI has been found to be highly 
correlated with the clinical measure of muscle 
strength. This correlation can be explained by the 
fact that muscle strength is largely determined by 
muscle size, and CSA is a good indicator of muscle 
size. Therefore, changes in muscle CSA can be used 
to track changes in muscle strength over time.13

Physical Exercises for Muscle 
Atrophy
Therapeutic interventions for muscle atrophy aim 

to increase muscle protein synthesis and reduce 
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protein degradation. Some potential approaches 

include resistance exercise, dietary protein sup-

plementation, pharmacological agents, and gene 

therapy. Resistance exercises have been shown 

to increase muscle protein synthesis and im-

prove muscle strength in both young and older 

individuals. Dietary protein supplementation has 

also been shown to increase muscle protein syn-

thesis, especially when consumed after exercise. 

Pharmacological agents such as anabolic steroids 

and growth hormone have been used to promote 

muscle growth, but they also have potential side 

effects. Gene therapy is a promising approach that 

involves the delivery of genes encoding for growth 

factors or other proteins that can promote mus-

cle growth and regeneration14. Exercise has been 

shown to have a positive effect on muscle mass 

and function, especially in older adults. Resistance 

training, in particular, has been found to be effec-

tive in stimulating muscle protein synthesis and 

promoting muscle growth. In addition to resis-

tance training, aerobic exercise has been shown to 

improve cardiovascular health and overall fitness. 

The recommended amount of exercise for adults is 

at least 150 minutes of moderate-intensity aerobic 

activity or 75 minutes of vigorous-intensity aerobic 

activity per week, along with muscle-strengthen-

ing activities at least 2 days per week.15

Exercise can stimulate muscle protein synthe-

sis and increase muscle mass, which makes it an 

effective strategy for treating and preventing mus-

cle atrophy. Resistance training, such as weight 

lifting, has been shown to be particularly effective 

at stimulating muscle growth and increasing mus-

cle strength. It is important to note, however, that 

the specific exercise regimen needed to promote 

muscle growth and prevent atrophy may vary de-

pending on the individual’s age, health status, and 

other factors. It is recommended to consult with a 

healthcare professional or a certified exercise spe-

cialist to determine the most appropriate exercise 

program for each individual.16

Exercise can have a positive effect on mito-

chondrial function and biogenesis in aging skeletal 

muscle. Mitochondria are responsible for produc-

ing energy in cells, and their dysfunction has been 

linked to several age-related diseases, including 

sarcopenia. Exercise training can improve mito-

chondrial function and biogenesis by increasing 

the expression of certain genes involved in mito-

chondrial biogenesis, such as peroxisome prolifer-

ator-activated receptor γ coactivator-1α and nucle-

ar respiratory factors. Moreover, exercise can also 

increase the volume of mitochondria in skeletal 

muscle, which can improve the metabolic capacity 

of the muscle and increase its endurance.17

Reverse Atrophy in Lower 
Motor Nerve Denervation
Skeletal muscle atrophy can result from a variety 

of factors, including neural and skeletal muscle 

injuries, prolonged bed rest, space flight, normal 

aging, and various diseases. It can lead to a signif-

icant loss of muscle size and strength, resulting in 

reduced physical function and increased morbid-

ity and mortality. Therefore, developing effective 

treatments and prevention strategies for skeletal 

muscle atrophy is important for maintaining over-

all health and quality of life.18

Spinal cord injury can lead to muscle wasting 

due to the interruption of the communication be-

tween the brain and muscles below the level of 

the injury. The severity of the muscle wasting de-

pends on the level and extent of the injury. In cases 

of complete and permanent damage to the lower 

motor neurons, the muscles innervated by those 

neurons can undergo severe wasting and become 

weakened or paralyzed. This can also result in de-

creased range of motion, impaired balance and co-

ordination, and decreased quality of life. Rehabili-

tation programs that include exercise and physical 

therapy can help to mitigate the effects of muscle 

wasting and improve muscle strength and function 

in individuals with spinal cord injury.19

The preservation of the connection between 

the muscle and the nerve is crucial in spinal cord 

injury as denervation can lead to severe muscle at-

rophy and degeneration. In cases of complete pe-

ripheral nerve lesion, the denervated muscle loses 

its excitability with electrical stimulators and un-

dergoes disorganization at the ultrastructural lev-
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Figure 2.1  Anatomic structures of stretch reflex.

el within a few months. Over time, severe atrophy 

with nuclear clumping and fibro-fatty degenera-

tion can occur, typically within 3 to 6 years. There-

fore, it is essential to preserve the muscle-nerve 

connection and prevent denervation to maintain 

muscle function and prevent muscle wasting in in-

dividuals with spinal cord injury.20

Spasticity
Spasticity definition proposed by Lance is a “mo-

tor disorder characterized by a velocity-dependent 

increase in tonic stretch reflexes with exaggerated 

tendon jerk, resulting from hyper-excitability of the 

stretch reflex”. In this moment this definition omits 

several clinical manifestations of spasticity, like 

clonus and flexor withdrawal spasms seen with 

spasticity arising from spinal cord injury.21,22

Spasticity is a finding in the upper motor neu-

ron syndrome, defined as injury to the motor neu-

rons in the brain or their connecting pathways 

leading to the lower motor neurons of the spinal 

cord. Development of these pathways generate 

many clinical signs and symptoms.  The main signs 

are: clonus, flexor spasms, and hyperactive tendon 

reflexes from excessive or inappropriate muscle 

activity. The development of spasticity is based on 

stretch reflex disorders. Stretch reflex refers to pro-

prioceptive reflexes, which are tonic and included 

sustained stretch as in clonus and short stretch as 

in deep tendon reflexes.13

Pathophysiology of the Spasticity
Spasticity results from the loss of descending in-

hibition of spinal cord reflex arcs as well as loss of 

cortical inhibition on the postural centers. By this 

way, the upper motor neuron both inhibitory and 

excitatory pathways are affected, and the anterior 

horn cells and the corticospinal tract are disinhib-

ited. The results are development of increasing the 

spinal cord reflexes secondary to a loss of cere-

bral inhibition. The anatomic structures involved 

in development of spasticity are presented in 

Figure 2.1.23

T﻿﻿he spasticity physiopathology has two mech-

anisms; one refers to change in the function of 

spinal neurons and second are the cerebral mech-

anism encompassing supraspinal and supraseg-

mental mechanisms.21 We can speak about hyper-

sensitivity of the reflex arc due to changes in the 

spinal cord but also a decrease of inhibition to the 

supraspinal central nervous system and generate 

abnormal impulses.
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The “clasp knife phenomenon,” is specific for 

spinal spasticity and describes the sudden disap-

pearance of the velocity-dependent increase in re-

sistance to passive stretch resulting in the affected 

limb moving akin to the opening of a clasp knife.1

Contractures
Contracture is defined to be the phenomenon that 

generates the loss of full active and passive range 

of motion in a limb, that results from limitations 

imposed by the joint, muscle or soft tissue.21 The 

periarticular connective tissue restriction involv-

ing muscles, tendons, ligaments, and joint capsule. 

generate contracture in most of the situations but 

also could be the result of prolonged immobility 

of the limb and/or a lack of weight bearing in the 

lower limbs.18  Much more the contracture is the 

feature of spasticity, dystrophic myopathies, neu-

rologic disorders, trauma, burns, and generally any 

illness with resulting immobility place a patient at 

a high risk of developing contracture.21

The pathophysiology mechanisms of contrac-

tures start with immobilization in a shortened po-

sition and is correlated with loss of sarcomeres, ac-

cumulation of accumulation of connective tissue 

and fat in the muscle tissue.21

In the same time immobilization lead to de-

crease the muscle fiber diameter, the protein syn-

thesizes and reduce the muscle volume. The loss of 

sarcomeres does not occur if the joint is in a neutral 

position. The remaining sarcomeres adapt to their 

shortened resting position and overlap optimally 

to potentiate maximal tension at the immobilized 

length. The following step from immobility to con-

tracture formation is quantitative and qualitative 

changes in the intramuscular connective tissue.21 
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What is Denervation?
Denervation is a condition that usually develops 

due to damage to the central or peripheral nervous 

system. The skeletal muscles in human body, work 

voluntarily and contract or relax with the signals 

they receive from the nervous system. Skeletal 

muscle fiber contractions are controlled by alpha 

motor neurons in the anterior horns of the spinal 

cord and motor nuclei of the cranial nerves.1 In 

healthy physiology, signal transmission is main-

tained between the peripheral nerve and skeletal 

muscle through the neuromuscular junction, en-

suring muscle functions.2 However, the denerva-

tion of skeletal muscles leads to loss of voluntary 

and reflex muscle activity, muscle atrophy, and 

changes in muscle excitability. Direct stimulation 

with a higher electrical stimulation (ES) intensity 

is required to achieve contraction in denervated 

muscles than in healthy muscles.3

The denervation that occurs after peripheral 

nerve injury varies in terms of recovery time de-

pending on factors such as the type of injury, the 

age of the patient, and the distance between the 

lesion area and the cell body.4 In denervation due 

to peripheral nerve damage, if the epineurium is 

intact, approximately 1 mm of regeneration oc-

curs per day. Substantial atrophy and permanent 

loss of function can be observed in the denervat-

ed muscles if re-innervation is not achieved with-

in the first year after denervation or if nerve repair 

is delayed too long to reach the muscle within this 

period.5

The activities of the muscle tissue depend on 
ES powered by neurotrophic factors from both the 
neuromuscular system and the autonomic nervous 
system. Therefore, after denervation, trophic, me-
chanical, and molecular changes occur as well as 
loss of muscle contractile function.4 The first phase 
of denervation, which is characterized by rapid 
loss of muscle function, reduction in muscle mass, 
and atrophy of muscle fibers, begins immediately 
after the nerve impulse to the muscle is intercept-
ed. In the second stage, sarcomere organization is 
disrupted and an increase in muscle atrophy is ob-
served. In the last stage, the tissue architecture has 
thoroughly deteriorated and the process in which 
interstitial fibrous and adipocytes are dominant 
in the tissue begins. In this process, the number 
of muscle fibers decreases to a level that cannot 
sustain function, while functioning muscle fibers 
show little resemblance to healthy muscle fibers.6,7

Membrane Changes in 
Denervated Muscle
The cell membrane of a healthy muscle fiber has 
a resting membrane potential of -80 mV. After the 
denervation, myokymic and neuromyotonic dis-
charges, muscle cramps, and fasciculations may 
develop due to functional impairment in the neu-
ral input to the muscle.8 One of the first signs of 
denervation is the presence of spontaneous fibril-
lation in the muscle. This is associated with the 
spread of acetylcholine receptors along the muscle 
membrane from the early post-denervation period 
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and the deterioration in the general structure of 

the sarcoplasmic reticulum.6 The membrane po-

tential becomes more positive due to sodium ion 

flow to the cell membrane of the damaged mus-

cle after denervation. The muscle cell tends to be 

less negative and therefore the denervated muscle 

cell is closer to the potential required for the gen-

eration of spontaneous action potentials. Spon-

taneous action potentials occur when the resting 

membrane potential in denervated muscle reach-

es -60 mV.8 Besides, in the first 7 days after dener-

vation, a decrease is observed in long-chain fatty 

acid transport to myocytes due to the decrease in 

the number of fatty acid and protein carriers.9

Cellular Changes in Denervated 
Muscle
As the protein breakdown in muscle is greater than 

protein synthesis, the process of muscle atrophy 

begins.10 After denervation, collagen degradation 

is inhibited in skeletal muscle and this leads to 

collagen deposition in the muscle.7 In addition, 

impairments are observed in the activation of the 

ability to produce new muscle fibers in denervated 

muscle.6 Hence, the denervation not only causes 

atrophy in the muscle but also negatively affects 

the metabolic functions of the muscle cell.

Mitochondrial Activity
After the denervation, a complex plastic pattern 

initiates in the muscle, and slow-twitch oxidative 

type I muscle fibers start to transform into fast-

twitch glycolytic type II muscle fibers. As a result of 

this transformation, greater dependence on anaer-

obic metabolism develops in the muscle cell. It is 

thought that this may be one of the reasons leading 

to a reduction in aerobic capacity and functional 

performance.1 With the reduction in muscle fiber 

size after denervation, loss of mitochondrial con-

tent begins. The number of intracellular mitochon-

dria drops, and their complex structural anatomy 

deteriorates and begins to exhibit a more primitive 

and simple structure.6,11 This may explain the im-

pairments in muscular endurance and muscle per-

formance in skeletal muscles.11

Nutritional Functions
Skeletal muscle mass constitutes approximate-

ly 40% of the body weight, and having an optimal 

level of muscle mass is important for exercise 

and metabolic balance. The skeletal muscle is the 

main organ of not only physical movement in the 

body but also the body’s glucose metabolism. An-

abolic-catabolic balance, glucose metabolism, and 

maintenance and repair of muscle mass are under 

control in a healthy skeletal muscle.1 In denervated 

muscles, on the other hand, glucose hypermetab-

olism is higher than in healthy muscles.12 After the 

denervation, atrophic muscle fibers do not contain 

glycogen or RNA, do not show acid phosphatase 

activity, and succinate dehydrogenase activity is 

very low.1 In addition, skeletal muscle denervation 

has adverse effects on insulin resistance. After 28 

days of denervation, insulin resistance appeared in 

slow-twitch skeletal muscle fibers, whereas insulin 

sensitivity emerged in fast-twitch muscle fibers.7

Lysosomal Activities
Autophagy is a homeostatic mechanism used for 

the breakdown and subsequent recycling of the 

cytoplasm of the muscle and other intracellular 

organelles by the lysosomal mechanism. The auto-

phagy lysosomal system is highly important for ca-

tabolism to control muscle volume. However, the 

autophagy lysosomal system requires homeostasis 

in the muscle fiber. With the loss of homeostasis 

after the denervation, deterioration in muscle cells 

arise. The autophagy lysosomal system shows low 

activity in healthy skeletal muscle tissue and aims 

to maintain this state. After denervation, the acti-

vation of the autophagy lysosomal system in skel-

etal muscle increases greatly and as a result, there 

is an increase in the destruction of proteins in the 

muscle.1

Changes in Muscle Tissue Level
After an axonal injury to a peripheral nerve, Walle-

rian degeneration occurs distal to the lesion site. 

This is due to the inability of the distal part of the 

peripheral nerve to receive structural proteins and 

neurotrophic substances from the soma.13
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Figure 3.1  Muscle atrophy.

Atrophy
Muscle atrophy is basically a direct effect of pro-

tein degradation caused by pathophysiological 

conditions such as denervation, microgravity or 

immobilization, aging, disuse, and chronic diseas-

es. Different degrees of muscle atrophy may occur 

after various pathologies affecting the peripheral 

system such as cancer, myopathies, and diabetes. 

Muscle atrophy is usually manifested by shrinkage 

of myofibrils, changes in muscle fiber and myosin 

isoforms, loss of cytoplasm, organelles, and pro-

teins.1

Muscle atrophy due to denervation is observed 

when the neural connection to the muscle is inter-

rupted or the muscle tissue cannot receive warn-

ing signals from the nervous system.1 After dener-

vation, the atrophy process begins rapidly as the 

muscle cannot receive the contractile stimuli nec-

essary to maintain its normal size.14 When skeletal 

muscle enters the atrophy process, fibrous con-

nective tissue and adipose tissue take the place of 

functioning muscle tissue later on. At lower rates, 

a condition in which healthy muscle fibers are 

replaced by weakened muscle fibers is followed. 

The weakened muscle fibers are almost unrecog-

nizable under the light microscope and are largely 

incapable of contraction.6 Histopathologically, it 

reveals a characteristic appearance such as a very 

tight arrangement of myofibrils and their distribu-

tion around the nucleus. Loss of muscle mass and 

muscle strength occurs in all skeletal muscle atro-

phies (Figure 3.1).1 In the initial stages of atrophy, 

the sarcomere structure is protected. In the second 

stage of atrophy, loss of actin and myosin monofil-

aments and disruptions in myofibrillar alignment 

are observed. Subsequently, changes occur in the 

size, number, and orientation of the sarcoplasmic 

reticulum system and its components. In the sub-

sequent periods, significant declines in the num-

ber of capillaries associated with the muscle and 

losses in the nerve trunks innervating the muscle 

are followed.6

Despite all interventions for reinnervation, the 

recovery rate decreases after the first 3 months in 

the muscles that cannot achieve any innervation 

or have little recovery. It is stated that the proba-

bility of functional recovery of the muscle will be 

very low in the period from 1 to 2 years after dener-

vation.5,14

Stem cells (satellite cells) in the muscle are 

responsible for the growth, repair, and regenera-

tion of muscle tissue. Following denervation, an 

increase in stem cell proliferation appears in the 

muscle. However, as the denervation period ex-

tends, the number of stem cells in the muscle tends 

to decrease over time.4 It is stated that long-term 

denervation periods such as 1 or 2 years will cause 

a reduction in the number of stem cells in the mus-

cles and negatively affect the regeneration capa-

bility of the muscle. Depending on the level and 
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severity of injury in denervated muscles, the func-

tional loss is seen first. It should be kept in mind 

that decreased muscle function will then lead to 

muscle atrophy and ultimately to contracture.5 In 

long-term denervation, muscle fiber integrity is 

maintained with the activation and help of stem 

cells existing in the muscle. In this way, it is aimed 

to survive the atrophic skeletal muscle fibers and 

contributes to muscle recovery for reinnervation in 

the future.7

Age-related denervation arises with the loss 

of motor neurons in the spinal cord and/or loss 

of function of the neuromuscular junction. These 

losses increase with advancing age and after a 

point, permanent muscle denervation occurs in 

the skeletal muscles.15 When this kind of dener-

vation is analyzed microscopically, the sarcomere 

spacing within the muscle becomes irregular and 

the nuclei of muscle cells tend to converge to the 

center along the muscle fiber. In addition, there 

is a significant increase in adipose tissue in and 

around the muscle fibers.1 In this respect, progres-

sive denervation in old age is different from mus-

cle denervation observed in relation to the central 

nervous system, peripheral nerve damage, or neu-

romuscular diseases.15

Disuse atrophy occurs in prolonged lying posi-

tions and lack of physical activity. It is frequently 

seen in conditions such as prolonged immobili-

zation of joints, long bed rest, microgravity, de-

pendence on mechanical ventilation devices, and 

coma. In such cases, muscle mass and myosin 

content in skeletal muscles are reduced and the 

muscle fiber type is converted from slow-twitch 

oxidative type I muscle fibers to fast-twitch glyco-

lytic type II muscle fibers to adapt to the long-term 

reduction in physical activity.1

Fibrosis
After peripheral nerve damage, it takes a long time 

for impulses to pass through neuromuscular syn-

apses and re-innervate the denervated muscles. 

In a such case, irreversible fibrous tissue is formed 

due to the extracellular matrix accumulating in 

the muscle.1 In the final stage of muscle atrophy 

due to denervation, muscle fibers are fragmented, 

and muscle tissue is replaced by fibrous and adi-

pose tissue. This is one of the most characteristic 

features seen in muscles after long-term denerva-

tion.6,14 Muscle fibers that function after long-term 

denervation have a very low contractile capacity, 

and it is very hard to regenerate myofibrils even if 

the nerve impulse comes back.14 Up to 4 months 

after the denervation, almost 80% of the mus-

cle volume can be lost, and after approximately 2 

years, irreversible muscle fibrosis and fat infiltra-

tion occur.16

Even if nerve fibers regenerate after the for-

mation of fibrous tissue in skeletal muscle, effec-

tive neuromuscular synapses are unlikely to be 

formed.2 Due to denervation atrophy, the length 

of the fibrous tissue that replaces the muscle fibers 

tends to continue to shorten in the subsequent 

period. This may lead to the formation of contrac-

tures in the muscle later on. Therefore, one of the 

most important goals in physiotherapy and reha-

bilitation is to prevent the development of con-

tractures in atrophic muscles. In order to prevent 

the development of contracture, ES of atrophic 

muscles should be ensured after denervation un-

til reinnervation begins, they should be kept in a 

tense position regularly with orthoses and assistive 

devices and supported by stretching exercises.1,14 

However, excessive stretching and incorrect posi-

tioning of the joints should be avoided.

Degeneration
Degeneration in the muscle is defined as a de-

crease in the cross-sectional area and density of 

the muscle, fatty infiltration and accumulation, 

and a decrease in muscle volume.1 In the first 2 

months after denervation, the degeneration pro-

cess starts in the muscle fibers.14 Muscle degen-

eration is closely related to myofibrillar protein 

fragmentation rates.1 In addition, the degeneration 

process begins in cutaneous sensory receptors af-

ter denervation and sensory receptors may disap-

pear 3 years after denervation.16

Muscle degeneration can be quantitatively 

evaluated as follows:

Grade 1: A normal muscle with fatty infiltration 

of 10% of the cross-sectional area of the muscle,
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Grade 2: Moderate muscle degeneration and 

fatty infiltration of 10-50% of the cross-sectional 

area of the muscle,

Grade 3: Severe muscle degeneration and fatty 

infiltration of more than 50% of the cross-sectional 

area of the muscle.1

The Role of Genetic Factors in 
Denervated Muscle
The very high adaptability of skeletal muscle to en-

vironmental and intrinsic factors is due to secreted 

myokines and myometabolites. Denervation, dis-

use, feeding, etc. As atrophy begins to be observed 

after various reasons, a series of gene expression 

changes begin to be seen as well as biochemical 

and physiological processes. Although the exam-

ination of Deoxyribonucleic acid (DNA) microar-

rays in atrophic muscle provides detailed informa-

tion about gene expression, it has not been clari-

fied how genetic factors play a role from the onset 

of denervation atrophy. Recent data have divided 

the role of genetic factors on skeletal muscle into 

4 phases during the denervation process, approxi-

mately between the first 30 minutes (min) and the 

28th day. These phases are oxidative stress phase, 

inflammation phase, atrophy phase, and atrophic 

fibrous phase.17

Cytochrome P450 enzymes, which are activat-

ed in the oxidative stress phase, provide the con-

version of toxic and estrogen metabolites into free 

oxygen radicals. Increased oxidative stress acti-

vates peroxisome proliferator activating receptor 

and hypoxia-inducible factor-1 signals. Thus, un-

der the influence of genetic factors, the muscle be-

gins to atrophy as a cellular adaptation mechanism 

to hypoxia.17

In the inflammatory phase, tumor necrosis fac-

tor (tnf), signal converter and transcription acti-

vator phosphorylated by the janus kinase enzyme, 

transforming growth factor-beta (TGF-beta), and 

nucleotide-binding oligomerization domain-like 

receptors (NOD-like) receptor and nuclear factor 

kappa B genes trigger the inflammatory response. 

With the onset of inflammation, the processes of 

atrophy formation and secondary changes in the 

denervated muscle manifest themselves more 

clearly.17

Denervated muscle, exposed to sufficient oxida-

tive stress and inflammation, now begins to atrophy 

under the influence of up-regulated genes. Proteol-

ysis occurs with the activation of phagosome, lyso-

some, endocytosis, and P53 signaling pathways. As 

protein degradation continues, muscle atrophy be-

comes evident. Meanwhile, sustained inhibition of 

the insulin signaling pathway during denervation 

also exacerbates muscle atrophy.17

Genes upregulated after the atrophic phase in-

tensely induce fibrosis in denervated muscle for 14 

days. While cyclic adenosine monophosphate and 

extracellular matrix synthesis further exacerbate 

denervated muscle fibrosis, increased ribosomal 

activity supports enzyme activity that plays a role 

in collagenation.17 It has been stated that tumor 

necrosis factor-related weak inducer of apoptosis 

by binding to fibroblast growth factor-inducible 

14 (Fn14) system, TGF-beta/myostatin pathway 

and matrix metalloproteinase (MMP) activity are 

among the genetic factors responsible for muscle 

atrophy, fibrosis, and performance loss during the 

denervation process. These activations, which dis-

rupt the extracellular matrix modeling, contribute 

to fibrosis.18

Decreased chronic contractile activity reduces 

protein release from the nuclear and mitochon-

drial genome. In addition to the decrease in mito-

chondrial volume, proapoptotic protein secretion 

increases in all processes and programmed cell 

death is facilitated.19

Physiological Differences 
of Denervated and Healthy 
Muscles
The fact that denervated muscles exhibit different 

anatomical and physiological features than inner-

vated muscles, the need to rehabilitate denervated 

muscles from the earliest time has arisen.3 As ex-

plained in the previous sub-headings in the chap-

ter, decrease in voluntary and reflex activity with 

muscle denervation, muscle atrophy, changes in 

muscle excitability and contractility, increase in 
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intramuscular fat and connective tissue, changes 

in the direction of muscle fiber bundles (especially 

in pennate muscles, the vectorial force that creates 

the contraction force decreases), muscle strength, 

muscle endurance, and cross-sectional area of the 

muscle, in short, the motor efficiency of the muscle 

decreases.3,20 In the first minutes of axon damage, 

the increase in the concentration of Ca+2 ion with-

in the axon, resulting in the increased Ca+2 amount 

closing the injury area, turns the injury area into an 

anastomosis site for many axon sprouts.16 It should 

be kept in mind that all these changes will weak-

en the accommodation property of the denervat-

ed muscle and initiate the negative muscle plas-

ticity process in the denervated muscle rapidly.3,16 

Table 3.1 summarizes the physiological differences 

between healthy and denervated muscle.21,22

The Importance of Electrical 
Stimulation of Denervated 
Muscle
In the treatment of denervated muscle, the prima-

ry goal of ES, which is one of the applications that 

has an important place apart from pharmacologi-

cal treatments, is to provide physiological protec-

tion in the denervated muscle. If the appropriate 

modality is applied at the appropriate flow inten-

sity, time, and frequency, denervated muscle can 

be protected from vascular congestion, trophic 

changes, and secondary complications such as 

progressive pain, atrophy, etc. that may occur over 

time.23

Events resembling “fuse burnout” in the first 12 

hours after axonotmesis made it necessary to en-

sure the electrical functionality of the denervated 

muscle as soon as possible. After the acute process 

is taken under control, the damage and its effects 

must be eliminated.16

The importance of ES is emphasized and well-

known. Appropriate ES is used to prevent progres-

sion of denervation-induced atrophy as well as 

atrophy treatment, restore contractility, facilitate 

a functional muscle stimulation rather than ran-

dom innervation, to organize fiber type, convert 

maladaptive muscle plasticity to regenerative plas-

ticity, increase the mitochondrial volume, increase 

the expression of antiapoptotic factors, decrease 

the release of proapoptotic proteins, and facilitate 

motor relearning.19,20,24,25,

Table 3.1  Physiological differentiation in denervated muscles

Denervated Muscle Healthy Muscle

Acute
(0-3 months)

Chronic
(+3 months)

Axonal growth capacity
Yes, but decreased


Yes, but more decreased


Yes

Atrophy
Yes


Yes, but further


No

Infiltration of fat
Yes


Yes, but further


No

Spontaneous activity
Yes


Yes, but decreased


No

Muscle cell weight Begins to decrease Lower than 20% of healthy muscle weight Normal

Cross-sectional area of the muscle
Begins to smaller


Smaller (Further)


Normal

Decline of sensory input
Yes


Yes, but further


No

Decline of motor input
Yes


Yes, but further


No

Chronaxie (ms) Higher (>0.08ms)
Higher
(1-4 ms)

Normal
(≌0.08 ms)
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Reinnervation Process
Reinnervation refers to the process by which the 

muscle becomes excitable again by the motor 

nerves after injury. In this process the anatomical 

and physiological neuromuscular connection be-

tween the muscle and the nerve must be restored, 

primarily. To provide this, it is aimed to achieve a 

healthy neuromuscular junction function during 

the reinnervation process.1 The neuromuscular 

junction, which is the transition point of nerve 

conduction and expresses the interface of nerve 

and muscle, is the area of electrochemical con-

nection between nerve and muscle (Figure 4.1).1,2 

The neuromuscular junction consists of three basic 

structures. 1) nerve ending containing acetylcho-

line vesicles released from the synaptic gap, 2) mo-

tor end plate covered with acetylcholine receptors, 

and 3) unmyelinated terminal Schwann cell or 

perisynaptic Schwann cells lining the nerve end-

ing and synapse.2 In the early stages of reinnerva-

tion, newly formed and immature neuromuscular 

junctions are often not successful in providing the 

correct impulse conduction. It has been suggested 

that this happened due to variability in motor end-

plate conduction or blockage of neural conduction 

along certain muscle fibers within the motor unit.1

There are many factors that may affect muscle 

reinnervation after nerve injuries, such as incision 

length, age, and local edema.3 In a peripheral nerve, 

degenerative environmental factors near the injury 

location affect the survival of motor neurons. The 

Figure 4.1  Neuromuscular junction.
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fact that motor neurons struggle for survival rather 

than functioning sufficiently creates a restrictive 

effect on the formation and maturation of neuro-

muscular connections.4 If there is a partial nerve 

injury, muscle reinnervation is endeavored by 

“axonal collateral sprouting”.1 To reach the muscle 

after injury, the peripheral nerve attempts to find 

a way toward the muscle by forming new sprouts 

from the proximal axon end to regenerate imme-

diately. If no tissue such as necrosis that can occur 

in the terminal axon, newly developing neurites 

sprouts and head toward the muscle they inner-

vated before.3 However, cell death can be observed 

in muscles that experience loss of innervation after 

an axonal injury.5 In order to prevent such a degen-

erative effect, an increase in the activity of the rein-

nervated muscle should be provided to contribute 

to this process as a positive regulator.4

In recent years, many surgical techniques have 

been developed for the reinnervation of denervat-

ed muscles. These techniques include direct nerve 

repair, nerve graft placement, nerve transfer, and 

neurotization methods.6 However, despite the pres-

ent knowledge regarding nerve regeneration mech-

anisms and newly developed surgical approaches, 

the desired muscular functional level cannot be 

achieved in most of the patients with peripheral 

nerve injury after surgical intervention. In periph-

eral nerve repair, various factors such as the type 

and location of the injury, the duration of muscle 

denervation after injury, and the age of the patient 

are important for restoring motor function. If nerve 

regeneration is not obtained within the first 1-1.5 

years following peripheral nerve repair, degenera-

tion begins at the neuromuscular junction, and as 

a result, potential muscle reinnervation is prevent-

ed.2 At this stage, the stimuli with the potential to 

create new functional connections are sent to the 

muscle fibers in the maladaptive neural plasticity 

process that occurs in the proximal nerve fiber, and 

the muscle is endeavored to be reinnervated using 

a different pathway.7 In addition, collateral sprouts 

(reactive synaptogenesis) formed in regenerated 

nerves and the resulting terminal branches may 

create new functional junction points more proxi-

mally to the neuromuscular junction.1,5

A reinnervated muscle has difficulty restoring 

its existing mass to a healthy level and regaining its 

former functional capacity. This may be due to the 

inability of neural connections to innervate the en-

tire muscle fibers after injury.7 It was stated that 87% 

of the damaged peripheral nerves are repaired with 

classical end-to-end anastomosis surgery. Howev-

er, only half of these patients were found to be able 

to regain functional functions after nerve repair.6 

A reinnervated muscle will strengthen its neural 

connections over time, and thus the nerve will be 

able to reach a near-normal transmission velocity 

in motor units. However, when compared to the 

pre-injury state of the muscle, functional recovery 

of up to 70-80% may arise in reinnervated muscles.7

Membrane Changes
There are frequent changes in muscle membrane 

potential following the denervation. Fibrillation 

potentials emerge in the muscle due to this irreg-

ularity in the membrane potential. However, by 

reinnervation in the muscle, the fibrillation poten-

tial disappears over time. The reduction of muscle 

atrophy and the completion of autonomic axonal 

sprouting during the reinnervation process con-

tribute to the reduction of fibrillation potentials, 

which are markers of degeneration.8

Calcium (Ca2+) dependent processes increase 

the probability of neuron survival as the muscle 

cell membrane enters the depolarization process 

in the reinnervation phase. However, if the intra-

cellular Ca2+ level rises much above normal during 

the reinnervation phase, this may cause neuronal 

death. Inhibition of intracellular electrical activi-

ty increases the risk of neuronal death during the 

continued reinnervation process and may delay 

reinnervation by reducing axonal growth.9 There-

fore, during the reinnervation phase, the function-

al status of the patient should be checked regularly 

by rehabilitation professionals and changes in the 

membrane level should be determined
.

Cellular Changes
As part of the reinnervation process, the muscle 

undergoes enzymatic and metabolic regeneration. 
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Figure 4.2  Axonal collateral sprouting.

These processes vary according to the type of mus-

cle fiber activated
.

Enzymatic Activity Changes
After the newly formed nerve connections in the 

reinnervation process, rearrangements occur in 

the enzyme and histochemical models of the af-

fected muscle fibers. “Fiber-type grouping”, which 

refers to the grouping of histochemically alike fi-

bers in a reinnervated muscle, is part of the reorga-

nization that occurs in the motor unit structure.10

During the reinnervation, changes occur in 

myofibrillar protein isoforms, regulatory proteins, 

and enzyme activity patterns related to the pro-

teins and energy sources involved in Ca2+-ATPase 

and Ca2+ uptake. Accordingly, slow-twitch and ox-

idative or fast-twitch and glycolytic phenotypes of 

myofibrils are determined.11

Metabolic Changes
While the denervated muscle fibers resize and 

shape after reinnervation, the existing satellite cells 

in the cell nucleus are preserved. However, the in-

ability of chronically denervated muscle fibers to 

fully return to their pre-injury size suggests that 

there may be a limit to the proliferation capacity 

of satellite cells.12 The adequacy of axonal supply 

in the reinnervation process after peripheral nerve 

injury is seen as an important factor for the muscle 

to regain its strength-generating abilities.6

Muscular Reorganization in the 
Reinnervation Process
After the denervation, muscle fibers are reinner-

vated by collateral sprouts from intact motor units 

(Figure 4.2). Because these newly formed neural 

collateral sprouts are unmyelinated or thinly my-

elinated, nerve transmission is very slow. Rein-

nervation of muscle fibers is mainly dependent 

on motor unit action potential, which has a short 

transmission time and is easily generated.1 To 

which tissue the sprouts formed in the regenerat-

ed motor axons will be directed is provided by a 

feature called “preferential motor reinnervation”. 

The preferential muscular reinnervation process is 

supported by revealing some receptors and endog-

ens under the influence of ectopic agents. With this 

feature, motor axons going in undesired directions 

are trimmed and only the desired muscle fiber is 

directed toward the desired muscle fiber.13
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As functional reinnervation of the muscle after 

peripheral nerve injury mainly focuses on motor 

function such as coordination of muscle function, 

muscle tone, and fine motor movements, little at-

tention has been spent on signs of sensory recov-

ery. However, in electromyographic and electro-

encephalographic evaluations, it has been proved 

that the sensory reflex of the muscle is preserved 

by the reinnervation of afferent fibers and muscle 

mechanoreceptors.14 In addition, it has been re-

ported that reinnervation directly affects the mo-

lecular structure of muscle myofibrils.11 As a result 

of the reduction in the number of axons after de-

nervation and the shrinkage of the muscle fibers 

due to denervation, a decrease in the strength of 

the muscle is observed. Therefore, early reinnerva-

tion is critical for muscle function. In addition, the 

large cross-sectional area of the muscle that can 

function in reinnervated muscle fibers may be due 

to the increase in neural activity.15 This indicates 

the importance of physiotherapy and rehabilita-

tion approaches such as physical activity and elec-

trotherapy that support the physiological process 

of muscle reinnervation to increase neural activity 

after denervation.

Motor Innervation in Reinnervated 
Muscle
“Collateral sprouting” that appears during the re-

innervation phase creates satellite potentials by 

extending from the healthy nerve axon to nearby 

denervated muscle fibers. However, new neuro-

muscular junctions that emerge with reinnerva-

tion cannot complete their maturation in a short 

time. Therefore, a decrease in the response to re-

petitive neural stimulation may be observed in 

newly formed neuromuscular junctions.1 In addi-

tion, the regenerated nerve fibers included in the 

surgically repaired nerves after peripheral nerve 

damage may misdirect and lead to targets that 

they did not stimulate before. This situation con-

tinues to be one of the major challenges in terms 

of functional recovery in muscles after peripheral 

nerve injuries.12

After denervation, the nerve transmission ve-

locity within the muscle fiber may decrease up 

to 0.5 m/s. As a result of a decrease in the nerve 

transmission velocity to these levels, improvement 

in nerve transmission velocity within the muscle 

fiber may not be achieved despite nerve regener-

ation. This indicates that atrophied small muscle 

fibers may not be receptive to regenerated axons.8 

Therefore, it is important to support the process of 

increasing nerve transmission velocity.

Muscle Spindle and Golgi Tendon Organ 
in the Reinnervation Process
Numerous changes are observed in motor unit 

properties during the reinnervation process. These 

changes, defined as muscle plasticity, include 

muscle contraction properties and biochemical 

changes.16

After the denervation, a rapid degeneration pro-

cess initiates in the muscle spindles. Compared to 

the healthy controlled muscle, the number of ten-

sion receptors in the denervated muscle is consid-

erably reduced. Interestingly, muscle spindles can 

be repaired without muscular reinnervation. How-

ever, an abnormal tension response is observed in 

reinnervated muscle spindles. Sometimes an in-

creased stretch reflex is encountered, sometimes a 

decrease in the stretch reflex is observed.14

The Golgi Tendon Organ is a protective mech-

anism located at the muscle-tendon junction and 

reaching 1 mm in length. While information from 

the Golgi tendon organ is transmitted to the cen-

tral nervous system, there is no direct efferent 

connection to the Golgi tendon organ, unlike the 

muscle spindle.5 Therefore, the level of the func-

tional recovery of the Golgi tendon organ in mus-

cle after reinnervation is lower than that in mus-

cle spindles.14 In a reinnervated muscle, only the 

50-75% of the muscle spindle and Golgi tendon 

organs can be reinnervated.17 In this regard, the 

tension response of reinnervated muscles and a 

reduction in tension-induced tone are likely. For 

this reason, the inability to achieve an optimal 

tone in the reinnervation phase induces difficul-

ties in daily living activities. It is necessary to be 

careful in the rehabilitation process during the re-

innervation of the muscle, especially in stretching 

exercises.
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Changes in Tissue Level in Reinnervated 
Muscle
Muscle cell apoptosis, an intracellular mechanism 
after denervation, plays a role in the atrophy pro-
cess of muscle fibers. In post-denervation muscle 
atrophy, the release of apoptosis-related proteins 
increases particularly. Although the apoptosis re-
sponse varies according to the type and duration 
of injury, it was stated that the apoptosis mecha-
nism in the muscle approaches normal physio-
logical levels in case of complete reinnervation.18 
Considering the destructive effect of the apoptosis 
mechanism in the post-denervation muscle atro-
phy process, the importance of reinnervation in 
terms of protecting the muscle structure becomes 
more prominent.

After the denervation, reinnervation does not 
occur in the whole muscle fibers, which results in 
muscle weakness.19 Therefore, as the muscle be-
comes atrophic after denervation, both the tetan-
ic strength of the muscle and the diameter of the 
muscle fibers lessen. The stimulation of muscle 
fibers in the process of reinnervation slows down 
the process of atrophy and muscle weakness. With 
the reinnervation, the maximal isometric tetanic 
strength is gradually restored firstly.8

In terms of muscle atrophy, it is of great im-
portance to initiate the reinnervation process in 
the denervated muscle at the earliest period. A 
normal relationship between muscle fiber size 
and strength is not observed during the early stag-
es of reinnervation. As soon as reinnervation is 
achieved, the muscle fibers a bit more atrophied, 
producing less power. While healthy motor units 
have a homogeneous structure in terms of their 
metabolic properties and contractile filaments 
(actin and myosin content), motor units in the re-
innervation stage have heterogeneous properties. 
This is due to the activation of non-activated mus-
cle fibers in the motor unit with reinnervation.12

If denervation is prolonged following the in-
terruption of the impulse connection between the 
muscle and the nerve, the chances of full func-
tional recovery are almost completely reduced. In 
addition to the loss of motor function, impaired 
collagenization, and an increase in fibrous tissue 

muscle atrophy in the denervated muscle can re-

duce the susceptibility of the muscle to reinner-

vation. Therefore, correct signaling should be pro-

vided from an early period in order to prevent in-

adequate and incorrect reinnervation.20 Atrophied 

denervated muscle fibers do not lose their vitality 

for months or even years. In this respect, with the 

appropriate therapeutic interventions used in the 

reinnervation stage, a tremendous contribution is 

made to the functional and morphological recov-

ery of the muscle. It should not be forgotten that 

even if the sarcomere structure of the muscle fibers 

is disrupted for reinnervation after short-term de-

nervation, the fascicular architecture will be pre-

served. However, prolonged denervation makes 

intramuscular fatty infiltration apparent and mus-

cle fiber necrosis is remarkable. Concomitant de-

generation may continue due to the persistence of 

the long-term effects of denervation, as well as the 

regeneration of viable atrophic fibers in the rein-

nervation phase. Proper interventions reduce the 

effect of degeneration, which allows sarcomeres 

to become more regular. The findings show that 

post-injury muscle fibers regenerate while experi-

encing the necrosis process. Due to the existence 

of this cycle even in the degeneration phase, the 

need to recognize the physiological process and 

determine the proper therapeutic methods to in-

crease the innervation of the muscle during the re-

innervation phase is very important.21

Changes in Contraction Time and 
Intensity
Fasciculation potentials, which occur sponta-

neously, slowly, and irregularly in denervated 

muscle, are characterized by a firing potential of 

1-2 Hertz (Hz). However, the motor unit potentials 

seen in a voluntary healthy muscle contraction are 

at the frequency level of 4-5 Hz and an ignition po-

tential lower than this level cannot be realized. For 

this reason, motor unit action potentials fired at 

levels below 4-5 Hz in the muscle during the rein-

nervation process are fasciculation potentials that 

are not under voluntary control.1

The abnormal spontaneous electrical activity 

that occurs with denervation begins to be repaired 
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during the reinnervation process. During the re-

innervation process, the first existing and spon-

taneously originating depolarizing fibrillations 

disappear.8,13 New motor units formed after func-

tional new connections can now perform voluntary 

contractions. While the intensity of contraction in 

the early stages of the reinnervation process is low, 

the intensity of contraction increases as a result of 

the growth in the motor unit over time. However, 

if a permanent loss occurred in some of the motor 

units, the size of the muscle fibers functioning in the 

active motor units may exceed the normal size.13

Muscle Fiber Type Changes
The proportion of type I muscle fibers is nearly half 

that of type II muscle fibers in a healthy person. 

This ratio may vary in some muscles in the body.3 

However, changes are observed in the ratios of 

type I and II fibers in the muscle during the rein-

nervation process after peripheral nerve injury.14 

In the reinnervation process, the proportion of 

type I and II muscle fibers in the muscle may be 

altered when fast-twitch muscles are reinnervated 

by a nerve whose transmission function is slowed 

or slow-twitch muscle fibers are reinnervated by 

a myelinated nerve. The roughly 65% reduction of 

myonuclei in type II muscle fibers after long-term 

(approximately 7 months) denervation indicates 

that type II muscle fibers may be less sensitive to 

reinnervation than type I muscle fibers.11

In the reinnervation process that arises after 

denervation due to old age, an expansion may oc-

cur in the activation level of thinly myelinated mo-

tor neurons with low-speed conduction. As a result 

of this process, the transformation from fast-twitch 

type II muscle fibers to slow-twitch type I muscle 

fibers emerges in muscles reinnervated by motor 

neurons with slow nerve conduction velocity.22 Re-

innervation capacity is quite higher in people un-

der 20 years of age. It was stated that this was due to 

the need for a shorter nerve regeneration time due 

to axonal growth, less atrophy progression, and the 

strong regenerative capacity of people under 20 

years of age.10

In addition to normalizing the physical proper-

ties of the muscle during the reinnervation phase, 

it is of great importance to provide a healthy neuro-

nal activation pattern in the muscle and to support 

the optimal rate of fiber type change. In the clinical 

decision-making process, the duration of stimu-

lation should be considered to reach healthy and 

functional muscles
.

•	 Stimulation given to the muscles for less than 

5% of the day converts the heterogeneously dis-

tributed muscle fibers into fast glycolytic fibers 

(Type IIb),

•	 Stimulation given to the muscles for 5% of the 

day converts the heterogeneously distributed 

muscle fibers into fast glycolytic fibers (Type 

IIa),

•	 Stimulation given to the muscles 50% of the day 

transforms the heterogeneously distributed 

muscle fibers into slow oxidative fibers.12,23

The human neuromuscular system has impres-

sive developmental flexibility. By choosing prop-

er rehabilitation strategies, muscle fibers that are 

suitable for the healthy structure and physiology of 

the muscle can be obtained.12

The Role of Genetic Factors in 
the Reinnervation Process
In order to achieve normal muscle function in 

the reinnervated muscle, muscle evolution and 

differentiation programs must be initiated. This 

is possible with the introduction of some genetic 

factors.24,25 In order to control the activation time 

of living Deoxyribonucleic Acid (DNA) genes in 

the fulfillment of cellular functions, transcription 

factors that attach to DNA are needed. Transcrip-

tion factors show dynamic activation by interact-

ing with different proteins, receptors, and hor-

mones. Among the factors classified as basal and 

regulatory transcription factors, those with basal 

function are involved in gene synthesis for the bio-

chemical and structural functionality required for 

the continuation of cell homeostasis.26 Regulatory 

transcription factors control the Ribonucleic Acid 

function. The co-functioning of both transcription 

factors supports the evolution and differentiation 

programs of cells and tissues.27 The Myoblast De-
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termination (MyoD) protein plays a special role 

in the reinnervated muscle. Activation of MyoD in 

reinnervated muscle triggers muscle cell differen-

tiation, initiating activation of Myogenic Factor 5, 

Myogenin, and Myogenic Regulatory Factor 4.24,25 

Triggered myogenesis facilitates the differentiation 

and regeneration of muscle tissue.28

Through therapeutic interventions such as elec-

trical stimulation (ES), myogenic precursor cells 

are activated, promoting muscle regeneration and 

growth. In addition to increasing the concentration 

of free Ca2+ in the cytoplasm, ES also boosts the ex-

pression of the MYoD gene and myogenin.30 Aug-

mented MYoD gene, expression of myogenin, and 

increased oxygen utilization trigger muscle cell dif-

ferentiation and muscular reinnervation.24,25,28

Therapeutic interventions in the reinnerva-

tion process reduce the activity of superoxide dis-

mutase, which increases oxidative stress despite 

increased oxygen use. This leads to myotube hy-

pertrophy and an increase in Mechanistic Target of 

Rapamycin complex and Extracellular Signal-Reg-

ulated Kinase 1/2 activity. Subsequently, while the 

transport of glucose transporter type 4 to the plas-

ma membrane increases, glucose consumption 

also increases, and glucose metabolism changes.29 

Increased contractions during reinnervation acti-

vate Antimicrobial peptides (AMP)-activated pro-

tein kinase, raising glucose uptake.29

Supporting Muscle 
Reinnervation
Interventions to provide muscle reinnervation 

should aim to raise the size of innervated muscle 

fibers.12,30 The reinnervated muscles may also have 

muscle fibers that are adversely affected by inter-

ventions such as ES, but this proportion does not 

exceed 5% when proper therapeutic intervention is 

executed. With proper interventions, the number 

of motor units in the muscle can be raised signifi-

cantly in the first few months. In optimally sup-

ported muscle fibers, the reinnervation process 

is shortened, reaching a healthy muscle level in 

terms of the number of innervated motor units in 

the 3rd month.30

Augmenting Neuromuscular Plasticity 
in Muscle Reinnervation
There are two assumptions that a healthy neuro-

muscular structure can be achieved with the prop-

er therapeutic stimulus of the reinnervated muscle. 

The first is to maintain and support the neuromus-

cular connection formed during embryonic de-

velopment with appropriate therapeutic interven-

tions. Motor units, which replace their most primi-

tive state in denervation, can give healthy respons-

es to environmental and ectopic stimuli during 

reinnervation.31 The second is muscle plasticity 

that leads to synaptic changes with intramuscular 

fibrils.31 Thus, muscle reinnervation mechanisms 

involve directing the damaged peripheral nerve 

to the stimulated muscle fibers. After nerve injury, 

randomly extending axons may begin to innervate 

different muscle fibers located other than the mo-

tor unit. Muscle reinnervation may be facilitated 

by avoiding synkinesis (misdirection of the nerve) 

with ES.30 Due to the misdirection of the nerves in 

the regeneration phase, problems are experienced 

in the acquisition of fine motor movements in the 

reinnervated muscles and the normal functioning 

of the reinnervated muscles.32
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Introduction
Neurobiology is a fascinating and dynamic field 

that has important implications for both clinical 

practice and technology. It encompasses a wide 

range of topics, from the composition of human 

personalities to the development of consciousness, 

and seeks to understand these complex phenome-

na through quantitative methods. At the heart of 

neurobiology is the study of neurons, which are re-

sponsible for transmitting information throughout 

the body via complex electrochemical signals. As 

the mysteries of the nervous system unraveled, the 

understanding of the brain and its role in shaping 

human behavior and cognition will continue to ex-

pand and evolve.1

The nervous system plays a critical role in in-

formation processing, which involves the transfer 

of electrochemical signals throughout the body 

(Figure 5.1). It is responsible for establishing and 

maintaining reliable relationships between input 

and output, which is essential for many life func-

tions. The transmission of information in the ner-

vous system involves complex mechanisms, in-

cluding the release of neurotransmitters, the open-

ing and closing of ion channels, and the modula-

tion of synaptic strength. These mechanisms allow 

the precise and efficient processing of information, 

which is critical for the normal functioning of the 

body.2

Nervous System Overview
The nervous system’s primary function is to pro-

cess information through communication be-

tween neurons within neural networks and with 

effector cells in organs. Neural signaling is elec-

tro-chemical in nature and consists of intercellular 

and intracellular components. Chemical signals, 

such as neurotransmitters and neuropeptides, are 

Figure 5.1  The nervous system.
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Figure 5.2  Central nervous system

transmitted through intercellular communication, 

which varies in intensity based on the strength of 

the stimulus.3

Anatomy and Physiology of the Central 
Nervous System
The central nervous system (CNS) is responsible 

for mediating all behavior, and it is comprised 

of the spinal cord and the brain (Figure 5.2). The 

brain can be divided into six major regions, each 

of which can be further divided into smaller, ana-

tomically, and functionally distinct areas. These re-

gions include the medulla, pons, cerebellum, mid-

brain, diencephalon, and cerebral hemispheres or 

telencephalon. Through these divisions, the brain 

is able to control a wide range of physiological and 

cognitive functions, allowing complex behaviors 

and actions. These divisions are present in both 

hemispheres of the brain, although they may dif-

fer in size and shape. The orientation of the CNS 

within the body is described by three axes, which 

refer to the rostral-caudal, dorsal-ventral, and me-

dial-lateral directions. Understanding these axes 

is crucial while understanding the functions of the 

various components of the CNS.4

Spinal Cord
The spinal cord is an essential part of the CNS that 

serves as a pathway for information to travel be-

tween the brain and the rest of the body. It plays 

a critical role in controlling reflexes and regulating 

motor movements. Additionally, the spinal cord is 

responsible for transmitting sensory information 

from the body to the brain, allowing us to perceive 

the world around us. While it may seem simple 

compared to the complex structures of the brain, 

the spinal cord is a vital component of the nervous 

system that enables to move, feel, and interact with 

the environment. The spinal cord extends from the 

base of the skull to the first lumbar vertebra, receiv-

ing sensory information from the skin, joints, and 

muscles and producing voluntary and reflex move-

ments. It consists of gray matter containing nerve 

cell bodies, which are divided into dorsal and ven-

tral horns, and white matter containing longitudi-

nal tracts of myelinated axons that form ascending 

and descending pathways. Thirty-one pairs of spi-

nal nerves are responsible for connecting the spi-

nal cord to muscles and sensory receptors in the 

skin. The dorsal roots carry sensory information 

into the spinal cord, while the ventral roots carry 

motor commands out of the spinal cord.4

Medulla
The medulla is an extension of the spinal cord and 

regulates blood pressure and respiration.4

Pons
The pons is a structure located rostral to the me-

dulla and protruding from the ventral surface of the 

brainstem. It contains pontine nuclei, which relay 

sensory and motor information between the cere-

bral cortex and the cerebellum. The dorsal part of 

the pons is involved in sleep, respiration, and taste.4

Midbrain
The midbrain is the smallest part of the brain stem 

and plays a crucial role in connecting different 

motor systems in the brain. The substantia nigra, a 
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nucleus in the midbrain, provides important input 

to the basal ganglia, a region that controls volun-

tary movements, and is implicated in Parkinson’s 

Disease. The midbrain contains structures related 

to vision, hearing, and eye movements, and plays 

a crucial role in linking different motor systems in 

the brain.4

Cerebellum

The cerebellum, located above the pons, contains 

more neurons than any other part of the brain. It 

receives sensory input from the spinal cord, motor 

information from the cerebral cortex, and input 

about balance from the inner ear. The cerebellum 

is crucial for maintaining posture, coordinating 

head and eye movements, and fine-tuning muscle 

movements and motor skills.4

Diencephalon

The diencephalon has two subdivisions: the thal-

amus and hypothalamus. The thalamus relays 

sensory information (excluding olfactory) from 

peripheral receptors to the sensory processing re-

gions in the cerebral hemispheres. The hypothala-

mus is located beneath the thalamus and regulates 

essential behaviors for homeostasis and reproduc-

tion, such as growth, eating, drinking, and mater-

nal behavior, by controlling the pituitary gland’s 

hormonal secretions.4

Cerebral Hemispheres

The largest region of the brain, the cerebral hemi-

spheres, are responsible for perception, move-

ment, memory, and emotion. They consist of 

the cerebral cortex, white matter, and three deep 

structures. The two hemispheres are connected by 

the corpus callosum.4

Anatomy and Physiology of the 
Peripheral Nervous System
Peripheral nerves allow nerve impulses to be con-

ducted, enabling individuals to interact with the 

world while maintaining various postures of the 

trunk, head, and limbs. Peripheral nerve axons arise 

from various regions of the nervous system, includ-

ing the sensory neurons in the dorsal root ganglia, 

autonomic neurons in the autonomic ganglia, and 

motor neurons in the ventral horn of the spinal cord 

or brainstem. To protect these lengthy extensions, 

axons are bundled together and insulated from each 

other by three connective tissue layers: the endo-

neurium, perineurium, and epineurium. This insu-

lation allows efficient conduction of impulses along 

the axons and protects them from damage.5

Schwann cells are closely associated with axons 

within the endoneurium, where a single Schwann 

cell envelops a single myelinated axon to form an 

internode. Nodes of Ranvier are the points of sep-

aration between myelinating Schwann cells along 

a myelinated axon. The basal lamina provides a 

supportive matrix for the Schwann cells and helps 

to maintain the structural integrity of the nerve 

fibers. The loose connective tissue within the en-

doneurium contains various components such as 

type I and type II collagen fibrils in longitudinal 

orientation, fibroblasts, mast cells, macrophages, 

and endoneurial fluid.5

The perineurium is a dense connective tissue 

that surrounds and protects a bundle of axons to 

form a “fascicle”. It is made up of up to 15 layers of 

flat perineurial cells, as well as collagen fibrils and 

elastic fibers that are arranged in different orienta-

tions to provide strength and flexibility to the struc-

ture. The perineurium also helps to regulate the 

exchange of substances between the blood vessels 

and the axons within the fascicle.6 The perineurial 

diffusion barrier and blood-nerve barrier work to-

gether to regulate the exchange of substances be-

tween the endoneurium and surrounding tissues, 

protecting the nerve from harmful agents and 

maintaining proper nerve function. The layers of 

collagen and perineurial cells in the perineurium 

provide the nerve with mechanical strength, mak-

ing it the primary load-bearing component of the 

nerve.7

The epineurium is the connective tissue layer 

that surrounds and holds together nerve fasci-

cles. It contains collagen fibrils, elastic fibers, fi-

broblasts, mast cells, and fat cells. If the nerve has 

multiple fascicles, the epineurium may be divided 

into epifascicular and interfascicular layers.8
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Figure 5.3  Peripheral autonomic nervous system.

Anatomy and Physiology of Autonomic 
Nervous System
The anatomy of the Autonomic Nervous System 

(ANS) includes central control and feedback areas 

(such as the hypothalamus and brainstem), sen-

sory receptors (such as baroreceptors and chemo-

receptors), peripheral effectors (such as smooth 

muscle, cardiac muscle, and glands), and reflex 

conduction pathways (such as the sympathetic 

and parasympathetic pathways). The ANS also in-

teracts with the endocrine system, with hormones 

(such as adrenaline and noradrenaline) playing a 

role in the sympathetic response.9 Although there 

are no distinct centers of autonomic function in the 

cerebral cortex, higher cortical centers can modu-

late autonomic activity through cognitive process-

es (such as attention and decision-making). Addi-

tionally, reflexes that involve the ANS can be initi-

ated at the level of the spinal cord or brainstem.10

External stimuli representing a threat or danger 

are detected by the senses and sent to the brain-

stem for reflex processing. The hypothalamus and 

limbic forebrain process these responses, and 

higher cortical centers provide descending input 

to the paraventricular nucleus of the hypothala-

mus. This nucleus then projects sympathetic and 

parasympathetic nuclei to initiate autonomic re-

sponses.11

The ANS is divided into two systems: the Sym-

pathetic Nervous System (SNS) and the Parasym-

pathetic Nervous System (PNS).12 The SNS and PNS 

are anatomically and functionally divided compo-

nents of the ANS (Figure 5.3). The thoracolumbar 
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spinal cord controls the peripheral SNS, whereas 

the brainstem nuclei and sacral segments control 

the PNS. The SNS produces widespread physiolog-

ical responses, while the PNS exerts localized con-

trol over innervated organs. Both systems have ef-

ferent pathways that involve peripheral ganglia.12,13

Sympathetic Nervous System

The SNS consists of preganglionic fibers that orig-

inate in the thoracolumbar segments (T1-L3) of 

the spinal cord, specifically from the intermedio-

lateral gray column. These myelinated fibers enter 

the paravertebral ganglia, and then they can travel 

up or down the sympathetic chain to synapse with 

the neuronal cell bodies of postganglionic sympa-

thetic neurons. The unmyelinated postganglionic 

fibers of the SNS innervate their respective organs, 

allowing the physiological responses that result 

from sympathetic activation.12

Parasympathetic Nervous System

The PNS preganglionic fibers arise from the mid-

brain, medulla oblongata, and sacral segments of 

the spinal cord. They innervate organs through 

ganglia located near or directly in innervated tis-

sues. Cranial nerves II, VII, IX, and X, particularly 

the vagus nerve (X), are major carriers of para-

sympathetic neuronal traffic. These fibers affect 

the heart, lungs, and abdominal organs, except 

for the distal portion of the colon, and provide in-

nervation to the rectum and genitourinary tissues 

through sacral segments S2-S4.13

Nerve Structure
Neurons consist of a cell body called the soma, 

which contains organelles such as a nucleus, mi-

tochondria, and lysosomes. At least one branch 

called a neurite extends from the soma, with axons 

relaying signals away from the soma and dendrites 

relaying signals towards it. The rough endoplasmic 

reticulum of a neuron is called Nissl substance and 

is exceptionally prominent due to its role in syn-

thesizing the membrane for the neurites.14

During embryogenesis, the notochord induces 

the formation of the neural tube from the neuro-

ectoderm, which gives rise to the CNS neurons, 

while the neural crest cells bordering the neural 

tube give rise to the PNS neurons (ganglion cells) 

and Schwann cells. Unlike some other cell types, 

neurons do not regenerate, so any neuronal loss is 

permanent. After birth, the nervous system is char-

acterized by plasticity, which allows it to be shaped 

by experiences. Environmental factors such as sen-

sory stimuli, relationships, hormones, and drugs 

can influence developmental processes like neural 

migration, maturation, and synaptogenesis.15

Myelin is a membrane that coats most axons 

and long dendrites to increase the speed of con-

duction of impulses. It is made by glial cells wrap-

ping themselves tightly around a neurite, leaving 

gaps called “nodes of Ranvier”. In the CNS, myelin 

is made by oligodendrocytes, whereas it is made by 

Schwann cells in the PNS. Each Schwann cell cre-

ates just one myelin bundle for an internode of a 

single axon.16

Nerves consist of bundles of axons from multi-

ple neurons. Each individual axon is surrounded 

by a protective and connective tissue layer called 

the “endoneurium”. Fascicles, or groups of axons, 

are then bundled together and surrounded by the 

“perineurium”. Finally, the entire nerve is enclosed 

by the “epineurium”, which also surrounds the 

blood vessels of the nerve. The endoneurium cre-

ates a fluid that protects the axons from injury. The 

perineurium and epineurium provide additional 

protection and support for the nerve.17

Innervation Process
Nerves send electrochemical signals to commu-

nicate throughout the body. There are three types 

of neurons: sensory, motor, and interneurons 

(Figure 5.4). Sensory neurons interpret sensory 

stimuli, motor neurons send messages to muscles 

or glands, and interneurons transmit signals be-

tween other neurons. Nerve fibers sending infor-

mation to CNS are afferent, while fibers carrying 

information away from the central nervous system 

CNS are efferent.18,19

Sensory receptors are specialized structures 

within sensory neurons that detect changes in the 

environment and convert them into action po-
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tentials. These receptors are responsible for our 

five basic senses and other functions in the body. 

Nerve fibers are classified based on various factors, 

including diameter and myelination.20

Nerve impulses are transmitted through action 

potentials, which are brief changes in membrane 

potential. Neurons have a resting membrane po-

tential due to separation of charge caused by the 

movement of sodium, potassium, and chloride 

ions into and out of the cell down their concentra-

tion and electrical gradients. The Na-K pump ac-

tively maintains this potential by pumping sodium 

and potassium against their concentration gradi-

ent. The neuron cell membrane is most permeable 

to potassium due to a large amount of potassium 

channels, making it most affected by relative po-

tassium concentrations.21

When a neuron is stimulated, the opening of 

voltage-gated sodium channels causes a rapid in-

flux of sodium ions into the cell, leading to depo-

larization and the generation of an action poten-

tial. This electrical signal then propagates down the 

axon and triggers the release of neurotransmitters 

at the synapse. Action potentials are all-or-none 

and require a minimum threshold of depolariza-

tion to occur.22

Voltage-gated ion channels mediate depo-

larization by allowing ions to flow across the cell 

membrane. Depolarization is caused by the in-

flux of positively charged sodium ions, which 

triggers a rapid increase in membrane potential. 

Voltage-gated potassium channels then open, al-

lowing potassium ions to flow out of the neuron, 

which brings the membrane potential back down. 

Sodium channels close first, followed by potassi-

um channels, resulting in a brief hyperpolarization 

period. These channels have a refractory period 

where they cannot be reactivated, preventing re-

dundant action potentials.21

Nerve impulses propagate down the length of 

the axon without losing amplitude through the in-

flow of sodium ions and the opening of adjacent 

voltage-gated ion channels. The speed of propa-

gation is dependent on the concentration of sodi-

um channels and the diameter of the axon. Myelin 

greatly increases conduction velocity by decreasing 

capacitance and increasing transmembrane resis-

tance. Myelinated axons only develop action poten-

tials at small gaps in myelin called nodes of Ranvier, 

allowing saltatory conduction. Voltage-gated sodi-

um channels are much denser at nodes of Ranvier, 

allowing the neuron to focus its energy on opening 

channels in the nodes rather than wasting resourc-

es in the myelinated section.21,22

Neurites enable the conduction of action po-

tentials, which must be transmitted to neighboring 

Figure 5.4  Innervation process.



H
ea

lt
h

y 
N

er
ve

 P
h

ys
io

lo
g

y

Co-funded by the
Erasmus+ Programme
of the European Union

53

55
Chapter

neurons through synaptic transmission. This can 

occur either electrically or chemically. Electrical 

synapses allow the rapid transfer of information, 

while chemical synapses involve the release of 

neurotransmitters from the presynaptic neuron 

into the synaptic cleft to bind with the postsynaptic 

neuron, causing either an excitatory or inhibitory 

reaction.21,22

Linked Evaluation of 
Innervation Process
Peripheral nerve function can be tested clinically 

with nerve conduction studies (NCS) and electro-

myograms (EMG). NCS involves placing electrodes 

on a peripheral nerve and recording the electrical 

impulse generated by one electrode and record-

ed by the other. This test can provide information 

about amplitude, duration, and conduction veloc-

ity of the action potential. The F and H responses 

can provide information about more proximal seg-

ments of the nerve. NCS is used to diagnose neu-

ropathies, demyelinating conditions, and radicu-

lopathies.23

A needle EMG involves placing needle elec-

trodes directly into a muscle and recording the 

electrical activity as the patient contracts the mus-

cle. This test helps diagnose muscular conditions 

and those affecting the motor neuron unit and 

neuromuscular junction, such as muscular dystro-

phy, myasthenia gravis, and motor neuron loss in 

amyotrophic lateral sclerosis. Nerve conduction 

studies and electromyograms are often performed 

together in clinical practice.24

Importance of Healthy Nerve 
Innervation
Understanding nerve physiology is not only cru-

cial for diagnosing and treating neurological con-

ditions but also for appreciating the importance 

of healthy nerve innervation. Nerves are respon-

sible for transmitting signals throughout the body, 

enabling us to perform various functions such as 

movement, sensation, and autonomic control. 

Healthy nerve function is critical while maintain-

ing proper body function and can impact a range 

of systems, including the musculoskeletal, senso-

ry, and autonomic systems. When nerves are dam-

aged, it can lead to a range of problems, including 

pain, numbness, tingling, muscle weakness, and 

loss of function. For example, damage to the nerves 

that innervate the muscles can lead to atrophy and 

weakness, while damage to the sensory nerves can 

lead to loss of sensation and neuropathic pain. Pe-

ripheral neuropathy is categorized into axonal and 

demyelinating neuropathies. Axonal neuropathy 

is characterized by distal axonal loss and predom-

inantly affects small fibers, while demyelinating 

neuropathy involves myelin sheath damage and 

affects larger and more proximal nerves. Nerve 

conduction studies can help distinguish between 

the two, with axonal neuropathy showing loss of 

nerve action potential amplitude and demyelinat-

ing neuropathy showing an early decrease in nerve 

conduction velocities. Understanding the physi-

ology of nerve impulses is essential for interpret-

ing these studies, making diagnoses, and treating 

neurological conditions effectively. Additionally, 

nerve damage can affect the autonomic system, 

leading to problems such as orthostatic hypoten-

sion, urinary and fecal incontinence, and sexual 

dysfunction. Maintaining healthy nerve inner-

vation is, therefore, crucial for overall health and 

well-being. This can be achieved through a range 

of measures, including maintaining a healthy diet, 

exercising regularly, managing chronic conditions 

such as diabetes, and avoiding environmental tox-

ins that can damage nerves.1
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Overview About Nerve Damage
The nerve conducts information or commands in 

the form of an electrical impulse. The electrical 

impulse circulates in both directions, from the pe-

ripheral sensors to the brain, and from the Central 

Nervous System (CNS) to the periphery. The com-

mand from the brain to the periphery is most often 

represented by muscle control. Only through the 

nerve the body can move .1

The main symptoms of a peripheral nerve injury 

or peripheral neuropathy include anesthesia of the 

skin area (lack of sensitivity), numbness, tingling, 

and paresthesia. In some cases, patients complain 

of pain with burning sensations. The signs are re-

flected by the “melting” or decrease in volume of 

muscle mass – (amyotrophy). The abnormal posi-

tion of the affected segment and the impossibility 

of performing specific movements are also specific 

signs of nerve damage.1

What Causes Nerve Damage?
A damaged nerve can no longer perform its func-

tion. This is how the signs and symptoms intend-

ed to raise an alarm appear, which means that the 

nerve tells that it is in pain.

Nerve injury can be classified into several 

types:1

•	 Section: Occurs when a nerve is cut.
•	 Crushing or stretching: Occurs with trauma, 

blows or strong contusions.
•	 Compression: Occurs pressure on an area due 

to the tissues that surround it.

Neuropathy is a group of diseases that affect 

nerves outside the brain and spinal cord (periph-

eral nerves). Mononeuropathy describes a con-

dition in which only one nerve or nerve group is 

damaged. This disease negatively affects the part of 

the body associated with that nerve or nerve group, 

causing a loss of sensation, movement, or function 

in that part of the body. Mononeuropathy can af-

fect any part of the body.2

Types of Neuropathy
There are two types of neuropathy. When symp-

toms develop slowly, it is called “chronic neuropa-

thy”. When symptoms suddenly appear, it is called 

“acute neuropathy”.2

Neuropathy can be inherited. The most com-

mon form of “hereditary neuropathy” is Char-

cot-Marie-Tooth disease, in which a group of mo-

tor and sensory neuropathies that affect the arms 

and legs. “Acquired neuropathy” is much more 

common and is usually caused by a disease or in-

jury. Nerve damage caused by Diabetes Mellitus 

is called “diabetic neuropathy”. When the cause is 

unknown, it is called “idiopathic neuropathy”.

Mononeuropathy can happen in any part of the 

body. There are more than hundred types of pe-

ripheral neuropathy. Some of the most common 

are:2

•	 The dysfunction of the Axillary nerve

•	 The dysfunction of the Radial nerve

•	 The dysfunction of the Ulnar nerve

•	 The dysfunction of the Sciatic nerve
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•	 The dysfunction of the Common Peroneal 

nerve

•	 Carpal tunnel syndrome

•	 Cranial mononeuropathy

•	 Femoral neuropathy

•	 Thoracic/lumbar radiculopathy

Trauma is the most common cause of 

mononeuropathies. Violent muscle activity or 

forced overextension of a joint as well as small 

recurrent traumas (e.g. strong grasping of small 

tools, excessive vibrations of air hammers) can 

cause focal neuropathy. The prolonged exercising 

and uninterrupted pressure on bony prominences 

can cause pressure neuropathies that usually affect 

the superficial nerves (e.g. Ulnar, Radial, and Pero-

neal), especially in the case of weak people. Such 

pressures can be exerted during intoxication, cy-

cling, or anesthesia.3

The compression of the nerves inside the nar-

row canals determines the occurrence of “trapping 

neuropathies” (e.g. Carpal Tunnel Syndrome). The 

compression of the nerve by a tumor, hyperostosis, 

or prolonged strained postures (e.g. those during 

gardening) can cause compression paralysis. 

Nerve hemorrhages, exposure to cold or radiation, 

or direct tumor invasion can also be causes of neu-

ropathy.3

Multiple mononeuropathy (neuritis multiplex) 

is usually secondary to connective tissue disease 

(e.g. Polyarthritis Nodosa, Systemic Lupus Erythe-

matosus, Sjogren’s Syndrome, Rheumatoid Arthri-

tis), Sarcoidosis, metabolic disease (e.g. Diabetes 

Mellitus, Amyloidosis) or nerve disease [e.g. Lyme 

Disease, Human Immunodeficiency Virus (HIV) 

infection, Leprosy, Herpes, Guillain-Barré Syn-

drome]. Diabetes Mellitus usually causes distal 

sensory and motor polyneuropathy. Other causes 

include:2

•	 Improper levels of vitamins E, B1, B6, B9, B12 

and Niacin

•	 Some medications including chemotherapy

•	 Exposure to industrial chemicals, solvents and 

heavy metals such as mercury and lead

•	 Alcoholism.

Types of Nerve Damage
Peripheral nerve injuries can occur in the context 

of mechanical damage such as compression, trac-

tion, or direct injury, or in other contexts such as 

metabolic diseases, injuries caused by electric cur-

rent, radiation, or poisoning. Secondary to nerve 

damage, nerve conduction capacity is completely 

or partially lost, so communication with the inner-

vated peripheral organs disappears. These lesions 

were first described by H.J. Seddon in 1943 and di-

vided into three categories: Neurapraxia, axonot-

mesis, and neurotmesis.3,4

Neurapraxia
It is the least severe nerve damage and is character-

ized by a focal nerve conduction block. The injury 

is located strictly at the level of the myelin sheath, 

the axon preserving its integrity in its entirety, so 

that there is a deficiency in the transmission of the 

action potential along the nerve fibers. Because of 

the limited involvement, this type of injury has a 

very good prognosis, with complete and sponta-

neous regeneration beginning after 2 or 3 weeks 

and lasting approximately 6 weeks. Meanwhile, 

there are cases where regeneration occurs within 

hours of the injury.3,4

This impairment is described in the form of a 

clinical syndrome, being represented by: predom-

inantly motor-type paralysis, normal responsive-

ness to electrical stimulation of the muscle fibers in 

the innervation territory, alteration of subjectively 

expressed sensitivity (burning sensation, tingling, 

and numbness), and impairment of nerve sensitiv-

ity (minimal in terms of thermal, tactile and pain 

sensitivity, the loss of postural and vibratory sensi-

tivity being much more important).

This type of injury is a dissociative one, because 

it is characterized by a predominantly motor and 

proprioceptive fiber damage. Neurapraxia type 

lesions appear after minor traumas, fact which al-

lows the preservation of a variable number of func-

tional nerve fibers. This type of injury can also oc-

cur as a result of maintaining an unnatural sleep-

ing position that exerts additional pressure on the 

nerve fibers for a longer period of time.1,2
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Axonotmesis
This type of injury involves the sectioning of the 

myelin sheath and axon. From a morphological 

and functional perspective, the connective tissue 

that covers these structures remains intact. This 

type of injury is characterized by preserving the 

continuity of the nerve path through a mass of tis-

sue. Secondary to these lesioned particularities, 

spontaneous regeneration processes are pres-

ent.1,2

Preserved structural continuity is the trigger for 

Wallerian Degeneration that follows this type of in-

jury. The success of regeneration depends on the 

degree of damage to the surrounding structures, 

endonerve and perinerve, respectively. Preserving 

the integrity of the nerve sheaths plays the role of 

directing the regeneration process so that the new 

path completely coincides with the original one. 

The time required for nerve regeneration, provid-

ed the supporting structures are intact, varies be-

tween a few weeks and a few months. An example 

of such an injury occurs in the humerus fracture, 

which can be complicated by Radial nerve palsy 

and where there is a recovery of full nerve function. 

Many times, nerve injuries such as axonotmesis 

are secondary to a complete fracture in which the 

resulting bone fragments exert pressure directly on 

the nerve pathway.1,2

Neurotmesis
This type of injury is defined by the complete de-

struction of the nerve structure, both the myelin 

sheath and the axon together with the surrounding 

structures, i.e. connective tissue, being the most 

serious type of nerve injury. Although the external 

supporting structures may remain intact and mac-

roscopically the nerve fibers may appear intact, the 

effect is identical to that of an anatomical disrup-

tion of the nerve fibers. Seddon defines this type of 

injury as being secondary either to a mechanical 

interruption of the nerve path, as in the case of a 

knife stroke, or to a complete disorganization of 

the nervous structure secondary to the formation 

of scar tissue, so that spontaneous regeneration is 

no longer possible.1,2

Due to the impossibility of spontaneous regen-

eration, this type of injury always requires surgi-

cal treatment to restore the integrity of the nerve 

structure. The signs of regeneration appear with 

the restoration of the integrity of the nerve pathway 

but the quality of the reconstruction process nev-

er being perfect. From a functional point of view, 

the nerve fibers lose their function distal to the 

sectioning point, so that clinical paralysis occurs 

and the innervated muscle groups progressively 

degenerate and atrophy.1,2

Nerve Composition
The nerve is a whitish cylindrical cord made up of 

nerve fibers. Nerves, together with nerve ganglia 

(small swellings along the path of the nerves), con-

stitute the peripheral nervous system, unlike the 

central nervous system, which is made up of the 

brain and spinal cord.1,2

•	 Structure: Nerves are made up of parallel nerve 

fibers, which are themselves extensions (axons 

or dendrites) of nerve cells (neurons). In addi-

tion to nerve fibers, nerves include Schwann’s 

cells, which form a sheath (myelin) around cer-

tain fibers. A protective tissue (connective tis-

sue) surrounds the bundles of fibers (perineu-

rium) in the set of nerves (epineurium).

•	 Function: In a nerve, two types of fibers coexist. 

The fibers that carry the information to the or-

gans and tissues and the sensitive fibers that car-

ry the information to the central nervous system.

Among the fibers, there are, moreover, somatic 

fibers (belonging to the nervous system of relation-

al life, conscious) that innervate the skeletal mus-

cles, skin, joints. The vegetative fibers (belonging to 

the autonomic nervous system) innervate the wall 

and muscles of the viscera and glands. Depending 

on the part of the central nervous system to which 

they are connected, spinal nerves (connected to 

the spinal cord) and cranial nerves (connected to 

the brain) are distinguished.1,2

Pathology: Nerves can be damaged during var-

ious circumstances:

•	 Neuritis (inflammatory, toxic or infectious 

touch)
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•	 Compression (of the Median nerve in the car-

pal tunnel of the wrist)

•	 Tumor (neuroma, neurinoma)

•	 Trauma (often by cutting with a bladed weapon 

or a bullet).

Nerve Damage During Aging
Aging is a normal process of physical changes over 

time. Human being can age passively without pay-

ing much attention to the process or actively by 

consciously making certain choices and taking 

great care of the body and mind. For people with 

chronic diseases, for those with disabilities, or 

for those who feel tired, the adoption of healthy 

measures can have a great impact on physical and 

mental health. Regardless of the moment of adopt-

ing a healthy lifestyle, it improves the quality of life 

and can extend life expectancy. The normal signs 

of aging are generally the same for everyone, al-

though they do not necessarily appear at a certain 

age. As the body ages, it is expected to undergo cer-

tain changes at its own pace. The way the body ages 

depends partly on certain genetic (inherited) fac-

tors. However, the choice of lifestyle has a stronger 

impact on the way of aging. Fortunately, lifestyle 

can be controlled.1,2

Starting with the third decade of life, the weight 

of the brain, the length of the nervous network, 

and the cerebral blood flow start to decrease. 

However, the brain manages to adapt to the new 

conditions by forming new synapses at the nerve 

endings. Changes in memory are a normal part of 

the aging process, certain more recent events are 

forgotten and names and details are more diffi-

cult to recall. The brain can be kept active through 

regular social activities, mental exercises (such as 

crossword puzzles and reading), and physical ac-

tivities that increase the flow of blood and oxygen 

to the brain.

Measurements of Nerve 
Atrophy
Atrophy of brain tissue represents a progressive 

decrease in the number of nerve cells and inter-

neuronal connections that, over time, leads to the 

loss of brain volume (shrinking of the brain) and 

the reduction of cognitive functions. Progressive 

degeneration of the brain is a process that occurs 

physiologically with aging, but it can also be en-

countered in the evolution of certain pathologies 

represented by:4

•	 Neurodegenerative diseases: Alzheimer’s Dis-

ease (severe hippocampal atrophy), Pick’s Dis-

ease (frontotemporal dementia), Parkinson’s 

Disease, Huntington’s Disease (condition that 

causes movement disorders and dementia)

•	 Craniocerebral trauma (boxers, head trauma)

•	 Stroke (ischemic or hemorrhagic)

•	 Cerebral infections (encephalitis, neurosyphi-

lis, HIV)

•	 Chronic inflammatory diseases (Multiple Scle-

rosis)

•	 Hereditary metabolic diseases, including leu-

kodystrophy (affecting the white matter)

•	 Mitochondrial encephalomyopathies.

The treatment of cerebral atrophy is individual-

ized and instituted depending on each individual 

case in order to slow down the atrophy process and 

manage the associated symptoms. Non-drug treat-

ment options for cerebral atrophy include physical 

therapy, speech therapy, and psychological coun-

seling. In the case of cerebral infections that cause 

cerebral atrophy, antibiotics (bacterial infections) 

and antivirals (viral infections) are used success-

fully. Cerebral atrophy occurring after acute nerve 

tissue ischemia is treated etiologically and can in-

clude, in addition to anticoagulant and antiplatelet 

medication, lifestyle changes with the adoption of 

a diet low in saturated fat and regular physical ex-

ercise.4

Diagnosis and Tests
History and neurological examination are basic 

elements in the diagnosis of neuromuscular dis-

orders leading to specific diagnostic tests. Neurop-

athies and radiculopathies are usually caused by 

local trauma and thus blood tests are not indicated 

but not excluded. Therefore, a complete and cor-

rect diagnosis of neuropathies may include checks 

such as:4
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•	 Blood tests are used less often and are intend-

ed to identify certain systemic diseases that can 

cause or put the patient at risk for a nerve con-

dition.

•	 Genetic tests are required only if there is a fam-

ily history of neuropathy.

•	 Electrodiagnostic tests allow a complete elec-

trodiagnostic assessment and include two 

complementary tests such as nerve conduction 

study and needle electromyography.

•	 Cervical, thoracic, or lumbar magnetic reso-

nance imaging (MRI) can identify expansive 

processes that compress nerve roots or even 

root anomalies, can reveal hypertrophy or con-

trast uptake in patients with polyradiculopa-

thies. Brachial or lumbosacral plexus MRI ex-

amination can reveal neoplastic or infectious 

infiltration or structural damage.

•	 Nerve biopsy involves the examination of a 

fragment of a nerve, usually a sensory nerve.

•	 Skin biopsy allows the evaluation of nerve end-

ings and is a standard type of check to establish 

a diagnosis for small fiber neuropathies.

•	 Autonomic function testing.

Management and Treatment
The primary goal in evaluating neuropathies is to 

identify the etiology and, if possible, treat the un-

derlying cause of the neuropathies. However, even 

when neuropathy has a treatable cause (such as Di-

abetes Mellitus, vitamin B12 deficiency, exposure 

to toxins), treatment is aimed at preventing the 

progression of neuropathic symptoms. Symptoms 

present at the start of treatment or when the tox-

ic agent is removed may improve, or occasionally 

even be cured. However, in most patients, healing 

of the neuropathy is quite difficult and symptoms 

persist due to pretreatment neurogenic injury. In 

the case of peripheral neuropathy, the treatment 

involves electrical stimulation and physiotherapy 

and rehabilitation approaches in addition to med-

ication.5,6

Etiological treatment of the condition associat-

ed with neuropathy:5,6

•	 The treatment of symptoms: The first step in 

the treatment of painful polyneuropathy is to 

quantify the severity of the pain and establish 

the therapeutic target.

•	 The treatment of nerve damage: Each type of in-

jury benefits from the specific treatment. In the 

case of compression, we have an irreversible 

and progressive situation, that is, once the pe-

ripheral compression neuropathy is triggered, 

it worsens over time. The section of an obligate 

nerve is treated with neurorrhaphy. This in-

volves the nerve reconstruction through a mi-

crosurgical technique. Microsurgery requires 

both an overspecialization of the surgeon and a 

special equipment. Neurorrhaphy is performed 

under a microscope or magnifying glass.7,8

•	 Pharmacological treatment:	 Medicines used 

to relieve the symptoms of painful peripheral 

neuropathy include non-steroidal anti-inflam-

matory drugs, antidepressants, anticonvul-

sants, opioids (medicines containing opioids 

lead to dependence and addiction - generally 

prescribed when other treatments fail), topical 

treatments (creams or patches).9

•	 Non-pharmacological treatment of neuropath-

ic pain:

-	 Physical activity: Due to the multiple ben-

efits of physical activity, including the im-

provement of other health parameters, it 

should be encouraged in all patients with 

painful polyneuropathy. Specialists recom-

mend 30 minutes of moderate physical ac-

tivity daily.

-	 Spinal cord stimulation: The premises of 

spinal cord stimulation are that electrical 

stimulation of nerve roots and spinal col-

umns through an electrode placed in the 

epidural space will act as a gate and block 

pain perception without ablation.

-	 Acupuncture: Along with chiropractic mas-

sage and Yoga, acupuncture is recommended 

for the treatment of peripheral neuropathy.

•	 Treatment of diabetic and prediabetic neurop-

athy: The main goal is the treatment of modifi-

able risk factors such as hyperglycemia, hyper-

lipidemia, hypertension, obesity and smoking, 

treatment of symptoms, and prevention of 

complications.7,8
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•	 Treatment of incarceration neuropathies:
-	 Median nerve - surgical dissection of the 

carpal ligament with decompression of the 
nerve is curative, but is only necessary in se-
vere and prolonged cases.

-	 Immobilizing the fist in splints to limit flex-
ion relieves discomfort.
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Cellular and Molecular 
Changes in the Degenerated 
Nerve
Following a traumatic injury to a peripheral nerve, 

a series of molecular and functional changes oc-

cur in the peripheral and central nervous systems. 

These changes appear in the axonal region of pe-

ripheral nerve injury, the neuronal cell body in 

the dorsal root ganglion, the presynaptic terminals 

and postsynaptic environment of the dorsal horn 

in the medulla spinalis, and supraspinal regions 

including the dorsal column nuclei, thalamus, 

and cortex. Peripheral molecular and functional 

changes are induced by Wallerian Degeneration.1 

Examinations made with a light microscope de-

termined that axonal fragmentation started nearly 

44-46 hours after the peripheral nerve injury.2 An-

terograde axonal fragmentation emerges at rates 

ranging from 10 to 24 mm/hour after nerve injury.1 

The most significant difference in axonal degen-

eration occurring in peripheral nerves compared 

with other tissue types in the body is that Wallerian 

Degeneration of the distal axonal segment contin-

ues toward the proximal of the trauma site.3

When the molecular mechanisms and changes 

that occur are examined, the connection between 

the injury in the lesion area and fragmentation of 

the axons along the distal segment of the nerve 

has not yet been fully clarified.1 However, some 

enzymatic activities [nicotinamide mononucle-

otide adenylyl transferase 1 (Nmnat1)] are known 

to protect axons by inhibiting the self-destruct 

mechanism of Nmnat isoforms produced in neu-

ronal cell bodies and transported anterogradely 

following nerve injury.4 In other words, activation 

or deactivation of the Nmnat1 enzyme after nerve 

injury leads to axonal neuroprotection or axonal 

destruction.1 Therefore, such cellular changes may 

arise due to axonal fragmentation and subsequent 

loss of neural/axonal control over the phenotype 

of Schwann cells. However, the molecular mecha-

nism that causes the breakdown of axonal myelin 

has not been fully clarified, but a quick increase 

in activation of the Erb2 receptor in Schwann cells 

was detected approximately 1 hour after nerve in-

jury.5

Inadequate healing and regeneration following 

a peripheral nerve injury may be caused by various 

cellular and metabolic activities. Molecular struc-

tures such as myofibroblasts are closely associated 

with the presence of painful neuroma in humans 

after nerve injury.1 The fact that the nerve endings 

are properly ruptured instead of fragmented, has 

positive effects in terms of the control mechanism 

on suppressing the factors that trigger the forma-

tion of a painful neuroma.6

Inflammatory Process
After axon and myelin sheath damage, fibroblast 

and Schwann cells proliferate and macrophages 

work together with Schwann cells to try to remove 

the degenerated axons and myelin sheath from 

the region. Nearly 2 days after the injury, the my-
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Figure 7.1  Axonal degeneration (Taken from “https://search.
creativecommons.org/”).

elin sheath begins to separate from the nerve and 

ruptures, and banding proliferation of Schwann 

cells is observed at the injury site (Figure 7.1).1 

Schwann cells migrating to the injury site begin 

phagocytosis to clear axon and myelin residues 

formed during Wallerian Degeneration.7,8 Endo-

neural macrophages proliferating simultaneously 

at the injury site support the phagocytic activity of 

Schwann cells during the first month of peripheral 

nerve injury.1 Monocytes, which come to the inju-

ry site by passing through the blood-nerve barrier, 

are activated by some cytokines and chemokines, 

differentiate and turn into macrophages, increas-

ing their number significantly within 2 weeks after 

injury.9 Monocytes and macrophages directed by 

Schwann cells help to remove the residues formed 

as a result of nerve degeneration.10,11 Schwann 

cells located in the damaged distal part spread out 

growth factors in this area after complete degen-

eration is achieved. These growth factors attract 

new axonal branches sprouting from the proximal 

part and try to help regeneration.10 It is also stated 

that macrophages and immune system cells can 

directly alter gene expression in neurons following 

a peripheral nerve injury.12 Recent studies indicat-

ed that accelerating Wallerian Degeneration in the 

injury area following a nerve injury can provide a 

faster and more promising repair, and accordingly, 

the possibility of regeneration may increase.1

Trophic Changes After Degeneration
During degeneration after a peripheral nerve inju-

ry, some structural and dynamic changes occur in 

the injury site to provide a favorable microenviron-

ment for axonal regeneration.11 Released neuro-

trophic factors regulate neuronal survival, axonal 

growth, and synapse formation mechanisms after 

peripheral nerve injury.1 In particular, the nerve 

growth factor supports neuronal survival and axo-

nal growth of sympathetic and sensory dorsal root 

neurons in degenerated nerve cells.10

Changes in Nerve Excitability after 
Degeneration
In nerve conduction studies performed after sen-

sory axonal degeneration, electrodes placed on the 

damaged area indicate a decrease in the sensory 

action potential. There is also a central slowing of 

sensory and/or motor conduction along the dam-

aged part of the nerve after demyelination.1

The myelin sheath located in peripheral nerves 

contains myelin-associated glycoprotein mole-

cules that prevent the regrowth of severed axon 

endings.13 Molecular mechanisms triggering the 

degeneration of myelin, which arises as a result of 

peripheral nerve degeneration, have not been fully 

clarified.5

Early Changes

It has been determined that within seconds fol-

lowing a peripheral nerve injury, Ca+2 ions enter 

the nerves via Ca+2 channels proximal and dis-

tal to the injury site. Within hours following this 

process, ions mediate proteolysis and cause the 

degeneration of the axon segments proximal and 

distal to the injury site. Later, Ca+2 ions spread 

anterogradely in the proximal axon membrane, 

preventing cell membrane passage, and starting 

the degeneration process.1 The disintegration of 

cytoskeletal structures occurs through Ca+2-de-

pendent endogenous proteolytic activity.14 In ad-

dition, mitochondria are accumulated at points 
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close to the injury site in the early post-injury pe-

riod.10

However, even in such conditions, nerve con-

duction continues for a certain period of time. 

Therefore, the capacity to generate an action po-

tential in the process following nerve injury is of 

great importance in terms of synaptic transmission 

and muscle function.1 Current evidence indicates 

that axonal degeneration is an active response pro-

grammed to maintain the connection between the 

cell body and the cell and the target organ, rather 

than a passive process.15

Late Changes
Axonal regeneration ability is determined by many 

factors, including the presence or absence of an 

environment that allows axon sprouting, the influ-

ence of non-neuronal cells, and the neuron’s au-

tonomic intrinsic growth capacity.1 One of the late 

signs of degeneration is the decrease in mitochon-

drial membrane potential.16 Significantly myelinat-

ed by Schwann cells in chronic denervations.17 This 

indicates that degeneration after peripheral nerve 

injury may be beneficial in terms of late recovery.

Action Potential
In other types of tissue injury in the body, there is 

a Ca+2 flow to that area for the repair of the dam-

aged area. In the first 30 minutes after a peripheral 

axonal injury, Ca+2 can lead to degeneration at the 

damaged ends and cause acute axonal degener-

ation.10,12 It is a factor that suppresses the axonal 

growth of electrical activity and Ca+2 flow in the 

cell, especially in sensory neurons.12 In addition, a 

decrease in resting membrane potential and an in-

crease in acetylcholine sensitivity are changes that 

occur in response to degeneration after peripheral 

nerve injury.18

After peripheral nerve injury, the motor action 

potential usually remains constant for several days 

after injury and fades away 3-5 days after injury. 

The sensory action potential, on the other hand, 

decreases and disappears within 5 to 7 days after 

injury. This situation can be defined as an indica-

tion of the beginning of the biological process of 

Wallerian Degeneration.18

Evaluation of Nerve Degeneration
Electrodiagnostic tests are important markers for 

diagnosing and creating a treatment plan after 

peripheral nerve injuries. Electrodiagnostic eval-

uations consist of two separate parts: nerve con-

duction velocity studies and needle electrode ex-

amination. Although it is not clear when and how 

to use electrodiagnostic tests, they can sometimes 

produce inconclusive results.19 However, nearly 3 

days after the beginning of peripheral nerve dam-

age, the first electrodiagnostic tests can be per-

formed and repeated in 3–5-day periods.20 In the 

electrodiagnostic evaluations performed after the 

peripheral nerve injury, it is not likely to detect or 

distinguish the types of nerve injury from each oth-

er. In the electrodiagnostic evaluations made in the 

first week of the injury, the motor action potential 

obtained from the distal side seemed to remain 

normal. Axonal degeneration can be detected at 

the earliest and most accurately approximately 

21 days after peripheral nerve injury using needle 

electrodes with electrodiagnostic tests.19

In sensory nerve conduction studies, a record-

ing electrode is placed on the skin over the senso-

ry nerve. An electrical impulse distally generates a 

waveform defined as the sensory nerve action po-

tential at the proximal recording electrode. Motor 

nerve conduction studies are performed by prox-

imal stimulation of the nerve by placing a record-

ing electrode directly on the muscle. A waveform, 

defined as depolarization and then motor action 

potential, is produced in muscle fibers. If there is 

damage to the motor axons, this potential can be 

achieved at a lower level. Motor nerve conduction 

studies are preferred as a reliable test method to 

evaluate the amount of axon loss.19

In the examinations made with electromyog-

raphy, signs of muscle degeneration are not de-

tected before the first 10-14 days after the inju-

ry. Within 21 days after peripheral nerve injury, 

nerve excitability is lost and absolute nerve de-

generation is complete. Electrodiagnostic exam-

inations can be complicated by early regeneration 

of nerve axons. Therefore, the most accurate as-

sessment is provided in detecting nerve damage if 

electrodiagnostic tests are performed 72 hours af-
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ter the beginning of peripheral nerve damage and 

repeated several times until the 14th-21st day. 

Muscular degeneration seen after neurotmesis in 

peripheral nerve injury may occur over a much 

longer period of time.20

In physiotherapy and rehabilitation, in case of 

partial degeneration, a decrease in the response 

to Faradic current is seen in the peripheral nerve 

and therefore more current density is required to 

contract the muscle. In partial degeneration, the 

response of the nerve to the Galvanic current is 

normal. Nerve regeneration is expected within a 

period of nearly 1.5 months after injury. If there is 

an absolute degeneration in the peripheral nerve, 

there is no response to the Faradic current. Howev-

er, a normal response to the Galvanic current can 

be obtained in the first 7 and 21 days of complete 

degeneration. In this case, the nerve recovery pe-

riod may be 6 months or more. If definite degen-

eration is detected in the peripheral nerve at the 

end of the first 21 days, the nerve cannot respond 

to Faradic and Galvanic currents. After definitive 

nerve degeneration, the nerve recovery period 

may take up to 2 years and in some cases recovery 

does not occur.21

The presence of an abnormal spontaneous 

activity such as fibrillation after peripheral nerve 

injury also starts from the 4th day after injury and 

the fibrillation potential increases over time. Al-

though it is widely accepted that electrodiagnostic 

tests should be performed between 8 and 10 days 

after the injury in the clinical management of pe-

ripheral nerve injury, given the varying degrees of 

peripheral nerve injuries, the length of the clinical 

evaluation process, and the scarcity of resources, it 

is recommended to repeat the test at the end of 21 

days to clarify the picture.18,21

Connective Tissue Activity
After peripheral nerve injury, connective tissue ac-

cumulation occurs in nerve endings.1,10 This accu-

mulation has a therapeutic effect on preserving the 

space between distal and proximal nerve endings 

after nerve injury, optimizing the ratio of nerve 

and connective tissue, and inhibiting the growth of 

neuroma at the proximal nerve end.1

Immune Response
In the first 3-5 hours following peripheral nerve in-

jury, Schwann cells and fibroblasts initiate the in-

flow of cytokines and chemokines to the damaged 

area to strengthen the inflammatory response 

against peripheral nerve injury. In this process, de-

nervated Schwann cells synthesize various proin-

flammatory cytokines and chemokines such as tu-

mor necrosis factor-α (TNF-α), interleukin (IL) 1α, 

IL-6, macrophages inflammatory protein-1, and 

monocyte chemoattractant protein-1α. For the 

same goal, the synthesis of IL-β is completed with-

in the first day after injury.1,22 Myelin destruction 

appears in denervated Schwann cells over time 

and differentiation occurs in their cellular cycles 

and mitosis occurs in an immature manner. This 

reaches its highest level in the first month follow-

ing peripheral nerve injury. Afterward, if the de-

nervation period continues for more than nearly 1 

month, the release of neurotrophic factors and re-

ceptors no longer continues and tends to decrease 

over time.1

Different novel interventions are used nowa-

days, such as the use of antisense oligonucleotides, 

to block Wallerian Degeneration to increase axo-

nal substance transport and prevent axonal de-

generation.23 However, there is a need for studies 

to consider these advances and new developments 

in terms of physiotherapy and rehabilitation, to 

review them by integrating and combining them 

with existing information, and to develop physio-

therapists’ perspectives on post-peripheral nerve 

rehabilitation.

Genetic Changes
As a result of insufficient activation or inhibition 

in gene signaling pathways such as Mitogen-Acti-

vated Protein Kinase, Erk1 and Erk2, c-jun N-ter-

minal kinase (JNK) and p38 kinase required for 

nerve recovery (will be explained in the physiology 

of nerve regeneration section), a regenerative re-

sponse will not be initiated and degeneration will 

be observed.24 The inactivation of rapamycin, one 

of the autophagy activators, also prevents nerve 

healing. Insufficient activation of Autophagy relat-
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Figure 7.2  Complex remodeling after nerve injury.

ed (ATG-7) gene, one of the autophagy regulators, 

causes a delay in myelin clearance and contributes 

to degeneration.25

After axon injury, there is a downregulation of 

the genetic coding of neurotransmitters and pro-

teins. Changes in the damaged axon and its pro-

jections are accompanied by changes in the neu-

ropeptide expression. Neuropeptides give active 

reactions when the nerve is under stress. In partic-

ular, decrease in choline acetyltransferase (ChAT) 

level is observed. No increase in ChAT activity is 

observed without regeneration in the nerve. How-

ever, 3-10 days after the axonal lesion, a rapid in-

crease in calcitonin gene-related peptide immuno-

reactivity is observed before ChAT activity.24

Neuroplasticity
After nerve injuries, the anatomical connections 

between the distal axons and the neuron body 

are lost and degeneration occurs. Degeneration 

towards the distal continues after a while retro-

grade. Schwann cells that differentiate during de-

generation form Bungner bands by lining up with-

in the axons to provide structural support to the 

axons.1,25,26 Axon and myelin proteins formed as a 

result of the activation of Schwann cells reach sig-

nificant sizes as early as 2 weeks after injury.25

Growth cones sprouting from damaged axons 

proximal to the lesion extend towards the target or 

area they find suitable. In the distal part, since there 

is no directing signal from the neuron body, new-

ly sprouting immature axon fibers and connective 

tissue form a neuroma. If the necessary prerequi-

sites for regeneration are not met, sufficient tro-

phic substance expression cannot be achieved.24

Symptoms such as allodynia and hyperalgesia 

are among the common sensory symptoms after 

peripheral nerve injury. The excessive response of 

A-delta and C fibers to harmless stimuli, which are 

normally inactive against innocuous stimuli, leads 

to peripheral sensitivity. This situation changes the 

excitability properties of sodium, potassium, and 

Ca+2 ion channels. As the sodium ion concentra-

tion increases, the decrease in potassium flows is 

evident. In particular, the accumulation of ions as a 

result of changes in sodium flow has been held re-

sponsible for neuropathic pain, and the increase in 

Ca+2 ion concentration has been held responsible 

for allodynia.24 These ionic changes stimulate long-

term and abnormal firing of nociceptors.27

The plasticity mechanisms observed after nerve 

incision without therapeutic intervention are com-

plex, and beneficial adaptive functional changes 

that support healing can be observed (Figure 7.2), 

as well as findings that result in negative neuro-

plasticity such as pain, dysesthesia, and hyperre-

flexia.24

Neurotrophic Factors
Neurotrophic factors play an important role in pro-

viding appropriate signaling from the neuron body 

to the damaged ends and supporting growth in 

order to ensure regeneration after nerve damage. 

Neuronal survival and axonal growth cannot be 

supported if neurotrophic factors, especially the 

nerve growth factor (NGF), do not have sufficient 

effect. For NGF to act, activation of 140 kD tyrosine 

kinase receptor A and 75 kD neurotrophin receptor 

(p75NTR) is required. The loss of NGF binding to 

p75NTR with high affinity in Schwann cells during 

the denervation process creates an inhibitory fac-

tor in terms of cell proliferation, myelination, and 

other positive plastic changes.25

Inadequate activation of some reactors, such 

as IL-1 and apolipoprotein E, along with growth 

factors also leads to negative results of neuronal 

survival and regeneration. However, long-term ac-

tivation of cytokines such as TNFα, TGFβ and Leu-

kemia Inhibitory Factor, which play a role in the 

proinflammatory process, prolongs the proinflam-

matory process. This situation leads to the accu-

mulation of molecules such as Chondroitin Sulfate 
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Figure 7.3  Reduced blood flow after nerve damage.

Proteoglycans, which inhibit axonal growth, and 

cause scar tissue formation within the nerve.28

Loss of Biotensegrity
The idea that healthy axonal connections should be 

reestablished and strengthened after nerve dam-

age has increased the interest in the mechanobiol-

ogy of axon growth. Recently, mechanical tension 

on the axon has become one of the focal points of 

axon healing, especially after the axons merge with 

the terminal point. Mechanical stretching, which is 

a natural growth and development stimulant, is an 

important concept. In the process after nerve dam-

age, the ability of mechanical stretching against 

biomechanical forces should be strengthened 

so that the newly formed neural networks do not 

leave the reached targets. While increasing axonal 

tension in the normal physiological process leads 

to axonal development, a decrease in tension caus-

es the growth process to slow down and disappear. 

The lack of adequate mechanotransduction signals 

after nerve damage inhibits the growth of neurons. 

However, deviation from the optimal voltage level 

also leads to disturbances in neuronal activity.29

Normal biotension that is lost after nerve dam-

age leads to the formation of a gap between the 

nerve tissues. This is because the damaged fibers 

lose their pre-tension and the damaged ends are 

pulled back. If surgical intervention is not per-

formed in the early period, scar tissue formation 

is observed between the cut ends. If the tension 

concentration is not well-adjusted during surgery 

ischemia, inflammation, and fibrosis may occur 

between the suture and nerve.30

Ischemia
In the degenerated nerve, the blood nerve barrier, 

which provides the passage of substances neces-

sary for the maintenance of tissue hemostasis and 

holds the endothelial cells together, is disrupted 

(Figure 7.3). The endothelial cells within the barrier 

regulate its bi-directional flow in blood flow, other 

plasma, and tissue fluids, minimizing the toxic ef-

fects of exogenous agents. Disruption of the blood 

nerve barrier can lead to further increase in nerve 

damage. The most important mechanism for this 

is the low bioavailability of Nitric Oxide (NO). As a 

result of low bioavailability, in addition to altered 

NO production and signaling, impaired vascular 

tone modulation and decreased vasodilation, ox-

idative stress increases and endothelial cell apop-

tosis and inflammation are triggered. Increased 

reactive oxygen species stimulate JNK and p38 ac-

tivity, leading to increased proapoptotic signaling. 

Oxygen free radicals, which must be neutralized by 

antioxidant systems under normal physiological 

conditions, increase endothelial permeability due 

to their increased activity, allowing toxin passage.31

Types of Degeneration
In order to understand the degeneration process 

and physiology that will occur after nerve dam-

age, it is necessary to remember the types of nerve 

injury. According to the Seddon classification, 

traumatic nerve injuries are divided into three 

categories: neuropraxia, axonotmesis, and neu-

rotmesis.1 In neuropraxia, which causes the slight-

est dysfunction in the nerve, there is no physical 

damage to the nerve and connective tissue, but 

only a physiological conduction block. Axotomy or 

Wallerian Degeneration is not seen in neuropraxia, 

and spontaneous remyelination and recovery are 

expected. If only the axon of a nerve is injured but 

the integrity of the nerve membranes is preserved, 

the injury is called axonotmesis. In axonotmesis, 
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rupture of axons, damage to myelin sheaths, and 

Wallerian Degeneration are observed in the dis-

tal parts of the axon. If the supporting connective 

tissue cells remain intact despite the damage to 

the axons, healing is exhibited through the axonal 

connections that remain intact. In mild axonot-

mesis, the endoneurium and perineurium mem-

branes are intact. In severe axonotmesis, these 

inner membranes are damaged and only the outer 

epineurium membrane remains intact. Neurotme-

sis is the most severe peripheral nerve injury and 

refers to the complete rupture of axons, myelin 

sheaths, endoneurium, perineurium, and epineu-

rium in terms of neural connectivity. Neurotmesis, 

which indicates complete paralysis of the periph-

eral nerve, causes atrophy of the muscles inner-

vated by the damaged nerve and complete loss of 

sensation in the relevant dermatome area. As a re-

sult of neurotmesis injury, gaps form between the 

proximal and distal ends of the nerve and sponta-

neous healing does not occur. Therefore, surgical 

repair of the nerve is required after neurotmesis, 

and despite great advances in microsurgical tech-

niques and closing the gaps in the nerve endings, 

reinnervation is slow and full function is difficult 

to reach.1,32,33

Wallerian Degeneration
It is the type of degeneration seen in the distal re-

gion of the lesion following peripheral nerve injury. 

In Wallerian Degeneration, myelin is further frag-

mented the following axon destruction. Increasing 

fibroblasts and Schwann cells in the medium are 

activated together with monocyte-derived macro-

phages taken from the circulation to clear degener-

ated axons and myelin.1,34 Wallerian Degeneration 

is progressive, not limited to the damaged area, 

and extends to target tissues. In particular, the late 

onset of axon fragmentation and a longer error 

propagation of degeneration are the main obsta-

cles to functional recovery.1

The fragmentation of axons after injury shows 

anterograde development at a speed of about 10-

24 mm/hour. At first, distal fragmentation is an 

unexpected event, while degeneration suddenly 

moves backwards. Inactivation of Nmnat, which is 

a natural protection mechanism of axons and pro-

vides neuroprotection after nerve injury, disrupts 

axon nutrition from the cell body, causes Nmnat 

depletion in axons and increases axon destruc-

tion.1,24

After Wallerian Degeneration in the demye-

lination process, Schwann cells are activated and 

separate from the myelin sheath, which is a special 

extension of their plasma membranes. The my-

elin sheath, which is separated from the Schwann 

cell, is further fragmented. It is unclear why both 

Schwann cells and the myelin sheath undergo 

such drastic changes distal to the nerve without 

direct physical injury. The possible mechanism is 

that disintegrating axons disrupt the signaling of 

Schwann cells, with which they are closely relat-

ed, causing Schwann cells to lose neural control. 

About 1 hour after nerve injury, neuregulins can 

activate the Erb2 receptor in Schwann cells rapidly 

but transiently. Neuregulin-Erb interactions play 

an important role in myelination-demyelination 

balance.1

Neuropathic Pain
The term neuropathic pain, which gathers more 

than a hundred conditions under its umbrella, is 

defined by the International Association for the 

Study of Pain as “pain arising from a lesion or dis-

ease of the somatosensory nervous system”. Neuro-

pathic pain may occur as a result of a central ner-

vous system lesion or may be induced by peripher-

al mechanisms.35

Damage to thin myelinated A-delta and unmy-

elinated C fibers from any cause can lead to neuro-

pathic pain. The altered membrane composition, 

synapse properties, and disturbances in nerve 

conduction after existing damage led to ectopic 

firing and faulty signal transmission from the pe-

ripheral neuron to the target structure. Ectopic dis-

charge of A-delta fibers begins within a few hours 

after damage to nociceptive afferents, while C fi-

bers begin to discharge within a few days-weeks 

on average. Increasing ectopic discharge triggers 

the activation of sodium and Ca+2 ion channels 

and creates a hyperexcitation response. Activation 

of transient receptor potential ankyrin 1 (TRPA1), 
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one of the transient receptor potential channels, by 

mediators associated with nerve cell damage, such 

as Reactive Oxygen/Nitrogen Species, increases 

sensitivity to mechanical and thermal stimuli. In-

creasing sympathetic system activation over time 

leads to more severe pain after peripheral nerve 

injury.27,35,36

Energy Consumption
As it is known, the energy demand for the nervous 

system to exhibit a healthy physiology is huge and 

this energy is oxygen dependent. It has been de-

termined that myelin sheath damage after nerve 

damage is an obstacle to meet the energy needs. 

It has been thought that one of the underlying rea-

sons for the loss of myelin that causes axonal de-

generation is that myelin may also have a trophic 

role. In later studies conducted for this purpose, 

the presence of proteins used in aerobic respira-

tion in myelin tissue was determined. After nerve 

damage, dysfunction of both axonal mitochondria 

and myelin tissue disrupts the oxidative phosphor-

ylation mechanism, leading to deficiencies in Ade-

nosine Triphosphatase (ATP) activity, oxygen con-

sumption and ATP synthesis.37

Mutants resistant to cholinesterase inhibitors 

after peripheral nerve injury increase the number 

of dysfunctional mitochondria by disrupting the 

mitochondrial structure of the axon. While this 

reduces the energy production, it also leads to an 

increase in oxidative stress.38 Mitochondrial activi-

ty is essential for axon regeneration. Mitochondrial 

dysfunction leads to calpain-induced deficiencies 

in the cytoskeleton and axonal degeneration.39

Degeneration after Incorrect 
Injection
In mechanical injury, there is contact of the nee-

dle with the nerve or injection into the nerve. The 

mechanical force acting on the nerve destroys the 

nerve and the injection into the nerve causes nerve 

compression and nerve conduction block. Myelin 

and axonal damage may accompany the rupture 

of the perineurium. Increased intraneural pres-

sure after injection may lead to ischemia of the 

nerve over time. Damage to the vasa nervorum can 

also be caused by injection. These traumas that 

cause direct damage, occlusion, or bleeding into 

the perineurium of the artery can lead to varying 

degrees of ischemia. If the epineural circulation is 

impaired, the blood flow in the nerve is reduced by 

50%. Another type of injury seen after injection is 

chemical injury. The injected solution may cause 

tissue toxicity. Contact of the nerve or adjacent tis-

sues with the chemical may first lead to acute in-

flammation and then to chronic fibrosis over time. 

It should be noted that local anesthetics have vary-

ing degrees of myotoxic, neurotoxic and cytotoxic 

effects.40,41

Degeneration After Toxic 
Injuries
Toxic injuries can be environmental and occupa-

tional, such as exposure to heavy metals, arsenic, 

and organophosphorus compounds, recreational-

ly due to alcohol use, or iatrogenic due to the use 

of drugs such as anti-arrhythmic and anticancer. 

While acute or delayed toxicities can be seen in 

nerves, the most common type of toxicity is cumu-

lative toxicities.42

Toxic substances usually reach the peripher-

al nerve parenterally. Toxicity that leads to more 

symmetrical axonal degeneration can also dam-

age myelin. Depending on the substance exposed, 

sensory, motor, or autonomic fibers may be affect-

ed.42,43

New Perspectives on 
Degeneration
Although the etiology of nerve degeneration is very 

diverse, from a new perspective, nerve degenera-

tion is pathogenetically divided into 6 subclasses. 

These include:

•	 Metabolic dysregulation,

•	 Covalent modifications,

•	 Altered mitochondrial and endoplasmic retic-

ulum function leading to overproduction of re-

active oxygen species,
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•	 Altered intracellular and inflammatory signal-

ing,
•	 Impaired axonal transport,
•	 Channel dysfunction.

Each of these subunits generally causes Walle-
rian Degeneration from distal to proximal. After 
degeneration, inflammatory deposits in the area 
are cleared. This process is certainly not associated 
with apoptosis and is not associated with caspase 
activity and apoptotic signaling. Recently, two 
factors responsible for degeneration have been 
identified. One is nikotinamid adenin dinükleotid 
(NAD+) deficiency and the second is sterile alpha 
and TIR motif containing 1 (SArm 1) molecule. It 
is stated that NAD+ and its isoforms are involved 
in the protection of the axon, and SArm1 supports 
axonal degeneration by neutralizing the NAD+ 
function. SArm1 expression can cause cell death 
as a result of depolarization of the mitochondrial 
membrane. Either way, SArm1 causes both toxic 

and metabolic peripheral nerve damage.18
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Regenerative Events Forming in 
the Early Stage
In the body of a healthy neuron, there are function-
al homeostasis processes such as neurotransmitter 
synthesis, transport and storage, perception, and 
transmission of nerve impulses. After Wallerian 

Degeneration, which occurs in the early period 
after peripheral nerve injury, is completed, the 
peripheral nerve begins to transform into a regen-
erative phenotype to create axonal regeneration 
and axonal migration. In this process, some events 
occurring inside the cell result in an increase in the 
volume of the cell body (Figure 8.1).1,2 Signals from 

Figure 8.1  Nerve regeneration process.
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the injury site are now ready to initiate this regen-

erative phenotype by altering gene expression to 

initiate regeneration.2,3

The first signal the neuronal cell body receives 

from the injury site is antidromic electrical activity, 

which can open calcium channels, affect cellular 

conduction, and is characterized by the explosion 

of high-frequency action potentials.4 In the early 

period after injury, the neurotrophic activity of the 

peripheral nerve to innervate the target organ de-

creases. This decrease in neurotrophic activity may 

be of great importance in terms of neuron survival 

and peripheral nerve regeneration.3,4 The resulting 

gene and protein expression differentiation initi-

ates early regenerative events required for neuron 

survival.4 In the next stage of regeneration, the pro-

cess accompanying the transport of newly synthe-

sized structural proteins in the cell body to multiple 

shoots emerging from the central axon is initiated.5

The regeneration capacity of axons and the 

growth support that Schwann cells can provide for 

regrowth decrease as the time elapsed after injury 

and the distance between nerve endings after inju-

ry increases. This means that the individual strug-

gles against time regarding nerve regeneration and 

functional gain after peripheral nerve injury.6

Healing Mechanism
Following peripheral nerve injury, some changes 

are observed at the molecular and cellular levels, 

defined as Wallerian Degeneration and described 

in the previous sections, in the neuron body, inju-

ry site, and organs innervated by the nerve.4 These 

changes continue the process of clearing the my-

elin sheath and myelin-associated glycoproteins 

from the environment in order to maintain axonal 

regeneration. In the first few hours after injury, 

the expression of phospholipases secreted from 

Schwann cells into the injury area is initiated to 

destroy myelin.6 Additionally, after Schwann cells 

and macrophage activation and cleaning of waste 

materials in the environment, Schwann cells form 

an array in the form of Bungner bands, and a suit-

able environment for regeneration is prepared.1,2,4,6

The mechanisms that terminate the inflamma-

tory response, which occurs as a healing mecha-

nism after peripheral nerve injury, have not yet 

been fully elucidated. However, the transition to 

the anti-inflammatory process can be achieved 

due to the release of anti-inflammatory cytokines 

such as interleukin (IL)-10.6 Despite the devel-

opments achieved for many years, it has not yet 

reached the desired level regarding clinical reha-

bilitation applications in terms of nerve neuro-

pathophysiology.4,6

Stem Cell Treatment
The aim of stem cell therapy applied after periph-

eral nerve injury is to create an ideal environment 

for axonal regeneration and to maintain this envi-

ronment for a long time. Regarding stem cell ther-

apy, the ideal stem cells should be easily accessi-

ble and survive in vivo.2 After stem cell treatment 

is applied to the damaged peripheral nerve area, 

these stem cells begin to proliferate and differen-

tiate into the targeted cell type under appropriate 

environmental conditions (Figure 8.2A and 8.2B).7 

Stem cell treatment also supports the regenerative 

environment in the damaged area.8 Stem cells have 

the potential to regenerate damaged neurons and 

increase the number of glial support cells.2 There 

are different treatment sources and application 

forms for stem cell therapy. These include embry-

onic, neural, mesenchymal, and artificial stem cell 

treatments.2,8

 Although embryonic stem cell therapy has sig-

nificant advantages, it also has disadvantages. The 

most important is the risk of developing tumors 

called teratoma and neuroblastoma. In addition, 

the limited resources of embryonic stem cell treat-

ment applications cause problems in accessing 

this method. It has been determined that embry-

onic stem cells can differentiate into Schwann cells 

with the application of embryonic stem cells to the 

sciatic nerve after peripheral nerve injury, thus 

providing axonal regeneration. In addition, immu-

nological measurements have shown that embry-

onic stem cells survive and are a potential treat-

ment method for regeneration after nerve injury.2,8

As an alternative method, neural stem cells 

have the potential to differentiate into neurons 

and glia. However, neural stem cells are located in 
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Figure 8.2  A. Stem cell cultivation, B. Stem cell differentiation

the subventricular region and hippocampus of the 

human brain and have limited differentiation abil-

ities. In addition, removing neural stem cells due 

to the risks posed by access to the area where they 

are located can also cause significant problems. In 

addition, neural stem cell therapy can potentially 

cause tumoral conditions such as neuroblasto-

ma.2,8

Mesenchymal stem cells can be obtained from 

various sources such as blood, adipose tissue, um-

bilical cord, tendon, hair root, and dental pulp. To-

day, mesenchymal stem cell applications originate 

from bone marrow, adipose tissue, fetus, hair folli-

cle, skin, and dental pulp. Mesenchymal stem cells 

have the ability to differentiate into a wide variety 

of types. The capacity of mesenchymal stem cells to 

transform into neurons or Schwann cells with the 

proper application creates an essential potential 

for nerve regeneration.2,8

The use of artificial stem cell therapy has been 

increasing in recent years. Artificial stem cells have 

the potential to differentiate into neural cells in ad-

dition to differentiation into somatic cells. Howev-

er, artificial stem cell therapy is currently only used 

in animal models due to its low efficiency. Artificial 

stem cell therapy may have a substantial potential 

for applications in humans in the future.2,8

Neurochemistry
Due to the polypeptides produced by non-neuro-

nal cells after peripheral nerve injury, it is aimed 

to survive, grow, and direct the nerves trying to 

regenerate. Various factors aid peripheral nerve 

regeneration, including nerve growth factor, glial 

cell-derived neurotrophic factor, vascular endo-

thelial growth factor, fibroblast growth factor, neu-

regulins, pleiotrophin, insulin-like growth factors, 

IL‑1, and IL‑6.3

Axonal Regeneration
In a healthy peripheral nerve, axons and Schwann 

cells send signals to each other. This signaling en-

sures that the link remains functional. Therefore, 

re-establishment of this healthy signaling is essen-

tial for successful nerve regeneration.1 For nerve 

regeneration to occur after denervation, retrograde 

proximal degeneration of the axon must occur. 

Nerve fibers that regenerate within a few weeks 

regenerate from the injury site to the proximal or 

retrograde region of degeneration.9

Many factors, including the presence of an en-

vironment conducive to the extensibility of axons, 

the influence of non-neuronal cells, and the intrin-

sic growth capacity of the neuron, determine the 

axonal regeneration ability.10 Besides these, neural 

tension, physical activity level including the injury 

site, chemotherapy drugs used for cancer disease, 

high blood sugar concentration, and biomechani-

cal, physiological, and metabolic variables are also 

effective on regeneration.9 When the effects of tes-

tosterone and progesterone on nerve healing after 

A
B
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peripheral nerve injury were compared in men 

and women, axonal growth was found to be higher 

in men. In addition, it has been reported that the 

axonal regeneration capacity is preserved mainly 

with advancing age. However, the Wallerian De-

generation capacity and the nerve endings’ clear-

ance capacity decrease.1

Axons that begin to regenerate extend to the 

target tissue or the distal nerve target in 3 differ-

ent ways. First, an extension may occur within 

the Schwann tubes surrounding the central axon. 

Second, the extension can be seen with the help of 

tubes in the autograft or allograft at the distal end 

of the peripheral nerve. Third, an axonal extension 

oriented from proximal to distal can occur in a 

non-neural environment.1

However, sometimes, even if nerve regenera-

tion occurs, it is difficult for peripheral nerve fibers 

to continue their regular duties.9 During extremity 

movements, a normal peripheral nerve adapts to 

differences in length and tension and glides to-

ward the surrounding tissues. However, peripher-

al nerves trying to maintain normal tension due 

to the fibrous tissue developing in long-term de-

generation may be exposed to insufficient micro-

circulation because they cannot have adequate 

tension.1 This situation should be considered as a 

barrier to prevent axonal regeneration in the reha-

bilitation process.

Vascular Changes
The vascular structure also has critical importance 

in supporting nerve regeneration. The sensitivity 

of peripheral nerves to low oxygen conditions is 

due to their vasculature characteristics due to the 

greater distance between the capillaries around 

the peripheral nerve compared to other body tis-

sues.11

Neurovascular compliance, which develops for 

nerve regeneration after a peripheral nerve injury, 

is of great importance in vascularization before the 

migration of Schwann cells to the injury site. Glial 

cells in the peripheral nervous system use the new-

ly formed vessels to guide the axonal shoots of the 

nerve that are trying to regenerate to the relevant 

target organs. This indicates that both the vascular 

and neuronal cell systems are in close relationship 

with each other from the early stage of nerve re-

generation.1

Myelin Sheath Regeneration
Another condition that affects the nerve regen-

eration and functional recovery is myelination.8 

Myelin in the peripheral nerve contains molecules 

such as myelin-related glycoprotein, preventing 

disrupted axon development. Therefore, cleaning 

the myelin sheath as early as possible for regener-

ation after denervation is vital for faster regenera-

tion.12

As is known, Schwann cells have the potential 

to form myelin by synthesizing myelin essential 

proteins and various myelin proteins in neuronal 

cells. It has been determined that tissues that dif-

ferentiate into Schwann-like cells with stem cell 

applications have the potential to myelinate regen-

erating peripheral nerves.2,8 Similarly, bone mar-

row-derived stem cell application has been found 

to support myelination in axons by releasing my-

elin factors and messenger ribonucleic acid during 

regeneration after peripheral nerve injury.11

Growth Factors
After peripheral nerve damage, there is a tendency 

for a decrease in the synthesis of substances asso-

ciated with nerve conduction in the cell body and 

an increase in the synthesis of proteins associated 

with axonal growth and substances that make up 

the cell structure. In addition, in this process, there 

is an increase or decrease in the release of some 

genes that cause changes in ion and membrane 

excitability.1 The use of growth factors in periph-

eral nerve regeneration has yet to be sufficiently 

clarified. While neurotrophin-3 increases neurite 

outgrowth in peripheral nerves, it is ineffective in 

enhancing functional recovery after severing the 

lingual or sciatic nerves. Similarly, brain-derived 

and neural growth factors do not affect developing 

peripheral nerve regeneration.12

Scar tissue, which may occur due to the prolif-

eration of fibroblasts in the epineurium, perineu-

rium, or endoneurium at the injury site, creates a 
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mechanical barrier for axons trying to regenerate. 

Because of scar tissue, the shrinkage of endoneur-

ial sheaths containing axons and the formation of 

neuroma in the injury area prepares the ground. 

However, in terms of peripheral nerve regenera-

tion, melatonin secretion has stimulatory effects 

on axonal regeneration with its anti-inflammatory 

effect on the injury site and its neuroprotective and 

scar-reducing effect on the damaged area.3 Simi-

larly, it has been determined that glial cell-derived 

neurotrophic factor and neurotrophin 4-5 support 

regeneration in the peripheral nerve, increase the 

number of regenerated axons, and thus improve 

functional recovery at the injury site.12 Doxorubi-

cin, a chemotherapy product applied to the injury 

site, reduces the scar tissue formation index and 

scar density in the injury site.3 In addition, stem 

cell treatment upregulates the activity of Schwann 

cells by increasing growth factor secretion and ex-

tracellular matrix production.2 This situation re-

veals the importance of melatonin and potential 

chemotherapy products in healing mechanisms 

and nerve regeneration after peripheral nerve in-

juries.

Electrophysiological 
Measurements
The previous section explained the importance of 

performing electrodiagnostic tests at regular in-

tervals after denervation regarding the treatment 

and injury prognosis. The primary purpose of 

electrodiagnostic tests is to understand the like-

ly outcome of a nerve injury and thus to help the 

treating physiotherapist adjust their treatment 

options.13

Understanding all stages of nerve regeneration 

after peripheral nerve injury is essential to deter-

mine the most appropriate treatment modalities 

and interpret the results correctly. From nerve in-

jury to complete recovery, there are stages such as 

axonal regeneration, reinnervation of target organs, 

and recovery of functions.14 The first of these stag-

es, the axonal regeneration process, usually occurs 

in the first few months after injury. As it is known, if 

there is complete nerve degeneration in a periph-

eral nerve after the acute period, a contraction re-

sponse cannot be obtained from the muscle with 

the application of the Faradic current. However, 

the response to the Galvanic current is protracted. 

Interim evaluations are made in the subacute and 

chronic periods and are tried to determine wheth-

er axonal regeneration is achieved.15 Regenerated 

axons that reach the appropriate target generally 

regain their standard conduction properties, even-

tually resulting in an increase in axon diameter 

and myelin thickness. In the final stage of regener-

ation, it is aimed to restore complex functions such 

as fine motor control and sensory discrimination 

to their pre-injury state and to optimize the func-

tional status.14 However, although peripheral nerve 

regeneration has been achieved, nerve conduction 

velocity increases slowly and gradually. In the ex-

aminations, nerve conduction velocity increases 

slowly after peripheral nerve regeneration, reach-

ing only 60% of the average conduction velocity 

value within four years and 85% on average after 

16 years.5

Factors Affecting Regeneration
In order to accelerate recovery after peripheral 

nerve injury, it is essential to know the factors af-

fecting regeneration and to determine the appro-

priate surgical and therapeutic approaches. In this 

context, the factors affecting the extent of axon re-

generation and neurological recovery are; 16-19

•	 Type of nerve trauma

•	 Gender and age

•	 Promoting axon regeneration through dam-

aged nerves

•	 Providing restoration of function without surgi-

cal intervention

•	 Restoration of function by surgical intervention 

– anastomosis

•	 Neurotropic/trophic environment

•	 Physiotherapy and rehabilitation protocol

•	 Application of electrical stimulation with ap-

propriate current type and parameters (e.g., 

frequency, duration, amplitude)

•	 The length of the space between the damaged 

nerve endings

•	 Whether or not autograft is used.



H
ea

lt
h

y 
an

d
 D

en
er

va
te

d
 M

us
cl

es
 P

h
ys

io
lo

g
y

76

II
Part

Clinical Key for Electrical Stimulation in Physiotherapy and Rehabilitation

The following factors are at the forefront of the 

factors limiting nerve recovery;17,19,20

•	 Loss of sensory nerve function

•	 False Schwann cell phenotype

•	 Inflammation

•	 Necrosis

•	 Decreased improvement with patient age

•	 Smoking

•	 Concomitant vascular injuries

•	 Aging of Schwann cells

•	 Increased gap length

•	 Increased time between nerve injury and repair 

loss of neuron regeneration ability

•	 Excessive or incorrect application of electrical 

stimulation

•	 Nutritional deficiency.

Function of Neurotrophic 
Factors
It is vital for Schwann cells to direct regenerated 

axons to the target after peripheral nerve injury. 

One of these important roles of Schwann cells is 

being the source cell for neurotrophic factors.19,21 It 

should be noted that newly sprouted axotomized 

motor neurons and denervated Schwann cells 

have a sufficient amount of endogenous neuro-

trophic factor to support nerve regeneration.20 The 

distal stump in contact with regenerating axons 

further increases neurotrophic factor release, stim-

ulating a second phase of Schwann cell prolifera-

tion. Schwann cells originating from the peripher-

al nerve fragment distal to the injury are the most 

effective substrates for regeneration. All growth 

factors, including Nerve Growth Factor (NGF) se-

creted by Schwann cells, support regeneration by 

upregulating neuronal cell adhesion molecules 

(NCAM).21

The mechanism by which neurotrophic factors 

affect axons is not clearly known. However, axons 

respond selectively to these neurotrophic stimuli 

and grow toward the motor or sensory target or-

gan.16,21 Although cytokines and growth factors are 

similar, cytokines are inducible, whereas growth 

factors are constitutive. Of the growth factors, 

neurotrophic factors promote development and 

maturation and affect the regeneration of neu-

ronal activity. Trophic proteins, especially NGF, 

brain-derived neurotrophic factor (BDNF), Neuro-

trophin-3, and Neurotrophin-4, are synthesized in 

target tissues and transported retrogradely to the 

neuron’s posterior surface.19,22 Addition of exoge-

nous trophic factors to the medium may contribute 

to regeneration after degeneration in which trans-

port is severely damaged. Neurotrophic factors are 

internalized by binding to low and high affinity ty-

rosine kinase (trk) receptors in the same neuron. 

NGF binds to trkA, Neurotrophin-3 to trkC, and 

BDNF and Neurotrophin-4 to trkB.21

When peripheral nerve fibers, whether sensory 

or motor, are injured, some neurotrophic factors 

are upregulated.20 Ciliary Neurotrophic Factor en-

sures the survival of motor neurons following axon 

destruction, while BDNF is upregulated.20,21 Leuke-

mia Inhibitory Factor, another neurotrophic factor, 

ensures the survival of sensory and sympathetic 

neurons16. Glial Growth Factor myelinates sensory 

and motor Schwann cells, stimulates cell prolifera-

tion and ensures their survival.20,21

Functional Sensory Recovery
After peripheral nerve injuries, sensory axons as 

well as motor fibers enter the reinnervation pro-

cess by creating a regeneration response. Reinner-

vation due to misdirection of axons is very com-

mon in afferent nerves, and it remains unclear why 

it is so common in sensory nerves compared with 

motor nerves. Unfortunately, studies do not show 

the necessary interest in sensory recovery and fo-

cus more on motor function.16,22 However, the re-

generation of the sensory afferents of the muscle is 

also required for the coordination of muscle func-

tion, regulation of reflex activity and tone. The most 

important factor in the sensory feedback process is 

the presence of the sensory target. While axons are 

directed to the target through neurotrophic factors, 

axons that are regenerated in the absence of the 

target either form neuromas or cause abnormal 

stimulation of faulty targets.16 The influence of au-

tonomic fibers together with neuroma and faulty 

target stimulation may collectively lead to hyper-

sensitization.17 Increased Euregulin-1/ErbB signal 
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and gabapentin secretion increase remyelination 

and reduce hyperalgesia.18 With correct sensory 

guidance, an increase in somatosensory evoked 

potential is observed in the nerve after nerve in-

juries.16 Sensory neurons do not contain the trk 

receptor but instead express Ret ribonucleic acid 

(mRNA), the signal transduction component of the 

Glial-Derived Neurotrophic Factor (GDNF) recep-

tor from the Transforming Growth Factor-b family, 

during the regeneration process. Ret receptors are 

found especially in small sensory neurons.21

Cortical changes also occur after peripheral 

nerve damage. Therefore, the progressive cortical 

regulation is required within the sensory retraining 

process for functional sensory return. In the pro-

cess, it is aimed both to protect healthy sensory ar-

eas and to restore them to their pre-damage state. 

With education, it is tried to prevent the sensory 

cortical area from shrinking and being occupied by 

other areas.23,24

Functional Motor Recovery
In the motor nerve regeneration process, not only 

neurotrophic factors are involved but also the ex-

pression of regeneration-related genes. However, 

the link between increased Growth Associated Pro-

tein 43 (Gap43), Cap23, tubulin beta 2A (Tubb2a), 

small proline rich protein 1A (Sprr1a), fibroblast 

growth factor-inducible 14 (Fn14), neurodevelop-

ment protein 1 like 1 (Ndel1) and transient receptor 

potential channel 4 (Trpc4) gene expression and 

transcription factors that support regeneration af-

ter injury has not been established.25 However, the 

presence of Heat shock protein 27 (Hsp27) after 

injury has been described in the soma and axons 

of both motor and sensory neurons. Induction of 

the Hsp27 protein prevents apoptosis of these neu-

rons and promotes axonal growth.25 P2X receptors, 

one of the purinergic receptors that play a role in 

the process after peripheral nerve pathologies, are 

involved in synaptic transmission, neuromodu-

lation, and neuroinflammatory response. In par-

ticular, they are upregulated in response to nerve 

damage.18 In addition to forming myelin sheaths, 

Schwann cells regulate the balance of their micro-

environment by providing support and nutrition 

to motor neurons. The secretion of neurotrophic 

factors by Schwann cells promotes neuronal sur-

vival and positive synaptic plasticity. In particular, 

BDNF accelerates cellular myelination and induc-

es the formation of a thick myelin sheath. The main 

factor that increases BDNF secretion is the expres-

sion of P2X4R, which is enriched in the lysosomes 

of Schwann cells.18

Long Term Changes-Events in 
the Regeneration Process
In the previous section, we described the peripher-

al nerve degeneration process in detail. Although 

the degeneration process is a routine result of the 

spontaneous process that is not intervened, axonal 

regeneration occurs spontaneously to a limited 

extent, and supportive stimuli are needed. Axons 

advancing to the target with axonal regeneration 

reinnervate the target and normalize the damaged 

distal stump structurally and physiologically by es-

tablishing functional connections.26

There is a latent delay before axon shoots 

emerging from the proximal stump enter the de-

nervated tubes and initiate regeneration. One rea-

son for this is the slow regeneration of proteins by 

axonal transport, and the other is the inhibition of 

chondroitin sulfate proteoglycan. If the endoneur-

ial tube is also impaired, it takes time for Schwann 

cells to migrate to the injury site. Axon shoots may 

not be able to decide in which direction to branch 

between the proximal and distal parts, and reach-

ing the distal stump may be quite slow and gradu-

al, as it is sometimes directed toward the proximal 

stump.27

Two-three weeks after injury, motor neurons 

randomly sprout their axons, sometimes sprout-

ing to appropriate motor neurons and sometimes 

to inappropriate sensory fibers. This inappropriate 

combination remains fixed after 3 weeks if it cannot 

be changed. After RNA levels of motor neuron-spe-

cific neurotrophic factors peak within two weeks, 

motor neurons that remain intact sprout toward 

the appropriate motor neuron within 10 weeks.27 

However, processes that hinder regeneration con-

tinue in order to gain functionality. One of the dif-
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ficulties of functional recovery after nerve injury is 

the inability to correct axons’ misdirection to the 

wrong target, and the second is that long-term de-

terioration in neuronal regenerative capacity and 

chronic denervation reduce axonal regeneration. 

The growth-promoting phenotypes of denervated 

Schwann cells decrease over time.27

Neuroplasticity in the 
Regeneration Process
After peripheral nerve injury, recovery is not only 

supported by sprouting intact axons. At the same 

time, functional and structural changes occur in 

the spinal cord, brain stem, raphe nuclei, thala-

mus, and cortex at different levels, where mapping 

is rearranged from periphery to the center.23 There-

fore, in the acquisition of motor and sensory func-

tions, it is essential to integrate alternative mecha-

nisms beyond a simple definition of regeneration. 

In order to correctly manage this process, the neu-

roplastic changes that will occur should be well 

known. Axon sprouting, which occurs rapidly after 

nerve damage, establishes both appropriate and 

inappropriate connections. Even in the complete 

regeneration process, which indicates that all con-

nections are properly established, permanent and 

rapid changes occur in the central nervous system 

as well. This central reorganization in the regener-

ation process tries to compensate for innervation 

errors. If denervation occurs and the compensato-

ry mechanism is not activated, the central repre-

sentation of faulty connections becomes stronger 

and the function in motor control and sensation 

becomes chronic. This situation is called dener-

vation plasticity and it reflects very negatively on 

regeneration. Especially in adults, the weak plastic 

capacity reduces the healing after reinnervation 

and regeneration mistakes. Therefore, negative 

neuroplasticity should be transformed into regen-

erative plasticity as soon as possible with appropri-

ate techniques.28 Applications such as vagal nerve 

stimulation, nerve growth factors, and electrical 

stimulation, which stimulate the release of neuro-

modulators including acetylcholine, are frequently 

used for local nerve regeneration.23,28

The axon growth mechanism, which is pres-

ent in the neural development process, loses its 

effectiveness in the adult nervous system and is 

reactivated by the peripheral nerve lesion. Correct 

orientation of axons by activating intrinsic growth 

programs contributes to nerve regeneration and 

functional recovery.25,29 In this process, there is 

ante- and retrograde conduction for the formation, 

growth, elongation and direction of new axons.25 

While Schwann cells facilitate axonal regeneration, 

stem cells that differentiate into structures similar 

to Schwann cells can support neuron survival.30,31 

Secreted growth factors [c-Jun, GDNF, BDNF, neu-

rotrophin-3, artemin, NGF, Vascular Endothelial 

Growth Factor etc.] support angiogenesis by facil-

itating not only axonal sprouting but also capillary 

sprouting.30,31 The degree of nerve regeneration de-

pends on the functional support of the local envi-

ronment of the nerve, but the nerve repair program 

is very complex.21,30,31

High amount of protein synthesis is essential 

for the development of growth cones that facilitate 

axonal sprouting.21,29 The fact that an axon contains 

3000 mRNA for repair and regeneration, as well 

as ribosomes and the Golgi apparatus, shows that 

this will not be too difficult. However, cleaning the 

inflammatory residues in the post-injury area ac-

celerates the regeneration process. While regener-

ation progresses at a rate of 1 mm per day, it can fill 

1 cm gaps. While Schwann cells stop responding to 

regeneration signals over time, the chance of distal 

regeneration decreases, in many cases only proxi-

mal regeneration can be achieved.29

Energy Consumption and 
Mitochondrial Behavior
After peripheral nerve injury, axons exhibit strong 

regenerative capacity. However, one of the most 

essential organelles for the supply of necessary 

energy in this process is mitochondria.32 During 

the regeneration process, mitochondrial density 

increases, reducing oxidative stress.32,34 Along with 

the increased mitochondrial division, the effect ca-

pacity of the mentioned effects in damaged axons 

is increased and axon healing is accelerated.32
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Electrical Stimulation in the 
Nerve Regeneration Process
Although peripheral nerve regeneration is much 

more successful than central regeneration, factors 

that inhibit reinnervation complicate the regen-

eration process in the peripheral nerve. Surgical 

applications alone are not sufficient for absolute 

regeneration, and accelerating interventions are 

needed for the newly formed axon shoots to travel 

long distances to reach the target organ.35 Electrical 

stimulation, which is an alternative method used 

to accelerate regeneration after nerve damage, is 

used especially in the treatment of motor, sensory 

and autonomic disabilities after surgery.36

Along with electrical stimulation, action poten-

tials generated retrogradely from the stimulated 

area increase intraneuronal cyclic adenosine mo-

nophosphate (AMP), accelerating the expression 

and upregulation of regenerative genes and neuro-

trophic factors. Therefore, axonal sprouting accel-

erates in the damaged area, myelination increases 

and as a result, regeneration is achieved.35,36

It is important to use electrical stimulation 

in the early post-injury period. In addition, it is 

reported that electrical stimulation supports re-

generation after delayed nerve repair. Even sin-

gle-session electrical stimulation applications in 

the early period can have a regenerative effect.37,38 

Electrical stimulation applied to the repair site 

should be short-term and low-frequency to stim-

ulate regeneration.20,27,37 It has been reported that 

20 Hertz electrical stimulation applied for 1 hour 

facilitates axonal regeneration.35,37 The duration of 

the stimulation applied to the motor nerves is also 

important, as explained in the “Reinnervated Mus-

cle Physiology” section. If motor nerve stimulation 

is applied less than 5% of the day, muscle fibers 

become fast glycolytic fibers, and if motor nerve 

stimulation is applied more than 50% of the day, 

muscle fibers convert to slow oxidative fibers.27

Delayed Regeneration
After nerve injuries, fibrous tissue formed during 

the delay of its regeneration due to reasons such 

as prolongation of denervation, collagenization 

of the distal stump, loss of motor endplate reduc-

es the regeneration potential and leads to a weak 

functional recovery.16 After chronic denervation 

of Schwann cells, the growth environment at the 

injury site deteriorates and degenerative changes 

occur in target organs.38 Schwann cells normally 

ensure that the distal fragmented axonal structures 

are cleared together with the macrophages in the 

region. If axon fragments cannot be cleared, these 

fragments inhibit axonal regeneration, leading to 

delayed axonal growth.31 The peripheral nerve re-

generation rate, which already has a slow rate of 1 

mm per day, slows down even more and the low 

regenerative capacity of neurons decreases even 

more.16,37,39

Long nerves that require greater functional 

recovery after proximal injuries require axonal 

growth at a longer distance, delaying regeneration. 

If axotomy is prolonged and becomes chronic, the 

regenerative capacity of neurons decreases to 33% 

of normal in a 6-month period.37 Similarly, long-

term denervation is one of the biggest obstacles to 

functional recovery.40

Does Electrical Stimulation Prevent or 
Delay Regeneration?
Activation of neurotrophic factors is essential for 

axon growth to occur. Therefore, the presence of 

neurotrophic factors such as BDBF, neurotroph-

in-4, neurotrophin-5 is required for electrical stim-

ulation to result in nerve regeneration. Absence of 

neurotrophic factors or activation of sodium chan-

nel blockers in the environment of injury negates 

the therapeutic effects of electrical stimulation, as 

it inhibits retrograde signal transmission.41

However, the inability to optimize electrical 

stimulation in terms of parameters such as cur-

rent intensity, frequency, and duration may also 

have regeneration-inhibiting effects. For exam-

ple, high-frequency electrical stimuli can increase 

neuron damage and even lead to peripheral nerve 

degeneration. In Galvanic current applications, 

the current intensity of more than 4 milliamperes 

(mA) also prevents axonal sprouting. The appli-

cation time of electrical stimulation is also one of 

the determining factors on regeneration. Electrical 
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stimulation should be applied briefly and intermit-

tently to achieve therapeutic benefit. As long-term 

electrical current applications will increase the 

dosage, they prevent regeneration in the periph-

eral nerve and may even increase neuronal dam-

age. Therefore, in post-injury electrical stimulation 

applications, current characteristics should be ar-

ranged by considering the regeneration process in 

the peripheral nerve.41
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