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Primary Disciplinary Field(s): Neurophysiology, Biological Psychology, Biophysics

1. Core Definition and Mechanism Overview

Nerve conduction is defined as the fundamental electrochemical process by which electrical

impulses, known as action potentials, are transmitted along the axon of a neuron. This highly

efficient biological mechanism allows nerve cells to rapidly communicate information across the

central and peripheral nervous systems, coordinating bodily functions, sensory processing, and

motor responses. The process is not a simple flow of electricity, but rather a complex, regenerative

wave of membrane depolarization and repolarization, which is actively propagated along the nerve

fiber without decrement. Understanding nerve conduction is central to neurophysiology, as it

dictates the speed and reliability of information transfer within the nervous system. The speed and

efficiency of this process are highly dependent on the morphological characteristics of the nerve

fiber, particularly its diameter and the presence of myelin sheath.

The core principle involves changes in the permeability of the nerve cell membrane to specific ions,

primarily sodium (Na+) and potassium (K+). In its resting state, the neuron maintains a negative

internal charge relative to its external environment, a condition known as the resting potential.

Upon adequate stimulation--a stimulus exceeding the required threshold--voltage-gated ion

channels open, leading to a sudden influx of positively charged sodium ions. This rapid shift

reverses the membrane potential, initiating the spike potential or action potential, which then

propagates down the axon.

2. Early Conceptualizations: From Animal Spirits to Electricity

The understanding of nerve conduction has evolved dramatically since antiquity, moving from

philosophical speculation to concrete biophysical science. Early thinkers, such as René Descartes

in the 17th century, theorized that neural impulses were carried through the body by "animal

spirits" traveling in hollow tubes within the nerves. This pneumatic theory persisted for centuries,

reflecting the lack of tools available to measure the minute physiological changes occurring within

living tissue. The first significant empirical challenge to this view emerged in the late 18th century,

marking the transition toward an electrical understanding of biological signaling.

A pivotal moment occurred in 1791 when Luigi Galvani used the newly invented Leyden jar to

apply electricity to the legs of dead frogs, causing the muscle tissue to twitch. Galvani correctly

associated electricity with muscle activity but mistakenly concluded that the animal tissue itself

generated the electricity--a concept he termed "animal electricity." This finding, though

misinterpreted in its specifics, firmly associated nerve impulses with electrical phenomena rather

than purely mechanical or spiritual forces.
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The controversy surrounding Galvani's findings was resolved, in part, by Alessandro Volta around

1800. Volta demonstrated that similar electrical effects could be obtained without including animal

tissue in the circuit, proving that the electricity Galvani observed could originate from inorganic

sources (the dissimilar metals used in the experimental apparatus). While Volta's work corrected

Galvani's misattribution regarding the source of the current, the association between nervous

activity and electricity remained robust, setting the stage for 19th-century quantification.

3. Establishing the Electrical Nature and Measurability

By the early 19th century, the idea that nerve impulses were electrical in nature was widely

accepted, though the specifics remained elusive. In 1834, physiologist Johannes Müller asserted

that nerve conduction was clearly electrical. However, he maintained that the speed of this impulse

was likely immeasurable because he believed it approached the velocity of light, reflecting the

residual influence of early scientific skepticism regarding the physical limits of biological

measurement.

Müller's student, Emil DuBois-Reymond, fundamentally shifted this perspective. DuBois-Reymond

pioneered the modern understanding of the nerve impulse by insisting that the transmission was

not instantaneous but was, in fact, finite and measurable. He introduced the crucial concept of

polarization within the nerve fiber, suggesting that the impulse was generated by transient changes

in electrical potential along the axon. As noted by Boring (1950), DuBois-Reymond's experiments

were instrumental in removing the nervous impulse from the "mystic realm of animal spirits" and

firmly establishing it within the framework of materialistic science, paving the way for quantitative

neurophysiology.

Prompted by DuBois-Reymond's assertion of measurable speed, his friend and colleague,

Hermann von Helmholtz, successfully measured the speed of nerve conduction in 1850.

Helmholtz's measurements, conducted initially on frogs and later on humans, demonstrated that

nerve conduction velocity was remarkably slow compared to the speed of light, confirming that the

nerve impulse was a quantifiable physiological process subject to standard physical laws.

4. The Foundation of the Modern Theory: Bernstein and Membrane

Polarization

The detailed mechanism of how the electrical signal propagates was elucidated shortly after the

measurement of its speed. In 1866, Julius Bernstein provided the foundational theory of membrane

potential and depolarization. His work established that the nerve fiber maintains a resting potential

characterized by an electrical differential across the cell membrane.

Key to Bernstein's discovery was the observation that, during the resting state, the outside of the

nerve fiber membrane carries a positive charge, while the inside maintains a negative charge.
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Bernstein described the nerve impulse itself as a "wave of negativity" resulting from rapid, localized

changes in the permeability of the cell membrane. This insight directly linked the movement of ions

to the propagation of the signal.

When the nerve fiber receives adequate stimulation, the cell membrane temporarily becomes

highly permeable to positive ions, causing the negative charge inside to spread temporarily to the

outside, reversing the local polarity. This reversal constitutes the process of depolarization, which

sweeps along the fiber as a self-propagating electrical wave. This rapid change in membrane

potential, known as the spike potential, is the physical manifestation of the impulse traveling along

the axon, a mechanism central to all subsequent neuroscientific research.

5. Biophysical Factors Influencing Conduction Velocity

The speed at which the action potential travels along the axon, known as the conduction velocity,

is not constant across all neurons; it is critically dependent on the physical characteristics of the

fiber. Two primary factors dictate this speed: the diameter of the axon and the presence of

myelination (though myelination is not directly discussed in the source content, fiber thickness is

explicitly detailed).

The source content highlights that the speed of the impulse varies directly with the thickness of the

fiber. Nerve fibers typically range in diameter between 0.001 and 0.02 mm. Empirical

measurements have established a clear relationship between diameter and velocity: the rate of

conduction, expressed in meters per second, is approximately six times the diameter when the

diameter is measured in thousandths of a millimeter.

This relationship allows for precise calculation and prediction of nerve conduction speed. For

instance, a fiber with a diameter of 0.010 mm (ten thousandths of a millimeter) will conduct the

impulse at a rate of sixty meters per second (6 x 10 = 60 m/s). This direct correlation means that

thicker axons transmit information much faster than thinner ones, a crucial factor allowing the

nervous system to prioritize rapid signaling for critical functions like reflexes and motor control

using larger diameter fibers.

6. Dynamics of Neural Firing: Refractory Periods

Nerve conduction is a highly regulated process that includes built-in mechanisms ensuring the

discrete timing and directionality of impulses. One such mechanism is the refractory period,

discovered by F. Gotch and G. J. Burch in 1899. They observed that immediately following the

transmission of an impulse, the nerve fiber enters a brief period during which it cannot be

stimulated again; it must recover its excitability before it can fire anew.

The refractory phase was further analyzed in detail by E. D. Adrian and K. Lucas in 1912, who
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plotted the curve of recovery and differentiated between two distinct periods:

Absolute Refractory Period: This initial stage occurs immediately after the onset of the action

potential. During this period, the sodium channels are inactivated, and no stimulus, regardless of

its intensity or strength, can elicit a second action potential. This phase ensures that impulses

travel unidirectionally down the axon and limits the maximum frequency at which a neuron can fire.

Relative Refractory Period: Following the absolute phase, the nerve enters the relative refractory

period. During this time, the membrane is slowly returning to its resting potential. A stimulus must

be significantly more intense than the normal threshold stimulus (suprathreshold) to trigger a new

impulse, as the cell is still partially hyperpolarized or recovering.

These refractory periods are fundamental to neural coding, governing the pacing and patterning of

signals sent throughout the nervous system.

7. The All-or-None Principle

In addition to defining the dynamics of recovery, Adrian and Lucas (1912) are also credited with

discovering the all-or-none principle, a cornerstone of neurophysiology. This principle describes the

binary nature of the nerve cell response to stimulation.

The principle dictates that if a stimulus applied to a given nerve fiber is above the minimum

required threshold intensity, the resulting action potential will be generated fully and propagated

along the entire length of the fiber with maximum, uniform amplitude. The strength of the stimulus,

once it crosses the threshold, does not increase the size or speed of the resulting impulse. In

contrast, if the stimulus falls below the threshold strength, it will fail to excite the fiber at all; no

impulse will be generated.

This means that nerve conduction is not graded in intensity; rather, information about the strength

of a stimulus is encoded not by the magnitude of the individual impulse, but by the frequency at

which the impulses are generated (rate coding). The all-or-none principle simplifies the

communication process within the nervous system, ensuring that signals are transmitted reliably

and consistently once initiated.

8. Further Reading

Action potential - Wikipedia

Hermann von Helmholtz - Wikipedia

Emil du Bois-Reymond - Wikipedia
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