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Abstract  

Excitable tissues-including neurons, skeletal muscle fibers, cardiac myocytes, and certain smooth 

muscle cells-generate and propagate bioelectrical signals fundamental to organismal function. These 

signals arise through voltage- and ligand-gated ion channels, ionic gradients maintained by ATP-

dependent pumps, and dynamic changes in membrane capacitance and resistance. This article 

presents an expanded analysis of resting and dynamic membrane potentials, ionic fluxes, channel 

gating kinetics, electrotonic conduction, and tissue-specific electrophysiological specializations. 

Mathematical frameworks such as the Nernst, Goldman–Hodgkin–Katz (GHK), and Hodgkin–

Huxley formulations are discussed. Tables summarize equilibrium potentials, gating variables, 

conduction velocities, pacemaker properties, and excitation–contraction coupling parameters. This 

work aims to provide a comprehensive, graduate-level overview of the biophysical principles 

governing excitability.  
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Introduction  

Excitable tissues convert chemical and physical stimuli into electrical responses. The membrane 

potential of these cells mirrors a delicate electrochemical balance maintained by selective 

permeability, governed by various ion channels, carrier proteins, and pumps. 

Excitability hinges on three molecular pillars: 

1. Ion gradients maintained by ATPases, particularly Na⁺/K⁺-ATPase. 

2. Voltage-gated ion channels with activation, inactivation, and recovery states. 

3. Membrane architecture, including myelin, T-tubules, intercalated discs, and gap junctions. 

The understanding of bioelectrical events has expanded dramatically through advances in patch-

clamp techniques, computational electrophysiology, and imaging modalities. This review organizes 

essential concepts into an integrated narrative. 

Excitable tissues exhibit a unique capacity to generate rapid electrical transitions due to the presence 

of steep ionic gradients and highly specialized membrane proteins. Their resting membrane potential 

emerges from two dominant factors: the asymmetric distribution of ions across the plasma 

membrane and the selective permeability of ion channels. The main ionic distributions may be 

quantified using the Nernst equation 

𝐸𝑥 =
𝑅𝑇

𝑧𝐹
ln⁡(

[𝑋]𝑜𝑢𝑡
[𝑋]𝑖𝑛

), 
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which defines the equilibrium potential for a single ion. At physiological temperature (37°C), this 

simplifies to 

𝐸𝑥 ≈ 61.5log⁡(
[𝑋]𝑜𝑢𝑡
[𝑋]𝑖𝑛

) mV, 

 

a relationship fundamental to neuronal and muscular electrophysiology. When multiple ions 

contribute simultaneously, the membrane potential is better represented by the Goldman–Hodgkin–

Katz (GHK) equation, which incorporates the relative permeabilities of K⁺, Na⁺, and Cl⁻: 

𝑉𝑚 = 61.5log⁡(
𝑃𝐾[𝐾

+]𝑜𝑢𝑡 + 𝑃𝑁𝑎[𝑁𝑎
+]𝑜𝑢𝑡 + 𝑃𝐶𝑙[𝐶𝑙

−]𝑖𝑛
𝑃𝐾[𝐾+]𝑖𝑛 + 𝑃𝑁𝑎[𝑁𝑎+]𝑖𝑛 + 𝑃𝐶𝑙[𝐶𝑙−]𝑜𝑢𝑡

). 

 

This quantitative framework reflects the dominance of potassium conductance under resting 

conditions and explains why small alterations in extracellular K⁺ can have profound effects on 

excitability. 

The ionic gradients underlying these potentials are illustrated in Table 1, emphasizing their 

contribution to the electrical behavior of excitable cells. 

 

Table 1. Typical Ion Concentrations and Equilibrium Potentials (37°C) 

Ion Intracellular (mM) Extracellular (mM) Equilibrium Potential (mV) 

K⁺ 140 4 –94 

Na⁺ 10 140 +60 

Cl⁻ 4–20 110 –76 

Ca²⁺ 0.0001 2.4 +134 

Under resting conditions, the membrane functions as an electrical capacitor with a specific 

capacitance of approximately 1 µF/cm². The dynamic interaction between capacitance (C_m) and 

membrane resistance (R_m) shapes the temporal response of the cell, captured by the time constant 

𝜏 = 𝑅𝑚 × 𝐶𝑚, 

 

while the spatial spread of electrical signals within dendrites or unmyelinated axons follows the 

length constant 

𝜆 = √
𝑟𝑚
𝑟𝑖
, 

 

reflecting the ratio of membrane resistance to internal axoplasmic resistance. 

When an adequate depolarizing stimulus is delivered, voltage-gated Na⁺ or Ca²⁺ channels undergo 

rapid activation, allowing an inward surge of cations that produces the rising phase of the action 

potential. The ionic currents underlying these rapid changes are often modeled using the Hodgkin–

Huxley formalism, which expresses Na⁺ and K⁺ conductances as functions of probabilistic gating 

variables: 

𝐼𝑁𝑎 = 𝑔𝑁𝑎𝑚
3ℎ(𝑉 − 𝐸𝑁𝑎), 𝐼𝐾 = 𝑔𝐾𝑛

4(𝑉 − 𝐸𝐾), 
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where the activation (m, n) and inactivation (h) variables follow voltage-dependent kinetics. These 

equations form the theoretical backbone for quantitative descriptions of neuronal and muscular 

excitability. 

Action potentials vary considerably among tissue types. Neurons possess short (2–3 ms) spikes, 

whereas skeletal muscle fibers exhibit slightly longer events, and cardiac ventricular myocytes 

display prolonged plateaus essential for synchronized contraction. These differences arise from 

distinct sets of ion channel isoforms, gating kinetics, and intracellular calcium-handling strategies. 

Table 2 provides a comparative summary of these electrophysiological characteristics. 

 

Table 2. Comparative Action Potential Properties Across Excitable Tissues 

Tissue Type 
Duration 

(ms) 

Peak Voltage 

(mV) 

Dominant Depolarizing 

Current 
Special Feature 

Neuron 2–3 +30 to +40 Fast Na⁺ Rapid firing capability 

Skeletal muscle 5–10 +20 to +30 Fast Na⁺ 
Coupled to T-tubule 

system 

Cardiac atrial 100–150 +20 Ca²⁺ (L-type) Moderate plateau 

Cardiac 

ventricular 
200–300 +30 Na⁺ + Ca²⁺ Long plateau (phase 2) 

SA node ~150 +10 Ca²⁺ (T-type, L-type), I_f No stable RMP 

 

Propagation of action potentials depends heavily on membrane architecture. In unmyelinated fibers, 

conduction is continuous and limited by axial resistance, whereas in myelinated axons, low 

capacitance and high resistance of the internodes support saltatory conduction. The voltage 

effectively “jumps” between nodes of Ranvier, where Na⁺ channels reach densities over 1000 

channels/µm². These structural differences yield a near 100-fold increase in speed compared to 

unmyelinated fibers. Table 3 highlights representative conduction velocities and their determinants. 

 

Table 3. Conduction Velocities and Structural Determinants 

Fiber Type Conduction Velocity (m/s) Determinants 

Unmyelinated C-fiber 0.5–2 Small diameter, continuous conduction 

Myelinated Aδ fiber 5–30 Thin myelination, moderate diameter 

Myelinated Aα fiber 80–120 Thick myelin, large diameter 

Purkinje fiber 2–4 High gap-junction density 

Skeletal muscle fiber 3–5 Long fiber geometry 

 

At synaptic terminals, the transformation of electrical information into chemical signaling requires 

the entry of Ca²⁺ through voltage-gated channels (Cav2.1 and Cav2.2). The influx activates 

synaptotagmin, triggering SNARE-mediated vesicle fusion. Post-synaptically, ionotropic receptors 

such as AMPA, NMDA, and GABA_A channels determine whether the electrical response is 
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excitatory or inhibitory. The direction of Cl⁻ movement through GABA_A channels depends on 

intracellular Cl⁻ concentration, itself regulated by cotransporters such as NKCC1 and KCC2. 

In cardiac pacemaker tissues, the absence of a stable resting potential results from the activity of 

hyperpolarization-activated cyclic nucleotide–gated (HCN) channels producing the “funny current” 

(I_f), which contributes to spontaneous diastolic depolarization. This gradual depolarization is 

further driven by T-type and L-type Ca²⁺ currents and counteracted by the slow deactivation of 

outward K⁺ currents. The periodicity of these ionic interactions underlies the automatic rhythm of 

the heart. 

Excitation–contraction coupling mechanisms differ sharply between muscle types. Skeletal muscle 

relies on mechanical coupling between L-type Ca²⁺ channels (DHPR) and ryanodine receptors 

(RyR1), whereas cardiac muscle employs calcium-induced calcium release through RyR2. These 

distinctions produce different kinetics of contraction, relaxation, and susceptibility to pathological 

disturbances. 

Finally, many diseases of excitable tissues arise from mutations in ion channels or their regulatory 

proteins-conditions broadly termed channelopathies. Long QT syndrome results from defects in 

KCNH2 (hERG) or SCN5A channels; Brugada syndrome reflects impaired Na⁺ channel function; 

myotonia congenita arises from mutations in CLCN1; and malignant hyperthermia is linked to RyR1 

abnormalities. These disorders underscore the degree to which bioelectrical behavior depends on 

precisely regulated ionic mechanisms. 

 

Conclusion 

Bioelectrical events in excitable tissues arise from the interplay between ionic gradients, membrane 

properties, and specialized voltage-dependent channels. The dynamics of action potentials, 

pacemaker activity, and excitation–contraction coupling govern complex physiological functions 

ranging from thought and movement to rhythmic cardiac activity. By integrating mathematical 

frameworks with molecular biology and electrophysiological data, we obtain a coherent 

understanding of excitability. Such knowledge informs modern diagnostics, guides therapeutic 

interventions in channelopathies and arrhythmias, and supports emerging bioengineering efforts 

such as neural prosthetics and cardiac pacing technologies. 
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