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Primary Disciplinary Field(s): Neuroscience, Cellular Physiology, Biophysics

1. Core Definition

An Action Potential (AP) is defined as a rapid, transient, and substantial change in the electrical

membrane potential of an excitable cell, such as a neuron or a muscle fiber. This phenomenon

involves a swift, regenerative sequence of voltage changes--specifically, a massive depolarization

followed immediately by repolarization and subsequent hyperpolarization--that propagates along

the length of the cell membrane without attenuation. Fundamentally, the AP serves as the primary

mechanism for long-distance communication within the nervous system, allowing information to be

transmitted quickly and reliably across vast networks.

The process initiates when the cell's membrane potential, typically maintained near the resting

membrane potential (around -70 mV in mammalian neurons), reaches a specific voltage

threshold, triggering the rapid opening and closing of voltage-gated ion channels. This temporary

shift in permeability reverses the electrical polarity of the cell membrane, transforming the internal

environment from negative relative to the exterior to positive relative to the exterior, creating a

wave of electrical excitation that constitutes the nerve impulse or drives muscle contraction.

Unlike graded potentials, which diminish over distance and time, the AP is an all-or-none event,

meaning that once the threshold is crossed, the magnitude and shape of the potential change

remain constant as it travels. This intrinsic reliability ensures that signals--whether sensory, motor,

or associative--maintain fidelity across the sometimes meter-long axons of the central and

peripheral nervous systems, representing the fundamental unit of cellular electrical signaling

crucial for complex organismic function.

2. Etymology and Historical Development

The foundational understanding of bioelectricity, which paved the way for the AP concept, traces

back to the 18th century with pioneers like Luigi Galvani, who demonstrated that electrical

stimulation could cause muscle contraction, suggesting an intrinsic electrical nature to animal

nerves. However, it was the development of precise instrumentation, particularly the galvanometer

and later the oscilloscope, in the 19th century that allowed scientists to measure these minute

electrical changes. Key early work confirmed that nervous transmission was indeed an electrical

process traveling at a measurable speed, rather than an instantaneous event, contradicting earlier

hydraulic theories.

The classic characterization of the action potential's waveform and underlying mechanism was

achieved primarily through the groundbreaking work of Alan Hodgkin and Andrew Huxley in the
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1940s and 1950s. Utilizing the giant axon of the squid (a large, accessible experimental model),

they employed the sophisticated voltage-clamp technique to meticulously measure the ionic

currents flowing across the membrane during an AP. This technique allowed them to isolate and

quantify the roles of specific ions in generating the transient potential changes.

Their resulting mathematical model, published in 1952, accurately described the permeability

changes of sodium (Na+) and potassium (K+) ions required to generate the complex AP waveform.

The Hodgkin-Huxley Model became the cornerstone of modern neuroscience, providing the first

comprehensive biophysical explanation for how voltage-gated ion channels operate to create

excitable membrane dynamics. This work, which earned them the Nobel Prize in 1963, firmly

established the AP not merely as a wave of electricity, but as a dynamic shift in ion concentrations

governed by precise molecular machinery.

3. Key Characteristics and Phases

The action potential is conventionally divided into several distinct phases, each dictated by specific

temporal changes in membrane permeability to major ions. The overall process begins at the

resting phase, where the membrane potential is stable and negative, primarily maintained by leak

channels and the Na+/K+ ATPase pump, which establishes the necessary electrochemical

gradients, ensuring high K+ concentration inside and high Na+ concentration outside the cell.

The critical transition is the depolarization phase, which is initiated when a subthreshold stimulus

causes the membrane potential to rise toward the threshold potential (typically between -55 mV

and -40 mV). Upon reaching this precise voltage, a powerful positive feedback loop is triggered:

voltage-gated Na+ channels rapidly open, causing a massive, swift influx of positively charged

sodium ions. This influx dramatically reverses the membrane potential, shooting up to a peak

positive value (often around +30 mV), reflecting the cell interior momentarily becoming positive

relative to the exterior.

Immediately following this peak is the repolarization phase. Two simultaneous, time-dependent

events drive this rapid reversal: first, the rapid inactivation of the voltage-gated Na+ channels

(stopping the depolarizing Na+ influx); and second, the comparatively slower opening of the

voltage-gated K+ channels. The subsequent efflux of positively charged potassium ions quickly

restores the negative potential inside the cell. This process often overshoots the resting potential,

leading to a brief period known as hyperpolarization or the undershoot, where the potential drops

slightly below the resting level before returning to equilibrium, ensuring proper timing and limiting

immediate re-firing.

4. Molecular Mechanism: Ion Channels

The precise shape and timing of the action potential are utterly dependent on the functional
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characteristics of specialized transmembrane proteins known as voltage-gated ion channels.

These channels act as molecular gates that open and close in response to changes in the

surrounding electrical field across the membrane. The two most critical channel types in neural

APs are the voltage-gated sodium channels (NaV) and the voltage-gated potassium channels

(KV).

The NaV channels are responsible for the steep rising phase of the AP and possess three distinct

conformational states: closed (at resting potential), open (during depolarization), and inactivated

(during repolarization). The transition from the closed to the open state upon reaching the

threshold is extremely fast, responsible for the regenerative, explosive nature of the depolarization

spike. Crucially, these channels spontaneously transition to the inactivated state shortly after

opening, irrespective of the membrane potential, a mechanism essential for defining the absolute

refractory period.

Conversely, the KV channels, while also gated by voltage, open and close much more slowly--a

delayed rectifier mechanism--than their sodium counterparts. Their delayed opening ensures that

the repolarizing current (K+ efflux) begins only after the peak of depolarization has been reached

and Na+ inactivation has occurred. This K+ efflux is essential for quickly terminating the AP and

restoring the negative potential. The coordinated, time-dependent interplay between the fast NaV

dynamics and the slow KV dynamics dictates the entire, invariant waveform of the action potential.

5. Propagation and Transmission

The action potential is not a stationary event; it is initiated typically at the axon hillock and

propagates unidirectionally along the axon membrane toward the terminal buttons. Propagation

occurs because the massive influx of Na+ ions during depolarization at one segment of the axon

creates local current loops that flow into the adjacent, resting segment of the membrane. This flow

of positive charge acts as an electrical stimulus, raising the neighboring segment's potential to the

threshold, thus triggering a new, full-sized action potential in that segment.

In unmyelinated axons (common in invertebrates and some parts of the vertebrate nervous

system), this process occurs continuously along the membrane, a relatively slow mechanism

dependent on the axon diameter. However, in the vast majority of vertebrate neurons, axons are

insulated by a fatty sheath called myelin, which is formed by glial cells (Schwann cells in the

periphery, oligodendrocytes in the CNS). Myelin acts as an electrical insulator, preventing ion flow

across the majority of the membrane surface.

Myelination forces the electrical signal to passively travel rapidly between intermittent, exposed

gaps in the sheath known as the Nodes of Ranvier, where the voltage-gated Na+ channels are

highly concentrated. This jump of the AP from node to node is termed saltatory conduction (from

the Latin saltare, "to jump"). Saltatory conduction dramatically increases the speed of transmission-
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-potentially exceeding 100 m/s--while simultaneously conserving metabolic energy, as ion pumping

(and thus ATP consumption) is only required at the sparse nodes where the AP is regenerated.

6. Refractory Periods

Following the generation of an action potential, the excitable cell enters a critical phase known as

the refractory period, during which it is resistant to further stimulation. This period is

fundamentally important for ensuring the discrete, non-overlapping nature of nerve impulses and

enforcing the strictly unidirectional propagation of the signal down the axon, preventing the AP

from traveling backward toward the cell body. The refractory period is divided into two parts based

on the level of membrane excitability.

The Absolute Refractory Period (ARP) spans the entire depolarization phase and the initial part

of the repolarization phase. During the ARP, it is physically impossible to generate a second action

potential, regardless of the strength or duration of the applied stimulus. This absolute resistance is

primarily due to the inactivation state of the voltage-gated Na+ channels; they are structurally

blocked and must recover from this inactivated state back to the closed, ready state, a process that

requires the membrane potential to fall back near the resting potential.

The subsequent phase is the Relative Refractory Period (RRP), which occurs during the final

phase of repolarization and the hyperpolarization (undershoot). During the RRP, a second action

potential can be generated, but only if the stimulus is significantly stronger than the normal

threshold stimulus. This reduced excitability is caused by two factors: the lingering presence of

open voltage-gated K+ channels (which drives the membrane potential further from the threshold),

and the fact that not all Na+ channels have fully recovered from inactivation, meaning fewer are

available to initiate the regenerative depolarization.

7. Significance and Impact

The Action Potential is considered the fundamental currency of information processing in the

nervous system. Its primary significance is encapsulated in the adherence to the All-or-None

Principle: if a stimulus reaches the threshold potential, a full-sized action potential is fired; if it

does not reach the threshold, no action potential occurs. The information transmitted by the AP is

not encoded by its amplitude (which is invariant), but rather by the frequency or rate of AP firing,

known as frequency coding or rate coding, where higher stimulation intensity leads to a higher

frequency of APs.

This binary, invariant nature ensures signal fidelity over long distances, preventing the degradation

of information that would inevitably occur if graded potentials were used for long-range

communication. In the central nervous system, APs transmit information across chemical

synapses, resulting in the release of neurotransmitters that excite or inhibit the postsynaptic cell,
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thereby forming the basis of all sensory transduction, motor command execution, and complex

cognitive function.

Pathological alterations to action potential generation or propagation underlie numerous

neurological, cardiac, and muscular disorders. Conditions affecting the function of ion channels,

collectively termed channelopathies, can lead to severe issues, ranging from inherited forms of

epilepsy and migraine to cardiac arrhythmias (in heart muscle cells) and various forms of periodic

paralyses. Therefore, the action potential represents a critical functional nexus in understanding

both normal physiological operation and disease etiology in all excitable tissues.

Further Reading

Action Potential (Wikipedia)

The Hodgkin-Huxley Model and the Action Potential (Neuroscience Textbook Chapter)

Voltage-Gated Ion Channels
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