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Undershoot

Primary Disciplinary Field(s): Neuroscience, Electrophysiology, Physiology

1. Core Definition and Context

The undershoot, often synonymously referred to as the afterhyperpolarization (AHP) phase, is a

critical component of the neuronal action potential waveform. It represents the transient period

immediately following the repolarization phase during which the cell's membrane potential

becomes more negative than its established resting potential. This phenomenon is fundamental to

understanding the kinetics of voltage-gated ion channels and the regulation of neuronal excitability.

In quantitative terms, the undershoot manifests as a dip below the baseline potential, typically

ranging from a few milliseconds to hundreds of milliseconds in duration, depending on the specific

neuron type and the complement of ion channels present. It acts as a safety mechanism, ensuring

that the neuron returns fully to a state where it is ready to fire another action potential, thereby

modulating the frequency and rhythmicity of spiking activity. The magnitude and duration of the

undershoot are precisely regulated, playing a vital role in processes such as frequency adaptation

and burst firing patterns observed throughout the central and peripheral nervous systems.

The concept of the action potential, of which the undershoot is an integral part, was meticulously

described through the pioneering work of Alan Hodgkin and Andrew Huxley in the 1950s, using the

giant squid axon model. Their mathematical framework, the Hodgkin-Huxley model, precisely

predicted the transient changes in membrane conductance responsible for the rapid depolarization,

the subsequent repolarization, and the final undershoot phase. Understanding the undershoot

requires a firm grasp of the dynamic interplay between sodium (Na+) and potassium (K+) ion

channels, particularly their inactivation and activation kinetics, which govern the highly

choreographed sequence of membrane permeability changes.

2. The Ionic Basis of Undershoot: Potassium Permeability

The primary ionic mechanism driving the undershoot is the prolonged and elevated conductance

of voltage-gated potassium (K+) channels. During the peak of the action potential, rapid

depolarization occurs due to the influx of sodium ions (Na+). This change in membrane potential

triggers the opening of voltage-gated K+ channels, albeit slightly delayed compared to the Na+

channels. While Na+ channels rapidly inactivate, the K+ channels remain open for an extended

period, allowing a significant efflux of positively charged potassium ions out of the cell.

This sustained outward flow of positive charge causes the membrane potential to swing back

rapidly toward and then momentarily past the equilibrium potential for potassium ($E_{K}$).

Since $E_{K}$ (typically around -90 mV) is often more negative than the standard resting
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potential (usually between -60 mV and -70 mV), the membrane potential temporarily

hyperpolarizes, creating the characteristic undershoot. The duration of this phase is determined by

the slow kinetics of these K+ channels closing; they do not instantaneously return to their resting

state once the depolarization stimulus is removed, necessitating a brief period of heightened K+

permeability.

Specific subtypes of potassium channels contribute differentially to the undershoot. For instance, in

many neurons, the delayed rectifier K+ channels (K$_{text{DR}}$) are crucial for the rapid

repolarization and the initiation of the immediate, fast component of the undershoot. Furthermore,

calcium-activated potassium channels ($K_{text{Ca}}$) can also play a significant role in

generating longer-lasting forms of afterhyperpolarization, known as medium or slow AHPs, which

are often involved in regulating spike frequency adaptation. The precise combination of K+ channel

subtypes dictates the shape, depth, and temporal characteristics of the resulting undershoot

waveform, providing functional diversity across different neuronal populations.

3. Detailed Phases of the Action Potential Cycle

To contextualize the undershoot, it is essential to review its position within the complete cycle of

the action potential. This cycle can be broken down into five distinct phases, demonstrating a

precise temporal sequence of membrane permeability changes orchestrated by voltage-gated ion

channels, ensuring the efficient and rapid transmission of electrical signals.

Resting Potential: The baseline electrochemical state of the neuron, maintained primarily by leak

channels and the Na+/K+ pump, typically ranging from -60 mV to -70 mV.

Depolarization/Rising Phase: Triggered by sufficient stimulus reaching threshold, leading to rapid

opening of voltage-gated Na+ channels and massive influx of Na+ ions, driving the potential

toward the Na+ equilibrium potential ($E_{text{Na}}$), which is strongly positive.

Overshoot/Peak: The moment the membrane potential peaks (usually around +30 mV), briefly

becoming positive relative to the extracellular environment, signifying maximal Na+ conductance.

Repolarization/Falling Phase: Na+ channels rapidly inactivate, stopping the inward current, while

voltage-gated K+ channels are fully open, allowing K+ efflux. This outward positive current

rapidly returns the potential toward negative values.

Undershoot/Hyperpolarization Phase: The state where K+ conductance remains transiently

higher than at rest, causing the membrane potential to dip below the resting threshold. This phase

corrects the ionic imbalance and prepares the neuron for the subsequent firing event.

The transition from the repolarization phase into the undershoot is smooth and continuous,

representing an overcorrection. The system overshoots its target (the resting potential) because

the voltage-gated K+ channels that opened during depolarization are slow to close, creating a

temporary imbalance where the membrane is transiently more permeable to potassium than it is
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during the true steady-state resting phase. This brief period of hyperpolarization ensures a

complete reset of the electrochemical gradients necessary for the next signal transmission and

plays a regulatory role in subsequent excitability.

4. Refractory Periods and Undershoot

The undershoot is intrinsically linked to the concept of neuronal refractory periods, which dictate

the maximum frequency at which a neuron can fire and maintain signal fidelity. The refractory

period is traditionally divided into two critical segments that define the neuron's readiness to

respond to further stimuli.

Absolute Refractory Period: This period encompasses the depolarization and most of the

repolarization phase, during which no stimulus, regardless of strength, can elicit a second action

potential. This absolute unresponsiveness is primarily due to the inactivation of Na+ channels,

which must recover from this inactivated state before they can open again to initiate a new rising

phase.

Relative Refractory Period: This period coincides largely with the undershoot phase. During the

undershoot, the membrane is hyperpolarized, meaning it is further away from the firing threshold

compared to the normal resting state. Although Na+ channels have recovered from inactivation,

the hyperpolarization raises the threshold for firing. Consequently, a second action potential can be

triggered, but only if the stimulus is significantly stronger (suprathreshold) than the stimulus

required during the resting state to overcome the inhibitory effect of the hyperpolarization.

The undershoot thus serves a crucial regulatory role in spike timing and frequency coding. By

actively pushing the membrane potential away from the threshold, it imposes a temporal limitation

on the neuron's immediate capacity to fire. This transient reduction in excitability prevents signal

instability, such as rapid, chaotic firing, and ensures that action potentials propagate

unidirectionally and distinctly, preserving the integrity of the neural message.

5. Functional Significance in Neural Signaling

The precision afforded by the undershoot is fundamental to the sophisticated computational

capabilities of the nervous system. Its functional significance extends beyond mere signal

termination; it actively shapes the temporal coding, rhythmicity, and overall excitability profile of

neuronal circuits, essential for complex brain functions.

One major function is frequency adaptation (or spike-frequency accommodation). When a neuron

receives a prolonged, constant stimulus, the initial firing rate is high but gradually slows down over

time. This slowing is often mediated by the cumulative effect of the undershoots, particularly those

generated by slow $K_{text{Ca}}$ channels. The prolonged hyperpolarization after each spike

makes the subsequent spike more difficult to initiate by increasing the required stimulus intensity,
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leading to a reduction in firing frequency over time. This mechanism allows neurons to encode

changes in stimulus intensity rather than just sustained presence, promoting efficiency in sensory

processing.

Furthermore, the undershoot is essential for generating specific, organized patterns of activity,

such as burst firing. In certain neurons, a rapid sequence of spikes is followed by a prolonged,

deep undershoot. This resultant hyperpolarization can serve a dual purpose: first, it temporarily

shuts down regular firing, and second, the subsequent recovery from this deep hyperpolarization

can deinactivate low-threshold voltage-gated T-type calcium channels. The activation of these

channels leads to a rebound depolarization that initiates the next burst cycle. Thus, the undershoot

helps to define the temporal structure of neural output, which is critical for generating rhythmic

activity in areas related to motor control, sleep cycles, and memory consolidation.

6. Factors Influencing Undershoot Magnitude and Kinetics

The magnitude (depth) and kinetics (duration) of the undershoot are not static properties but are

dynamically regulated by numerous intrinsic and extrinsic factors, allowing for significant plasticity

and fine-tuning of neuronal function in response to physiological demands or environmental

changes.

Intrinsic factors primarily revolve around the expression levels and biophysical properties of the

voltage-gated potassium channels involved. Variations in the gene expression of different K+

channel subunits can drastically alter the total K+ conductance during the repolarization phase. For

example, high expression of delayed rectifier (K$_{text{DR}}$) channels leads to a more rapid

repolarization and potentially a deeper, yet shorter, undershoot due to faster channel inactivation.

Conversely, the involvement of channels with inherently slow inactivation kinetics, such as specific

subtypes of calcium-activated potassium channels ($K_{text{Ca}}$), results in a significantly

prolonged undershoot phase, sometimes lasting hundreds of milliseconds.

Extrinsic factors include crucial neuromodulatory influences exerted by neurotransmitters and

hormones released by neighboring cells or distant endocrine sources. Receptors coupled to G-

proteins can activate intracellular signaling cascades (e.g., via cAMP or kinases) that

phosphorylate or dephosphorylate ion channels, effectively gating them. For example, activation of

muscarinic acetylcholine receptors, often associated with arousal and attention, can suppress

certain types of K+ currents responsible for the AHP. This modulation reduces the magnitude or

shortens the duration of the undershoot, thereby increasing overall neuronal excitability and

facilitating repetitive firing. Conversely, neuromodulators that enhance K+ conductance, such as

certain opioid peptides, will deepen the undershoot, leading to decreased excitability and

stabilization of the membrane potential.
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7. Clinical Relevance and Pathophysiology

Disruptions in the precise ionic mechanisms underlying the undershoot are frequently implicated

in a variety of neurological and psychiatric conditions, highlighting the essential nature of proper K+

channel function in maintaining neural homeostasis and preventing pathological excitability.

Conditions known as channelopathies, which involve genetic mutations affecting the structure or

function of ion channels, frequently manifest altered action potential waveforms, including aberrant

undershoots. For example, mutations in potassium channel genes (e.g., KCNQ family, responsible

for $M$-currents) can lead to forms of epilepsy, where a reduced or absent undershoot fails to

stabilize the membrane potential. This failure results in hyperexcitability, leading to spontaneous,

uncontrolled firing and subsequent seizure activity. Conversely, conditions causing excessively

deep or prolonged undershoots can result in hypoexcitability, potentially contributing to symptoms

observed in certain movement disorders or cognitive impairments where neuronal communication

is dampened.

Pharmacological agents targeting the nervous system often leverage the undershoot mechanism

to restore physiological function. While many anti-epileptic drugs (AEDs) work by modulating Na+

channels or enhancing inhibitory GABAergic transmission, others specifically target K+ channels to

stabilize the resting potential and prevent the pathological hyper-excitability associated with seizure

foci. For instance, K+ channel openers can deepen the undershoot, providing therapeutic

inhibition. Furthermore, toxins and venoms that selectively block or modify specific K+ channel

subtypes are invaluable research tools that help neuroscientists map the precise contribution of

different channel populations to the overall undershoot waveform, paving the way for targeted drug

development.

8. Further Reading

For deeper academic study of the undershoot and the complex mechanisms governing the action

potential, the following authoritative resources are recommended:

Action Potential - Wikipedia: A comprehensive overview of the electrical event and its constituent

phases.

Neuroscience, 6th Edition (Purves et al.) - Chapter 4: Ion Channels and the Generation of the

Action Potential: Detailed academic text covering ion channel biophysics.

Afterhyperpolarization - Wikipedia: Specific entry detailing the undershoot phase and its relation to

potassium currents.

Voltage-Gated Potassium Channel - ScienceDirect Topics: Information regarding the specific

molecular components driving repolarization and the undershoot.
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