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MYELINATED FIBER

Primary Disciplinary Field(s): Neuroscience, Physiology, Cell Biology

1. Core Definition

The myelinated fiber represents a fundamental structural component within the vertebrate

nervous system, specifically referring to an axon or nerve process that is enveloped and insulated

by a lipid-rich layer known as the myelin sheath. This essential coating is not merely protective

but serves a critical functional role in enhancing the speed and efficiency of electrical signal

transmission, a property indispensable for rapid coordination between distant parts of the body.

The creation of this sheath, known as myelination, is a complex biological process orchestrated by

specialized glial cells. In essence, the presence of myelin transforms the biophysical properties of

the nerve fiber, allowing for a form of signal propagation radically different from that observed in

unmyelinated axons. This anatomical distinction underlies the dramatic differences in reaction

times and motor control capabilities observed across biological systems, ensuring that high-priority

neuronal signals travel with maximum velocity.

Functionally, the myelin sheath acts as an electrical insulator, analogous to the plastic coating

around a metallic wire. By drastically increasing the transmembrane electrical resistance and

simultaneously decreasing the membrane capacitance of the axon, myelin effectively prevents the

leakage of ions across the axonal membrane, thereby forcing the action potential to travel much

further passively. This mechanism is crucial because the propagation speed of an electrical

impulse along an axon is directly proportional to the efficiency of its insulation and the square root

of the fiber's diameter. While large diameter fibers inherently conduct faster, the evolution of

myelination provided a mechanism to achieve extremely high conduction velocities without the

prohibitive energetic and space costs associated with developing axons of immense thickness. The

rapid, efficient conduction afforded by myelination is particularly vital in pathways requiring rapid

responses, such as somatosensory feedback, reflex arcs, and efferent motor commands directed

toward skeletal muscles.

The contrast between myelinated and non-myelinated fibers is stark and forms a central tenet of

neurophysiology. Non-myelinated fibers rely on continuous, point-by-point depolarization along the

entire length of the axonal membrane, a process that is metabolically demanding due to

continuous ion pump activity and inherently slow. Conversely, myelinated fibers utilize a

specialized conduction process known as saltatory conduction, derived from the Latin term

meaning "to leap" or "to jump." This remarkable adaptation allows the electrical signal to jump

between short, exposed gaps in the myelin sheath, known as the Nodes of Ranvier, resulting in

propagation speeds that can be up to 100 times faster than those found in non-myelinated

counterparts of similar or even larger diameters.
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2. Structure of the Myelin Sheath

The myelin sheath itself is not a continuous, homogenous tube but rather a highly organized,

segmented structure composed predominantly of lipids (approximately 70-85%) and protein

(approximately 15-30%). This unusually high lipid content, which is responsible for myelin's

characteristic white appearance in gross anatomical sections--defining the nervous system's white

matter--is the key determinant of its superior electrical insulating properties. Chemically, the myelin

is rich in specific phospholipids, galactolipids (such as galactocerebroside), and cholesterol, which

together minimize ion flow across the membrane layers. The sheath is formed by the tight,

spiraling wrapping of the plasma membrane of the myelinating glial cell around the axon, creating

dozens of concentric layers in a highly ordered fashion. This wrapping mechanism effectively

excludes the bulk of the glial cell cytoplasm from the tight wraps, leaving behind a highly compact,

membranous structure.

The structural integrity and laminar organization of the myelin sheath are critically maintained by

specific adhesion proteins. In the Central Nervous System (CNS), major myelin proteins include

Myelin Basic Protein (MBP), which is essential for compacting the internal cytoplasmic faces of the

membrane layers, and Proteolipid Protein (PLP), the most abundant protein in CNS myelin, critical

for maintaining the extracellular space compaction. In the Peripheral Nervous System (PNS), the

corresponding structural proteins are different, primarily consisting of Protein Zero (P0), which acts

as a major adhesion molecule, and P2. Defects in the genes encoding these structural proteins

often lead to severe hereditary neuropathies, such as Charcot-Marie-Tooth disease, highlighting

their indispensable role in maintaining the function of the myelinated fiber and overall neurological

health.

Crucially, the sheath is interrupted periodically by microscopic, geometrically defined gaps known

as the Nodes of Ranvier. These nodes are short, unmyelinated segments, typically measuring

only 1 to 2 micrometers in length, where the axonal membrane is exposed directly to the

extracellular environment. The membrane within the node is characterized by an exceptionally high

density of voltage-gated sodium channels, which are necessary for the active regeneration of the

action potential. This regeneration is vital because, although the signal travels rapidly under the

myelin, its amplitude inevitably decays slightly over the length of the insulated internode segment.

The alternating pattern of highly insulated segments (internodes) and electrically excitable nodes

defines the operational architecture of the myelinated fiber, enabling and specializing the process

of saltatory conduction.

3. Cells Responsible for Myelination (Glial Cells)

Myelination is an elaborate process executed by specialized non-neuronal cells, collectively known

as glial cells, with the specific cellular agent differing based on location within the nervous system.
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In the Central Nervous System (comprising the brain and spinal cord), myelination is performed

exclusively by the star-shaped cells known as oligodendrocytes. A single oligodendrocyte

possesses the remarkable capacity to extend multiple, highly differentiated cellular processes,

each of which wraps around a distinct segment of a different axon. Consequently, one

oligodendrocyte can simultaneously myelinate segments of dozens of different nerve fibers,

making it a highly efficient and widespread myelin producer within the confines of the CNS

environment.

In contrast, in the Peripheral Nervous System (PNS), which includes all cranial and spinal nerves

outside the bony confines of the skull and vertebral column, myelination is accomplished by the

ribbon-like Schwann cells. Unlike the oligodendrocyte, the Schwann cell generally maintains a

dedicated, singular relationship with the axon: one Schwann cell typically wraps around only one

segment of one single axon. This one-to-one or one-to-few relationship dictates the geometry and

scale of PNS myelination, often providing a more robust sheath segment than its CNS counterpart.

While the chemical composition of CNS and PNS myelin differs slightly--reflecting the different

structural proteins utilized--the fundamental insulating function and the resultant enhancement of

conduction speed remain identical.

The intricate interaction between the axon and its myelinating glial cell is highly regulated and

absolutely necessary for proper development and maintenance. The axon provides crucial

signaling molecules, often trophic factors, that instruct the glial cell when to begin and how to

maintain the complex myelination process. Simultaneously, the glial cell actively influences the

organization and distribution of ion channels on the axonal membrane. For example, the precise

clustering of voltage-gated sodium channels exclusively at the Nodes of Ranvier is not

spontaneous but is actively induced and stabilized by cell-adhesion molecules and secreted factors

released by the adjacent myelinating cell. This intricate signaling crosstalk ensures that the

resulting myelinated fiber is not only structurally robust but also functionally optimized for rapid,

reliable impulse transmission.

4. Mechanism of Action: Saltatory Conduction

The physiological hallmark of the myelinated fiber is saltatory conduction, a mechanism that

provides an exponential increase in conduction velocity compared to the continuous conduction

characteristic of unmyelinated fibers. In continuous conduction, the action potential must be

actively generated and regenerated sequentially at every single point along the axon, a process

involving time-consuming opening and inactivation of ion channels along the entire membrane

length. Saltatory conduction circumvents this energetic bottleneck by exploiting the extremely high

electrical resistance provided by the myelin sheath.

When an action potential arrives at a Node of Ranvier, it triggers the rapid opening of the densely
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packed voltage-gated sodium channels, generating a strong influx of positive charge. This

electrical current then travels passively and almost instantaneously underneath the highly

insulating myelin sheath (the internode segment) until it reaches the next Node of Ranvier.

Because the membrane resistance in the internode is exceptionally high and capacitance is low,

very little electrical current leaks out of the axon, allowing the depolarization wave to travel a

substantial distance quickly. Crucially, upon reaching the adjacent node, the residual voltage

remains sufficiently high to easily reach the threshold potential, triggering the regeneration of a

new, full-strength action potential. This cyclical process repeats across the entire length of the

fiber, giving the impression that the impulse is "jumping" from one node to the next.

The efficiency of saltatory conduction is critically important for two reasons: speed enhancement

and energy conservation. By limiting the active, energetically demanding regeneration of the signal

to the small, concentrated areas of the Nodes of Ranvier, the process minimizes the overall

number of ion channels that must open and close, thereby drastically reducing the metabolic

requirement for the sodium-potassium pumps, which are responsible for consuming ATP to restore

the necessary ion gradients. This minimization of ionic flux allows for sustainable, high-frequency

signaling. Furthermore, because the electrical signal traverses the long internode distance

passively with minimal delay (low time constant), the overall speed of propagation can reach up to

120 meters per second in the largest diameter myelinated fibers, establishing them as the fastest

conducting pathways available in the mammalian nervous system.

5. Physiological Significance and Speed Optimization

The development of myelinated fibers represents a monumental achievement in vertebrate

evolution, enabling the complex behaviors, large body sizes, and precise motor coordination that

distinguish this subphylum. The primary physiological significance lies in the profound increase in

conduction velocity achieved through saltatory propagation. This speed increase allows for near-

instantaneous coordination of complex sensory input and motor output, which is fundamental for

survival mechanisms such as rapid withdrawal reflexes and effective locomotion. The nervous

system employs a sophisticated classification of nerve fibers, such as the Erlanger-Gasser

classification, based on their myelination status and diameter, which directly dictates their

functional role.

For example, Type A fibers, which are heavily myelinated and possess the largest diameters (e.g.,

A-alpha fibers controlling skeletal muscle contraction and crucial proprioception signals), exhibit

the highest conduction velocities necessary for swift and coordinated motor function. In stark

contrast, Type C fibers, which are typically very small and unmyelinated (often associated with

slow pain transmission, temperature sensation, or regulatory autonomic functions), conduct signals

much more slowly. This differential myelination ensures that the nervous system allocates its

metabolic and structural resources efficiently, prioritizing speed where it is biologically most
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necessary (e.g., maintaining balance, initiating immediate escape responses) and allowing for

slower, more energetically conservative signaling in internal regulatory pathways where speed is

less critical.

Beyond simple speed, myelination contributes substantially to the temporal precision of neural

signaling. In sensory systems, particularly those that integrate inputs from multiple sources--such

as auditory processing, which relies on interaural time differences--the consistent and high speed

of myelinated fibers ensures that action potentials generated simultaneously at physically disparate

locations arrive at their target integration neuron at the correct, highly specific moment. Disruptions

to this critical temporal precision, frequently caused by demyelinating diseases, can severely

impair sensory integration, fine motor control, and rapid information processing, underscoring the

delicate functional balance maintained by the structural integrity of the myelin sheath.

6. Pathologies Associated with Demyelination

The functional integrity of the myelinated fiber is exquisitely dependent upon the structural

continuity of the myelin sheath. Any pathological process that results in the partial or complete

destruction and loss of this sheath, known broadly as demyelination, inevitably leads to significant

neurological deficit. Demyelination physically exposes the axonal membrane that was previously

insulated, resulting in catastrophic current leakage, a dramatic decrease in effective conduction

velocity, and eventually, a total failure of signal propagation when the voltage decay becomes too

great to trigger regeneration at the subsequent Node of Ranvier.

The most widely known and studied demyelinating disease affecting the CNS is Multiple

Sclerosis (MS). MS is an autoimmune disorder in which the body's own immune system

mistakenly launches a targeted attack against the oligodendrocytes and key myelin sheath proteins

within the brain and spinal cord. MS pathology is characterized by bouts of inflammation,

widespread demyelination, and subsequent formation of scar tissue (sclerosis or plaques) in

different areas of the CNS. This leads to a highly variable and unpredictable array of symptoms,

including profound motor weakness, debilitating sensory loss, optic neuritis resulting in visual

disturbances, and cognitive impairment, reflecting the random destruction of various myelinated

neural pathways.

In the PNS, the classic acute example of demyelination is Guillain-Barré Syndrome (GBS), which

is often triggered by a preceding viral or bacterial infection (e.g., Campylobacter jejuni). GBS

involves a rapid-onset, acute inflammation and demyelination orchestrated by the immune system

targeting Schwann cells or specific peripheral myelin components. This process quickly leads to

ascending, progressive muscle weakness and potentially life-threatening respiratory failure. A key

difference in prognosis lies in the cell type: while chronic CNS demyelination (MS) often results in

permanent damage due to the limited regenerative capacity of oligodendrocytes, acute PNS
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demyelination (GBS) often allows for greater potential for myelin repair due to the inherent

regenerative capabilities of Schwann cells, although full recovery can still be protracted and

challenging.

7. Further Reading

Myelin (Wikipedia)

Saltatory Conduction (Wikipedia)

Node of Ranvier (Wikipedia)

Oligodendrocyte (Wikipedia)

Schwann Cell (Wikipedia)

Multiple Sclerosis (Wikipedia)
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