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SKELETAL MUSCLE

Primary Disciplinary Field(s): Anatomy, Physiology, Biomechanics

1. Core Definition and Nomenclature

Skeletal muscle constitutes one of the three major types of muscle found within the human and

animal body, alongside cardiac muscle and smooth muscle. Fundamentally, skeletal muscle is the

specialized tissue responsible for generating the mechanical force necessary to move the

skeleton, maintaining posture, and facilitating locomotion. These muscles are characteristically

attached to bones, typically via robust connective tissues known as tendons, and span across

joints, acting as levers to produce movement when they contract. This type of muscle is unique in

that its actions are predominantly under voluntary control of the somatic nervous system,

meaning that conscious thought dictates its activation and force generation.

Due to its distinctive histological appearance, skeletal muscle is often referred to as striated

muscle. This descriptive term arises from the highly regular, alternating light and dark bands

(striations) visible when the tissue is observed under a light microscope. These striations reflect the

organized, repeating structure of the contractile units within the muscle fibers, known as

sarcomeres. Functionally, skeletal muscle operates in reciprocal pairs--a principle that is central to

efficient movement--where the action of one muscle (the agonist) is opposed by the relaxation of

another (the antagonist), ensuring controlled and coordinated motion around a joint.

The distinction between skeletal, cardiac, and smooth muscle is vital in physiology. While cardiac

muscle is also striated, it is involuntary and possesses unique intercalated discs for coordinated

electrical activity; smooth muscle, conversely, is non-striated, involuntary, and typically associated

with the walls of internal organs and blood vessels. The defining characteristics of skeletal muscle-

-its voluntary control, its attachment to the skeleton, and its striated appearance--set it apart as the

primary effector of interaction with the external environment.

2. Gross Anatomy and Attachments

At the macroscopic level, skeletal muscle is organized into distinct organs, often referred to simply

as "muscles," such as the biceps or the quadriceps femoris. A typical muscle belly is encased in a

dense layer of connective tissue called the epimysium. This outer layer serves to protect the

muscle and provides lubrication against other muscles and surrounding structures. Within the

muscle belly, the tissue is further partitioned into bundles of muscle fibers, known as fascicles.

Each fascicle is surrounded by its own sheath of connective tissue, the perimysium, which houses

blood vessels and nerves that service the muscle fibers within the bundle.

The individual muscle cells themselves--often called muscle fibers or myocytes--are sheathed by a
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delicate layer of connective tissue known as the endomysium. This intricate, layered arrangement

of connective tissues (epimysium, perimysium, and endomysium) is critical because it converges at

the ends of the muscle belly to form the extremely tough, fibrous cords known as tendons. These

tendons are the mechanisms by which the muscle's contractile force is transmitted across joints to

the periosteum of the bone, pulling the skeleton and generating movement. The efficiency of force

transfer relies entirely on the integrity of this hierarchical structure.

Skeletal muscles function based on their attachments: the origin, which is typically the less mobile

or proximal attachment point, and the insertion, which is the more movable or distal attachment

point. When the muscle contracts, the insertion is pulled toward the origin. The arrangement of

muscle fibers within the muscle--such as parallel, fusiform, circular, or pennate--directly influences

the muscle's potential force generation and range of motion. Pennate muscles, where fibers attach

obliquely to a central tendon, generally maximize force due to a larger number of fibers packed into

a given volume, whereas parallel muscles maximize the speed and range of shortening.

3. Microscopic Structure (Histology)

The fundamental unit of skeletal muscle is the muscle fiber, which is a highly specialized,

elongated, cylindrical cell that can be exceptionally long (sometimes spanning the entire length of

the muscle). These cells are multinucleated, containing hundreds of nuclei located just beneath

the cell membrane, reflecting their embryonic origin as the fusion of numerous myoblasts. The

plasma membrane of the muscle fiber is called the sarcolemma, which possesses specialized

invaginations known as T-tubules (transverse tubules) that plunge deep into the muscle fiber,

facilitating the rapid distribution of electrical signals throughout the cell interior.

The cytoplasm within the muscle fiber is termed the sarcoplasm. This sarcoplasm is rich in

glycogen (for energy storage), myoglobin (for oxygen binding), and mitochondria (for aerobic

respiration). Crucially, the sarcoplasm contains the sarcoplasmic reticulum (SR), a specialized form

of endoplasmic reticulum that tightly regulates the concentration of intracellular calcium ions

(Ca²?). Flanking the T-tubules, the terminal cisternae of the SR form a critical structure known as

the triad, which is essential for initiating muscle contraction.

The vast majority of the sarcoplasm is occupied by long, cylindrical organelles called myofibrils.

These myofibrils are the true contractile apparatus of the muscle fiber, and it is the precise,

repetitive organization of protein filaments within them that gives skeletal muscle its characteristic

striated appearance. Each myofibril is composed of thousands of repeating functional units called

sarcomeres. The sarcomere is defined as the region between two successive Z-discs (or Z-lines)

and contains two primary types of myofilaments: thick filaments composed primarily of myosin,

and thin filaments composed primarily of actin, along with regulatory proteins like troponin and

tropomyosin.
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4. Functional Classification: Voluntary and Reciprocal Action

A defining characteristic of skeletal muscle is its voluntary nature. Unlike the intrinsic rhythmicity

of cardiac muscle or the hormonal regulation of smooth muscle, skeletal muscle contraction is

initiated primarily by signals originating in the cerebral cortex, traveling down the spinal cord, and

synapsing with motor neurons. This voluntary control allows for complex, fine motor movements as

well as large, powerful actions, granting the organism mastery over its physical interaction with the

environment. Even involuntary reflexes, such as the knee-jerk reflex, utilize the skeletal

musculature but bypass the conscious control centers for rapid response.

Skeletal muscles rarely operate in isolation; rather, they function within cooperative groups. The

principle of reciprocal action dictates that movement at a joint involves carefully balanced forces.

A muscle primarily responsible for a specific movement is termed the agonist (or prime mover).

For instance, the biceps brachii acts as the agonist during forearm flexion. Simultaneously,

muscles that oppose or reverse that action are termed antagonists; in the case of forearm flexion,

the triceps brachii acts as the antagonist. For smooth movement to occur, when the agonist

contracts, the antagonist must relax to permit the action.

Beyond agonists and antagonists, movement often involves synergists and fixators. Synergists

are muscles that aid the agonist, either by adding extra force to the movement or by reducing

unwanted movement. Fixators are a specialized type of synergist that stabilize the proximal portion

of a limb or joint during movement. For example, when curling a weight, the muscles stabilizing the

shoulder joint prevent unwanted rotation, ensuring that the force generated by the biceps is

effectively translated to the forearm. This sophisticated coordination, managed subconsciously by

the cerebellum and basal ganglia, ensures that movements are efficient, smooth, and precisely

controlled.

5. Mechanism of Contraction: The Sliding Filament Theory

The process by which skeletal muscle contracts is best explained by the Sliding Filament Theory,

which describes how the thick and thin filaments within the sarcomere slide past one another,

causing the sarcomere to shorten without the filaments themselves changing length. This complex

process is initiated by an electrical impulse from a motor neuron that releases the neurotransmitter

acetylcholine (ACh) at the neuromuscular junction. This signal propagates across the sarcolemma

and down the T-tubules, triggering a crucial event in muscle excitation-contraction coupling.

The electrical signal reaching the triad stimulates the release of calcium ions (Ca²?) from the

sarcoplasmic reticulum into the sarcoplasm. Calcium is the molecular switch for contraction. In a

resting muscle, the regulatory protein tropomyosin blocks the active binding sites on the actin

filaments, preventing interaction with myosin. When Ca²? floods the sarcoplasm, it binds to
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troponin, causing troponin to change shape. This conformational change pulls tropomyosin away

from the actin binding sites, exposing them to the myosin heads.

Once the binding sites are exposed, the energized myosin heads--which have already hydrolyzed

ATP into ADP and inorganic phosphate (Pi)--attach to the actin filament, forming a cross-bridge.

The release of ADP and Pi triggers the power stroke, where the myosin head pivots and pulls the

thin actin filament toward the center of the sarcomere (the M line). Following the power stroke, a

new molecule of ATP must bind to the myosin head to cause the detachment of the cross-bridge.

This cycle of attachment, pivoting, detachment, and re-energizing continues as long as calcium

and ATP are present, resulting in the sequential shortening of all sarcomeres within the myofibril

and, consequently, the contraction of the entire muscle fiber.

6. Types of Skeletal Muscle Fibers

Skeletal muscle is not homogeneous; it contains a mixture of different fiber types optimized for

varying metabolic demands and functional roles. These fibers are classified primarily based on

their speed of contraction and their primary metabolic pathway for ATP generation (oxidative vs.

glycolytic). Understanding these differences is essential for recognizing how muscles are adapted

for endurance versus explosive power. The three main types are Type I, Type IIa, and Type IIb (or

IIx).

Type I fibers, often called slow-oxidative or slow-twitch fibers, contract slowly but are highly

resistant to fatigue. They possess a high concentration of mitochondria and myoglobin, giving them

a characteristic dark red color (hence the term "red muscle"). These fibers rely heavily on aerobic

respiration (oxidative phosphorylation) for continuous ATP production, making them ideal for

sustained activities like maintaining posture or long-distance running. Their motor units are typically

smaller, allowing for highly precise, low-force contractions.

Conversely, Type II fibers are fast-twitch fibers, built for powerful, rapid contraction. These are

further subdivided: Type IIa (fast oxidative-glycolytic) fibers are intermediate, possessing both high

contractile speed and moderate resistance to fatigue due to their utilization of both aerobic and

anaerobic pathways. They are often used in moderate-intensity activities. Type IIb (fast glycolytic)

fibers are true "white muscle." They contract very rapidly and powerfully, but fatigue quickly

because they rely almost exclusively on anaerobic glycolysis. They have few mitochondria and

little myoglobin, making them suited only for short, explosive movements like sprinting or heavy

lifting. The relative proportion of these fiber types varies genetically among individuals and can also

be modified to some extent by targeted exercise training.

7. Motor Units and Neuromuscular Control

The functional connection between the nervous system and skeletal muscle is the motor unit. A
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motor unit consists of a single motor neuron (originating in the spinal cord or brainstem) and all the

muscle fibers that this neuron innervates. When the motor neuron fires an action potential, all

muscle fibers in its motor unit are simultaneously stimulated and contract according to the all-or-

none principle. The size of the motor unit dictates the precision of control; muscles requiring fine

control (e.g., those controlling the eye or fingers) have small motor units (a few fibers per neuron),

while large muscles responsible for gross movements (e.g., the quadriceps) have large motor units

(hundreds of fibers per neuron).

The site of communication between the axon terminal of the motor neuron and the muscle fiber is

the specialized synapse known as the neuromuscular junction (NMJ). This is where the motor

neuron releases acetylcholine (ACh) into the synaptic cleft. ACh binds to receptors on the motor

end plate of the sarcolemma, triggering depolarization that leads to the action potential that

initiates contraction. Effective transmission across the NMJ is crucial for movement; failures here,

such as those caused by certain toxins or autoimmune diseases like myasthenia gravis, lead to

severe muscle weakness or paralysis.

The force generated by a skeletal muscle is modulated in two primary ways: recruitment and rate

coding. Recruitment involves increasing the number of active motor units; the brain recruits

smaller, fatigue-resistant motor units first (Type I) and only engages larger, more powerful, fast-

twitch units (Type II) when greater force is required (the Size Principle). Rate coding involves

increasing the frequency of stimulation to the active motor units. Higher frequency stimulation

leads to the temporal summation of contractile forces, ultimately resulting in tetanus (sustained,

maximal contraction), ensuring the muscle can generate a spectrum of forces appropriate for the

task at hand.

Further Reading

Wikipedia: Skeletal muscle

Wikipedia: Sliding Filament Theory

National Cancer Institute (SEER): Structure of the Skeletal Muscle
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