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RESTING POTENTIAL

The Resting Potential of Excitable Cells

The Core Definition of Resting Potential

The resting potential is defined as the imbalance of electrical charge which is present between the

interior of an electrically excitable cell, such as a nerve cell or muscle fiber, and its surrounding
extracellular fluid. This potential difference is maintained when the cell is not actively transmitting a
signal, representing a state of electrical readiness or polarization. Essentially, it is the fundamental
mechanism that allows neurons to store potential energy, much like a charged battery, ready to be
rapidly discharged to send information across the nervous system. This stable, yet dynamic,
equilibrium is crucial because any deviation from this baseline voltage serves as the initial step in
generating a physiological response, whether that is the firing of a neural signal or the contraction
of a muscle.

For most mammalian neurons, the resting potential is consistently maintained around -70
millivolts (mV), meaning the interior of the cell is 70 mV more negative than the exterior
environment. This negative charge is not due to a simple deficiency of positive ions inside the cell;
rather, it is established by the highly selective permeability of the plasma membrane and the
differential distribution of various charged molecules, particularly large, negatively charged proteins
and amino acids trapped within the cell, combined with the precise movement of small inorganic
ions like sodium (Na+), potassium (K+), and chloride (Cl-). This complex interplay ensures the cell
remains polarized until an adequate stimulus triggers a change.

It is important to note that while all cells maintain some level of resting membrane potential, the
potential found in electrically excitable cells, such as neurons and glia, is uniquely positioned to
facilitate rapid, transient changes in voltage. This distinction is vital because the specialized
structure and high density of voltage-gated channels in neurons allow the resting potential to be
utilized immediately as the starting point for depolarization and the subsequent generation of an
action potential. In contrast, non-excitable cells maintain a potential primarily for purposes such as
nutrient transport or cell volume regulation, without the requirement for rapid electrical signaling.

Mechanisms: The Electrochemical Gradient

The stable negative voltage of the resting potential is primarily governed by the establishment of a
powerful electrochemical gradient across the cell membrane. This gradient is fundamentally a

combination of two forces acting on ions: the concentration gradient, which dictates that particles
move from areas of high concentration to low concentration, and the electrical gradient, which
dictates that opposite charges attract and like charges repel. These two forces work in tandem,
often in opposition to each other, resulting in a net movement of ions that settles precisely at the
resting potential equilibrium.
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The critical ions involved in generating this gradient are potassium (K+), which is highly
concentrated inside the cell, and sodium (Na+) and chloride (Cl-), which are highly concentrated
outside the cell. Because the cell membrane at rest is vastly more permeable to potassium ions
than to sodium ions--due to the presence of numerous potassium leak channels--K+ ions tend to
diffuse out of the cell, moving down their steep concentration gradient. As K+ leaves the cell, the
interior becomes progressively more negative, creating an electrical force that attempts to pull the
positive potassium ions back in.

This efflux of potassium continues until the electrical force pulling K+ back in exactly balances the
concentration force pushing K+ out. This specific voltage is known as the equilibrium potential
for potassium, which is typically close to -90 mV. However, since the membrane does possess a
slight, though limited, permeability to sodium ions and chloride ions, the final resting membrane
potential settles slightly above the potassium equilibrium potential, usually around -70 mV. This
slight deviation from the potassium equilibrium potential reflects the contribution of these other ions
and maintains the system in a state of dynamic readiness.

The Role of lon Channels and Pumps

Maintaining the high concentration gradients necessary for the resting potential requires
continuous, energy-intensive work performed by membrane proteins. The most critical component
in this process is the sodium-potassium pump (Na+/K+-ATPase). This active transport mechanism

expends tremendous amounts of energy, specifically derived from ATP hydrolysis, to continuously
pump three Na+ ions out of the cell for every two K+ ions it pumps back into the cell. This unequal
exchange contributes slightly to the negative resting potential (it is electrogenic), but its primary
and most vital role is ensuring the long-term stability of the concentration gradients, which would
otherwise dissipate over time due to the constant passive leakage of ions.

The second major players are the potassium leak channels, which are non-gated channels that
are always open. These channels are responsible for the membrane's high permeability to
potassium at rest, allowing K+ to passively flow out down its concentration gradient. It is this
specific, selective permeability that dictates the negative nature of the resting potential. If the cell
membrane were equally permeable to all ions, the charge difference would rapidly neutralize, and
electrical signaling would be impossible. The precise number and functionality of these leak
channels are therefore paramount to establishing the characteristic -70 mV baseline.

While the sodium-potassium pump sets up the large concentration differences and the leak
channels dictate the voltage, other ions and channels also play stabilizing roles. Chloride ions (CI-),
which are also highly concentrated outside the cell, typically move into the cell down their
concentration gradient, further contributing to the negative charge inside. However, in many central
nervous system neurons, chloride ion movement primarily serves to clamp the membrane potential
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near the resting state, resisting depolarization and ensuring the stability required for reliable signal
integration.

Historical Discovery and Early Research

The concept of the resting potential and its underlying ionic basis was fully elucidated through
groundbreaking research conducted in the mid-22th century, most notably by British physiologists
Alan Hodgkin and Andrew Huxley, along with their colleague Bernard Katz. Prior to their work,
scientists knew that nerves conducted electricity, but the precise mechanism governing the rapid
changes in voltage was unknown. Their pivotal experiments, primarily conducted during the 1940s
and 1950s, utilized the giant squid axon, a remarkably large nerve fiber (up to 1 mm in diameter),
which allowed them to insert microelectrodes directly into the cell interior for accurate
measurement of the potential difference.

By systematically manipulating the external concentrations of sodium and potassium ions and
observing the resulting changes in both the resting potential and the action potential, Hodgkin and

Huxley were able to deduce the exact roles played by these ions. They established that the resting
state was overwhelmingly dominated by potassium permeability, while the rapid depolarization
phase of the action potential was due to the transient increase in sodium permeability. This work
was a monumental achievement, shifting the understanding of neural transmission from a purely
electrical phenomenon to a chemically-mediated electrical process.

The culmination of their research was the development of the Hodgkin-Huxley Model, a set of
complex mathematical equations that accurately describe the flow of ionic currents across the
nerve membrane. This model not only explained the stable nature of the resting potential but also
successfully predicted the waveform and characteristics of the action potential. This foundational
work earned them the Nobel Prize in Physiology or Medicine in 1963 and remains the cornerstone
of modern cellular neurophysiology, providing the quantitative framework for understanding all
forms of electrical excitability.

Practical Significance in Neural Communication

The significance of the resting potential extends far beyond simply being the baseline voltage; it is
the essential prerequisite for all rapid and effective neural communication within the nervous
system. The resting potential represents a state of potential energy storage, where the unequal
distribution of ions across the membrane holds the energy necessary for the rapid discharge
required during signaling. Without this polarized state, a neuron would be unable to switch
instantaneously from a quiescent state to an active, firing state, rendering the nervous system
inert.

Furthermore, the stability of the resting potential is critical for integrating the thousands of synaptic
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inputs a single neuron might receive. When a neuron is bombarded by both excitatory postsynaptic
potentials (EPSPs, which depolarize) and inhibitory postsynaptic potentials (IPSPs, which
hyperpolarize), the resting potential acts as the zero-point for integration. The cell must sum these
inputs to determine if the collective stimulus is strong enough to reach the critical threshold
voltage--typically around -55 mV--required to trigger an action potential. If the resting potential
were unstable or fluctuating, the neuron's ability to reliably integrate complex information would be
severely compromised.

This dynamic equilibrium allows for precise control over excitability. The distance between the
resting potential (-70 mV) and the threshold potential (-55 mV) is known as the margin of safety.
Modulations in the resting potential caused by certain neurotransmitters or drugs can make the cell
either more excitable (if the potential moves closer to threshold) or less excitable (if it moves
further away, a state known as hyperpolarization). Therefore, the resting potential is not merely a
static number, but a precisely controlled physiological constant that dictates the sensitivity and
responsiveness of the entire nervous system.

Real-World Example: The Reflex Arc

A powerful example illustrating the necessity of the resting potential is the quick, involuntary
withdrawal reflex, such as pulling one's hand away from a hot object. Before the hand touches the
stove, the sensory neurons responsible for pain and temperature detection are maintaining their
stable resting potential of approximately -70 mV. This polarized state represents the "ready"
position, ensuring that the nerve fiber is quiet and not sending spurious signals to the central
nervous system.

The first step in the reflex arc occurs when the hand contacts the heat. Thermal energy acts as a
stimulus, activating specialized receptors in the skin. This activation causes local changes in ion
permeability, leading to the entry of positive ions and a slight initial depolarization of the sensory
neuron's membrane. This initial change is a graded potential, and its magnitude depends directly
on the intensity of the heat.

Crucially, the existence of the stable resting potential allows this graded potential to be rapidly
converted into an all-or-nothing signal. If the depolarization is strong enough to push the
membrane potential from the resting state of -70 mV to the threshold of -55 mV, the voltage-gated
sodium channels open instantaneously. This massive, rapid influx of sodium generates the full-
blown action potential, which races down the axon to the spinal cord. The immediate, reliable firing
of this action potential, which results in the rapid muscle contraction required for withdrawal,
fundamentally relies on the fact that the neuron was held in a hyperpolarized, highly charged state-
-the resting potential--just moments before.
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Connections to Related Neuroscientific Concepts

The resting potential is a central concept within the broader field of cellular electrophysiology and is

inextricably linked to several other core theories of neural function. Most obviously, it serves as the
foundation for the action potential. The action potential is a transient, self-regenerating electrical
impulse, and its entire waveform--the rising phase (depolarization), the peak, the falling phase
(repolarization), and the undershoot (hyperpolarization)--is measured relative to the resting
potential.

Furthermore, the resting potential is mathematically defined by the principles described in the
Nernst Equation and the Goldman-Hodgkin-Katz (GHK) Equation. The Nernst equation
calculates the equilibrium potential for a single ion, determining the voltage at which the electrical
and concentration gradients balance for that ion. The more complex GHK equation then takes the
relative permeabilities and concentrations of all major ions (K+, Na+, Cl-) into account to calculate
the actual resting membrane potential, confirming that the resting state is primarily a weighted
average of the equilibrium potentials of the most permeable ions.

Finally, the concepts of graded potentials--specifically excitatory postsynaptic potentials (EPSPS)
and inhibitory postsynaptic potentials (IPSPs)--are defined by their ability to shift the neuron away
from the resting potential. EPSPs move the potential closer to the threshold (depolarization), while
IPSPs move it further away (hyperpolarization). The integration of these graded potentials at the
axon hillock determines whether the stable electrical energy stored during the resting state is
released as an action potential, thus linking the quiescent baseline state directly to active
information processing.
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