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Introduction to Membrane Potential

The membrane potential (Vm) is defined fundamentally as the electrical potential difference, or

voltage, existing across the plasma membrane of a biological cell. This potential is a consequence

of the separation of electrical charge that occurs across the thin lipid bilayer, resulting in a

measurable electrical gradient between the intracellular fluid (cytosol) and the extracellular fluid.

This phenomenon is not merely a passive byproduct of cellular structure; rather, it represents a

critical form of stored energy essential for countless biological processes, particularly signal

transduction in excitable cells such as neurons and muscle fibers. By convention, the membrane

potential is always expressed as the electrical potential inside the cell relative to the outside, which

is arbitrarily set to zero millivolts (0 mV).

The establishment of this potential is rooted in the unequal distribution of specific charged

particles, primarily ions, across the membrane. Key ions involved include Potassium (K+),

Sodium (Na+), Chloride (Cl-), and various negatively charged impermeable organic molecules,

such as proteins and phosphate groups, trapped within the cytosol. The selective permeability of

the cell membrane, dictated by specialized protein channels and transporters, allows certain ions

to move more freely than others. This differential movement, driven by concentration gradients,

results in a net accumulation of negative charge immediately adjacent to the inner surface of the

membrane and a corresponding positive charge on the outer surface, forming an electrical dipole

layer.

While all living cells maintain a membrane potential, its functional significance varies dramatically.

In non-excitable cells, the potential serves roles related to cell volume regulation, transport

mechanisms, and energy coupling. However, in excitable cells, the membrane potential is

dynamically utilized. Rapid, controlled changes in Vm--known as action potentials--form the basis

for long-distance communication in the nervous system and are the triggers for muscle contraction

and glandular secretion. The precise control over the membrane potential, therefore, represents

the foundational mechanism by which organisms process information and execute coordinated

physiological responses, highlighting its central role in cellular physiology and neuroscience.

Structural Basis: The Cell Membrane

The structural integrity of the membrane potential relies entirely upon the unique properties of the

phospholipid bilayer. This structure acts as a highly effective electrical insulator, possessing a

high electrical resistance due to its hydrophobic interior, which prevents the free passage of

hydrated ions. If the membrane were freely permeable to all ions, the charges would rapidly

neutralize, and no persistent potential difference could be maintained. Therefore, the bilayer's role

is dual: it physically separates the major ion reservoirs (cytosol and extracellular fluid) and provides

the necessary medium for embedding the specialized molecular machinery that controls ion flow.
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The thickness of this insulating layer is extremely small, typically around 5 to 10 nanometers,

meaning that even a small charge separation creates an intensely powerful electrical field across

the membrane.

Embedded within this insulating matrix are the critical protein components that confer selective

permeability: ion channels and ion transporters. Ion channels are protein pores that span the

membrane, allowing specific ions (e.g., K+ or Na+) to diffuse down their electrochemical gradients.

These channels are characterized by high conductance and rapid passage of ions, and their

function is often regulated by specific gating mechanisms, such as changes in voltage, binding of

neurotransmitters (ligand-gated), or mechanical deformation. The sheer number and type of open

channels present at any given moment dictate the membrane's instantaneous permeability profile,

which in turn determines the current membrane potential.

Ion transporters, conversely, do not typically permit rapid flux but rather utilize energy (often

derived from ATP hydrolysis) to move ions against their electrochemical gradients. The most

prominent example is the Sodium-Potassium ATPase pump. While channels facilitate passive

flow that tends toward equilibrium, transporters actively maintain the steep concentration gradients

that are necessary to generate the potential in the first place. The interplay between passive

leakage through channels and active pumping by transporters ensures that the resting state of the

membrane potential is a stable, energy-dependent steady state rather than a thermodynamic

equilibrium, allowing the cell to store the electrochemical potential required for future signaling

events.

The Resting Membrane Potential (RMP)

The Resting Membrane Potential (RMP) refers to the stable, negative voltage maintained by an

excitable cell when it is not actively transmitting electrical signals. This potential typically falls within

the range of -60 mV to -90 mV, depending on the cell type. The RMP is not static in the sense of a

true equilibrium but is a dynamic steady state where the net movement of charge is zero, meaning

the slight inward leakage of positive ions is precisely balanced by the active outward transport of

ions by pumps. This steady state is overwhelmingly dominated by the movement of a single ion

species: Potassium (K+).

The primary reason the RMP is negative is the high permeability of the membrane to K+ ions in the

resting state, facilitated by numerous always-open Potassium leakage channels. Due to the high

intracellular concentration of K+ relative to the outside, the chemical gradient strongly drives K+ out

of the cell. As K+ (a positive ion) leaves, it separates from the large, negatively charged

intracellular proteins and organic phosphates, which are too large to follow. This efflux generates

an electrical force that becomes increasingly negative inside the cell. This growing negative

electrical potential eventually reaches a point where it is strong enough to exactly counteract the
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outward chemical driving force for K+.

While K+ dominance is key, the actual RMP is slightly less negative than the K+ equilibrium

potential because of minor, yet important, contributions from other ions. There is a small, steady

inward leak of Sodium (Na+) and, often, a degree of permeability to Chloride (Cl-). Since Na+ is

driven strongly inward by both its chemical and electrical gradients, this slow influx of positive

charge slightly depolarizes the membrane (makes it less negative). It is the critical function of the

Na+/K+ pump to continuously correct for these leakage currents, ensuring that the concentration

gradients required to maintain the negative RMP are preserved over time, thereby defining the

RMP as a fundamentally energy-dependent state.

Electrochemical Gradients and Ion Movement

The movement of any specific ion across the membrane is governed by the electrochemical

gradient, which is the sum of two distinct driving forces acting upon that ion. The first component

is the chemical gradient, determined by the concentration difference of the ion between the inside

and outside of the cell. Ions naturally tend to move from areas of high concentration to areas of low

concentration, seeking to equalize their distribution. For instance, Na+ concentration is much

higher outside the cell, creating a powerful chemical driving force pushing it inward whenever a

pathway (a channel) is open. Conversely, K+ concentration is higher inside, causing a chemical

drive for K+ to move outward.

The second component is the electrical gradient, which is determined by the membrane potential

(Vm) itself and the valence (charge) of the ion. Since like charges repel and opposite charges

attract, positive ions are attracted to the negative interior of the resting cell, and negative ions are

repelled. For K+, which is positive, the negative RMP creates an electrical force pulling it back into

the cell, opposing its outward chemical drive. For Na+, which is also positive, the negative RMP

adds to the inward chemical force, creating an extremely powerful net inward driving force when

sodium channels are open.

The net movement of an ion stops only when the chemical force and the electrical force are exactly

equal and opposite, a state defined as the ion's equilibrium potential (Eion). At any membrane

potential other than the Eion, there is a net driving force that determines the direction and

magnitude of the ion flux. If the Vm is more positive than the Eion, the electrical force is weaker

than the chemical force, leading to a net efflux of positive ions (or influx of negative ions).

Conversely, if the Vm is more negative than the Eion, the electrical force dominates, leading to a

net influx of positive ions. Understanding this dynamic interplay is crucial for comprehending how

the membrane potential shifts during signaling events.

ARABPSYCHOLOGY.C
OM

https://encyclopedia.arabpsychology.com/?p=16471
https://encyclopedia.arabpsychology.com
https://encyclopedia.arabpsychology.com


MEMBRANE POTENTIAL 5

Encyclopedia of psychology encyclopedia.arabpsychology.com

The Role of the Sodium-Potassium Pump

The continuous operation of the Sodium-Potassium ATPase pump (Na+/K+ pump) is

indispensable for the long-term stability of the membrane potential. As previously noted, even at

rest, there is a slow but persistent leakage of Na+ into the cell and K+ out of the cell through non-

gated channels. If this leakage were allowed to continue unchecked, the concentration gradients

would inevitably dissipate over time, leading to the collapse of the RMP and, ultimately, cell death.

The Na+/K+ pump actively counters these leaks by continuously transporting ions against their

gradients, effectively resetting the system and maintaining the steep concentration differences that

represent the cell's stored electrical energy.

The Na+/K+ pump is a complex transmembrane protein that functions as an energy transducer,

utilizing the hydrolysis of one molecule of ATP to fuel its transport cycle. Its stoichiometry is fixed:

for every molecule of ATP consumed, the pump moves three Na+ ions out of the cell and two

K+ ions into the cell. Because it transports three positive charges out for every two positive

charges brought in, the pump directly contributes to the negativity of the interior. This imbalance

makes the pump electrogenic, meaning it directly generates a small electrical current. This

electrogenic contribution typically accounts for about -3 mV to -5 mV of the resting potential, but its

primary and most vital role remains the maintenance of the concentration gradients themselves.

The necessity of the pump highlights why the RMP is correctly categorized as a steady state rather

than a simple equilibrium. While thermodynamic equilibrium occurs passively without energy input,

the steady state of the RMP requires constant expenditure of metabolic energy (ATP) to counteract

the natural tendency of ions to reach equilibrium. When cellular metabolism or oxygen supply is

impaired, ATP production ceases, the pump fails, and the concentration gradients run down. This

gradient collapse leads to a rapid depolarization of the membrane potential, demonstrating the

absolute reliance of cellular excitability on continuous, energy-consuming active transport

mechanisms provided by the pump.

Predicting Potential: The Nernst and Goldman Equations

To quantitatively understand the forces driving ion movement and to predict the electrical potential

generated by specific ion distributions, two fundamental mathematical models are employed. The

first is the Nernst Equation, which is used to calculate the equilibrium potential (Eion) for a

single ion species. The Nernst Equation determines the electrical potential required to exactly

balance the chemical gradient for a given ion. It is expressed as: Eion = (RT/zF) * ln(out / in),

where R is the gas constant, T is the absolute temperature, z is the valence of the ion, F is the

Faraday constant, and the logarithm relates the ion concentrations. Calculating Eion provides the

theoretical maximum potential that ion could generate if the membrane were permeable only to it,

serving as the ceiling for that ion's influence.
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However, because biological membranes are permeable to multiple ions simultaneously (K+, Na+,

Cl-), the actual membrane potential (Vm) rarely equals the Nernst potential of any single ion. To

calculate the realistic Vm, the Goldman-Hodgkin-Katz (GHK) Equation (or simply the Goldman

equation) must be used. The GHK equation is an extension of the Nernst concept, incorporating

the relative permeabilities (P) of all major contributing ions. This complex equation weights the

Nernst potential of each ion by its permeability factor. If the membrane suddenly becomes highly

permeable to Na+ (as during the rising phase of an action potential), the GHK equation shows that

the Vm rapidly shifts toward the ENa, reflecting sodium's new dominance in determining the

electrical characteristics of the membrane.

The GHK equation beautifully illustrates the fundamental determinant of the membrane potential:

the potential is always primarily governed by the ion or ions to which the membrane is most

permeable. In the resting state, where K+ permeability (PK) is vastly greater than Na+ permeability

(PNa), the calculated RMP using the GHK equation is predictably very close to the EK (typically

-90 mV). The small difference between the calculated RMP and EK is accounted for by the minimal

PNa and PCl. The power of the GHK equation lies in its ability to predict how dynamic changes in

permeability--such as the rapid opening and closing of voltage-gated channels--drive the massive

shifts in membrane potential that underlie all forms of electrical signaling.

Dynamic Changes: Graded and Action Potentials

While the resting potential represents the baseline, the functional purpose of the membrane

potential in excitable cells is its ability to change rapidly and dramatically in response to stimuli.

These dynamic shifts are categorized into two major types: graded potentials and action potentials.

Graded potentials are small, local changes in Vm that occur in response to stimuli, such as

neurotransmitter binding or sensory input. They are characterized by being proportional to the

strength of the stimulus (graded), and they are passive, meaning the current flows electrotonically

and rapidly decays over distance due to resistance and leakage. Graded potentials are crucial for

integrating incoming signals at the dendrites and cell body of a neuron.

If a graded potential successfully depolarizes the membrane at the axon hillock to a critical voltage

threshold (typically around -55 mV), it triggers an Action Potential (AP). The AP is a massive,

rapid, and transient change in Vm that propagates actively without decay along the entire length of

the axon. This all-or-none event is possible because it relies on positive feedback mechanisms

involving voltage-gated ion channels. The initial depolarization opens voltage-gated Na+ channels,

leading to a massive, self-reinforcing influx of Na+. This influx drives the Vm rapidly toward the

ENa (around +60 mV), causing the characteristic overshoot phase where the inside of the cell

transiently becomes positive relative to the outside.

The AP terminates through two simultaneous processes: the rapid inactivation of the voltage-gated
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Na+ channels and the delayed opening of voltage-gated K+ channels. The subsequent efflux of K+

rapidly repolarizes the membrane, driving the Vm back toward the EK. This K+ efflux often

undershoots the RMP, leading to a brief period of hyperpolarization, which temporarily makes the

cell refractory to further stimulation. This carefully orchestrated, sequential change in membrane

permeability--first to Na+ and then to K+--is the molecular basis for high-speed, reliable information

transmission throughout the nervous system, demonstrating the membrane potential's ability to

transition rapidly between different ion-dominated states.

Physiological and Clinical Importance

The precise regulation and controlled manipulation of the membrane potential are foundational to

nearly every critical physiological process involving communication and movement. In the nervous

system, action potentials are the vehicle for thought, sensation, and motor command. At the

synaptic cleft, changes in membrane potential (postsynaptic potentials) dictate whether a signal is

excitatory or inhibitory. In muscle tissue, the AP propagating along the muscle fiber membrane

(sarcolemma) triggers the release of intracellular calcium, initiating the mechanical process of

contraction, known as excitation-contraction coupling. Furthermore, in glandular cells, specific

patterns of membrane depolarization lead to the release of hormones or secretory products, linking

electrical events to endocrine function.

Disruption of the mechanisms that establish or modulate the membrane potential results in severe

pathology. Conditions affecting ion homeostasis, such as disturbances in extracellular potassium

concentration (hypokalemia or hyperkalemia), directly alter the EK and, consequently, shift the

RMP. For example, hyperkalemia makes the RMP less negative (depolarizes it), which can render

excitable tissues, particularly cardiac muscle, unstable and prone to dangerous arrhythmias.

Similarly, genetic mutations affecting the structure or function of specific ion channels

(channelopathies) are implicated in a wide array of neurological, cardiac, and muscular disorders,

including epilepsy, cystic fibrosis, chronic pain syndromes, and various forms of periodic paralysis.

Given its central role, the membrane potential and its associated ion channels represent one of the

most important targets in modern pharmacology. Numerous therapeutic agents are designed

specifically to modulate ion channel activity, thereby controlling cellular excitability. Local

anesthetics, for instance, block voltage-gated Na+ channels to prevent the initiation and

propagation of pain signals. Antiepileptic drugs often work by stabilizing the membrane potential or

enhancing inhibitory currents (e.g., Cl- influx). The study of membrane potential dynamics

continues to drive research in fields ranging from cardiovascular electrophysiology to molecular

neurobiology, underscoring its enduring significance as the fundamental electrical property of life.
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