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MYELIN SHEATH

Introduction to the Myelin Sheath

The myelin sheath represents a crucial biological structure in neuroanatomy, functioning primarily
as an electrical insulator surrounding the axons of many neurons within both the Central Nervous
System (CNS) and the Peripheral Nervous System (PNS). This specialized coating is not
continuous; rather, it is segmented, punctuated by periodic gaps known as the Nodes of Ranvier,
which are fundamental to its physiological function. The existence of the myelin sheath enables
highly efficient and rapid transmission of electrical impulses, facilitating complex, coordinated
neural activity that underpins motor control, sensory processing, and cognitive function. Without
this insulating layer, the speed and fidelity of neuronal communication would be drastically
reduced, rendering complex organisms incapable of swift responses necessary for survival and
high-level processing.

Physiologically, the primary role of the myelin sheath is to minimize the leakage of ionic current
across the axonal membrane, effectively increasing the membrane resistance and decreasing the
membrane capacitance. This optimization of electrical properties is essential because it allows the
action potential to "jump" from one Node of Ranvier to the next, a process termed saltatory
conduction (from the Latin saltare, meaning to leap). This evolutionary adaptation ensures that
neural signals can traverse long distances--such as from the spinal cord to the extremities--with
minimal temporal delay, a requirement critical for immediate reflexes and coordinated movements.
The study of myelin has profound implications not only for basic neuroscience but also for
understanding numerous debilitating neurological diseases characterized by the destruction or
dysfunction of this protective layer.

The discovery and subsequent detailed analysis of the myelin sheath have revealed that it is not a
passive structure but a dynamic, lipid-rich extension of specific glial cells. Its formation, or
myelination, is a complex developmental process that occurs sequentially throughout the lifespan,
beginning prenatally and continuing well into early adulthood, particularly in areas associated with
higher-order cognitive function, such as the prefrontal cortex. Understanding the precise molecular
mechanisms governing the wrapping and compaction of the myelin layers--involving a complex
interplay of specific proteins like Myelin Basic Protein (MBP) and Proteolipid Protein (PLP)--is
paramount to developing therapeutic interventions for diseases where myelination is impaired or
lost.

Composition and Cellular Origin

The myelin sheath is biochemically distinct from the underlying axonal membrane, characterized
by an exceptionally high proportion of lipids--approximately 70% to 85% of its dry weight--with the
remainder consisting of specific structural proteins. This lipid dominance, primarily comprising
cholesterol, phospholipids, and galactocerebrosides, provides the high electrical resistance
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necessary for insulation. The multilayered structure is essentially a tightly wound spiral of the glial
cell membrane around the axon. The specific glial cell responsible for myelin production differs
significantly between the two major divisions of the nervous system, leading to structural and
compositional variations that impact disease susceptibility and regeneration capacity.

In the Peripheral Nervous System (PNS), the myelin sheath is secreted and maintained
exclusively by Schwann cells. A single Schwann cell is typically responsible for myelinating only
one segment of a single axon. During myelination, the Schwann cell wraps its entire plasma
membrane around the axon multiple times, squeezing out the cytoplasm from between the layers
to create the compacted, mature sheath. The external layer retains the nucleus and major
cytoplasmic machinery of the Schwann cell, forming the neurolemma, which plays a crucial role in
axonal regeneration following injury. This one-to-one relationship between the Schwann cell and
the axon segment is a defining feature of PNS myelination.

Conversely, in the Central Nervous System (CNS)--encompassing the brain and spinal cord--
myelination is performed by oligodendrocytes. Oligodendrocytes exhibit a remarkable functional
difference from Schwann cells; a single oligodendrocyte can extend multiple processes, each
capable of myelinating a segment of several different axons simultaneously. This multi-axon
coverage is vital for the dense packing and coordination required within the CNS. The molecular
composition also differs subtly; for instance, oligodendrocytes utilize Proteolipid Protein (PLP) as a
major structural component, whereas Schwann cells rely more heavily on Protein Zero (P0). These
compositional differences necessitate distinct immune responses and therapeutic approaches
when addressing CNS versus PNS demyelination.

The Mechanism of Saltatory Conduction

The primary functional consequence of the myelin sheath is the induction of saltatory conduction,
a mechanism that dramatically increases the speed of action potential propagation compared to
the continuous conduction seen in unmyelinated axons. In unmyelinated fibers, the action potential
must be regenerated sequentially at every infinitesimal point along the axonal membrane, a
process that is metabolically costly and relatively slow. Myelin overcomes this limitation by acting
as a highly effective electrical barrier, preventing the dissipation of the depolarizing current across
the internodal region, the myelinated segment between the Nodes of Ranvier.

During saltatory conduction, when an action potential arrives at a Node of Ranvier, it triggers the
rapid influx of sodium ions through densely clustered voltage-gated sodium channels located
exclusively at the node. This influx regenerates the action potential. However, instead of
immediately dissipating, the resulting ionic current is forced to travel passively and rapidly down
the length of the axon segment beneath the insulating myelin sheath until it reaches the next Node
of Ranvier. This passive, or electrotonic, spread of current is extremely fast because it is not limited
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by the time required for channel opening and closing, allowing the signal to effectively "leap” over
the long, myelinated internode.

The efficiency gained by saltatory conduction is twofold: speed and energy conservation.
Myelinated fibers can transmit signals up to 100 meters per second, compared to less than 1 meter
per second in small unmyelinated fibers. Furthermore, the metabolic burden is significantly
reduced because the action potential only needs to be regenerated at the small, exposed nodal
segments, rather than along the entire length of the axon. This concentration of activity minimizes
the work required by the sodium-potassium pumps to restore ionic gradients, representing a critical
advantage in the energy-demanding environment of the nervous system. The precise organization
of ion channels, adhesion molecules, and specialized protein complexes at the node and the
paranodal junction is essential for maintaining this optimal conductive pathway.

Structure: Nodes of Ranvier and Internodes

The functional integrity of the myelin sheath relies on its segmented architecture, which defines
three specific domains along the axon: the internode, the paranode, and the Node of Ranvier.
The internode, which constitutes the majority of the axonal length, is completely covered by the
compacted layers of myelin. The thickness and length of the internode are directly correlated with
the diameter of the axon and are the primary determinants of nerve conduction velocity. The glial
cell membrane is tightly wrapped here, with intracellular proteins mediating the close apposition of
the membrane layers, creating the high resistance necessary for the rapid electrotonic spread of
current.

The Nodes of Ranvier are short (typically less than 2 micrometers), unmyelinated gaps that
interrupt the sheath. These are the sites where the action potential is regenerated. The nodal
membrane is characterized by an extremely high density of voltage-gated sodium channels (Nav
channels), concentrated through specific anchoring mechanisms involving cytoskeletal elements
and scaffolding proteins. This critical clustering ensures that the passive current arriving from the
preceding internode is sufficient to rapidly depolarize the membrane to threshold, thus initiating the
next action potential jump. Dysfunction in the protein complexes that anchor these channels can
lead to severe conduction deficits even if the myelin sheath itself remains structurally intact.

Flanking the Nodes of Ranvier are the paranodal regions, where the terminal loops of the glial
cell membrane tightly adhere to the axonal membrane. This adherence is mediated by specialized
protein complexes (e.g., neurofascin 155 and Caspr/Contactin-associated protein) that form a
highly restrictive barrier, sealing off the internode from the node. This seal is crucial for preventing
the lateral diffusion of nodal proteins into the internodal region and for maintaining the distinct
molecular domains necessary for saltatory conduction. Adjacent to the paranode is the
juxtaparanode, a region often rich in voltage-gated potassium channels (Kv channels), which play
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a role in repolarization and ensuring the excitability of the nodal region is precisely regulated
immediately following an action potential.

Myelin in the Central versus Peripheral Nervous System

While the fundamental function of myelin--electrical insulation and rapid signal transmission--
remains consistent, the biological context and cellular mechanisms involved in CNS and PNS
myelination are significantly distinct, differences that have profound implications for regeneration
and disease pathology. The oligodendrocyte of the CNS and the Schwann cell of the PNS arise
from different embryonic origins and respond differently to signals related to injury, inflammation,
and repair. One of the most significant architectural distinctions is the presence of the basal
lamina, a layer of extracellular matrix material that surrounds Schwann cells in the PNS but is
absent in the CNS.

The structural environment also dictates the regenerative capacity. Following injury in the PNS
(e.g., nerve severance), Schwann cells retain the ability to dedifferentiate, proliferate, and form
guidance channels (Bands of Bilingner) that actively promote axonal regrowth and subsequent
remyelination. This robust regenerative environment is largely attributed to the presence of the
basal lamina and the intrinsic properties of Schwann cells. In stark contrast, the CNS environment
is generally inhibitory to regeneration. Oligodendrocytes, when damaged, often undergo apoptosis,
and the CNS environment contains inhibitory molecules (such as Nogo, MAG, and OMgp) that
prevent axonal sprouting and block the migration and differentiation of progenitor cells necessary
for efficient remyelination.

These systemic differences manifest clearly in clinical outcomes. For example, damage to
peripheral nerves often results in functional recovery, albeit slow and incomplete, due to the
regenerative capacity of Schwann cells. Conversely, damage to the CNS, such as spinal cord
injury or stroke, typically results in permanent functional deficits. Furthermore, the immunologic
profile differs; the CNS is protected by the blood-brain barrier, and its resident immune cells
(microglia) interact differently with oligodendrocytes than peripheral macrophages interact with
Schwann cells. These varying immune and cellular responses are central to the divergent
pathologies observed in CNS demyelinating diseases like Multiple Sclerosis (MS) compared to
PNS demyelinating conditions like Guillain-Barré Syndrome (GBS).

Developmental Stages and Myelination Timing

Myelination is a precisely timed and highly regulated developmental process that is essential for
the maturation of the nervous system and the acquisition of complex behaviors. This process does
not occur uniformly across the nervous system but follows a specific spatio-temporal gradient,
generally beginning in phylogenetically older, simpler pathways (e.g., sensory and motor roots in
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the PNS) and progressing to newer, more complex pathways (e.g., associational fibers in the
CNS). In humans, myelination begins during the second trimester of gestation, accelerates rapidly
in the first two years of life, and continues significantly throughout childhood and adolescence,
particularly in regions involved in executive function.

The sequence of myelination reflects functional maturation. Early myelination targets pathways that
control vital functions and basic sensory/motor responses, such as the brainstem and cerebellum.
Later stages involve the cerebral hemispheres, specifically projecting fibers within the cortex.
Notably, the frontal lobe, which governs planning, judgment, and emotional regulation, is among
the last regions to achieve full myelination, often continuing through the second or even third
decade of life. This prolonged myelination period is believed to be a critical biological substrate
underlying the gradual maturation of cognitive and social skills observed during adolescence and
early adulthood.

Regulation of myelination is complex, involving intricate signaling between the axon and the
surrounding glial cells. The axon dictates whether and how it should be myelinated, communicating
requirements via specific signaling molecules such as neuregulin-1 (Nrgl). The thickness of the
myelin sheath is highly correlated with the diameter of the axon, suggesting a sophisticated
regulatory feedback loop ensuring the optimal wrapping ratio for maximum conduction velocity.
Disruptions during critical periods of myelination, whether due to genetic factors, nutritional
deficiencies, or environmental toxins, can have severe and long-lasting effects on cognitive
development and neural circuit function, underscoring the vulnerability of the nervous system
during these developmental windows.

Clinical Significance: Demyelinating Disorders

The clinical importance of the myelin sheath is most evident in the category of neurological
conditions known as demyelinating disorders, characterized by the pathological destruction or
deterioration of the myelin layer. The loss of myelin leads to conduction block or significant slowing
of nerve impulses, resulting in a wide array of neurological symptoms depending on the location of
the damage. The most well-known demyelinating disease of the CNS is Multiple Sclerosis (MS),
an autoimmune disorder where the body's immune system mistakenly attacks the myelin produced
by oligodendrocytes. MS manifests through episodic attacks of neurological dysfunction, causing
symptoms such as visual disturbances, weakness, fatigue, and cognitive decline.

In the PNS, the most prevalent acute demyelinating disorder is Guillain-Barré Syndrome (GBS),
often triggered by a preceding infection. GBS involves the rapid destruction of Schwann cell
myelin, leading to muscle weakness and paralysis that typically begins in the lower extremities and
ascends. While the mechanisms of demyelination differ slightly--MS is chronic and mediated by T
cells and B cells attacking CNS targets, while GBS is often acute and mediated by antibodies
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targeting gangliosides in the PNS membrane--the result is the same: profound impairment of
saltatory conduction. In these disorders, the axon itself may initially remain intact, but without the
insulation, the signal fails to propagate efficiently, leading to functional deficits.

Other conditions related to myelin include inherited leukodystrophies, which are genetic disorders
affecting the formation or maintenance of myelin components, such as Krabbe disease or
Pelizaeus-Merzbacher disease. These conditions highlight the fact that myelination failure can
stem not only from immune attack but also from intrinsic genetic defects in the cells responsible for
producing the sheath. Research into these diseases is focused on understanding the precise
molecular targets of destruction and identifying strategies to promote endogenous remyelination,
which involves stimulating oligodendrocyte precursor cells (OPCs) in the CNS or Schwann cells in
the PNS to repair the damaged segments.

Future Research and Therapeutic Targets

Current research into the myelin sheath is focused intensively on bridging the gap between
understanding demyelination and successfully inducing remyelination in chronic diseases like
Multiple Sclerosis. While the CNS possesses a pool of oligodendrocyte precursor cells (OPCs) that
are theoretically capable of repairing damaged myelin, this process often fails in chronic disease
settings due to inhibitory factors in the lesion microenvironment, persistent inflammation, or the
inability of OPCs to mature into functional, myelin-producing oligodendrocytes. A key therapeutic
strategy involves identifying small molecules or antibodies that can overcome these inhibitory
checkpoints, allowing OPCs to differentiate and restore the lost myelin segments.

Another significant area of investigation involves clarifying the role of myelin in metabolic support
for the axon. Emerging evidence suggests that oligodendrocytes and Schwann cells do more than
just insulate; they actively transfer metabolic substrates to the underlying axon, particularly in long
projection neurons that are highly vulnerable to energy deficits. This metabolic coupling theory
suggests that myelin loss not only impairs conduction but also starves the axon, eventually leading
to secondary neurodegeneration. Future treatments may therefore need to address both the
insulation deficit and the metabolic stress faced by the demyelinated axon.

Finally, genetic therapies and cell transplantation strategies are being explored for congenital
myelin disorders (leukodystrophies). Gene replacement therapies aim to correct the underlying
enzymatic or structural defect in the glial cells, whereas cell transplantation involves introducing
healthy, myelin-forming cells into the affected nervous system. Continued refinement of our
understanding regarding the complex molecular signaling between axons and glia--particularly the
mechanisms that initiate and terminate myelination--holds the most promise for developing
effective, disease-modifying therapies that go beyond merely treating inflammation to actively
promoting the structural repair of the myelin sheath.
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