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1. INTRODUCTION TO BIOELECTRICITY 
AND EXCITABLE CELLS 

Historical perspective: 

 Bioelectricity first discovered by Luigi 
Galvani in 1780s 

 Originally termed “animal electricity” 

 Galvani thought that a special electrical 
fluid was prepared by the brain, flowing 
through the nerve tubes into muscles 
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Modern perspective: 

 Bioelectricity is now known to obey the 
same fundamental laws of electricity in 
the atmosphere, conducting wires, 
semiconductors, etc. 

 However, there are some substantial 
differences between bioelectrical 
systems and man-made electrical 
systems. 
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Comparison of bioelectricity and man-made 
electrical systems: 

Man-made 
electrical 
systems 

Charge 
carriers are 
electrons 
within a 
conductor 

Current flow 
within 
(insulated) 
conductors 

Bioelectricity Charge 
carriers are 
ions within an 
electrolyte 

Current flow 
inside and 
outside of 
(partially-
insulated) cell 
membranes 
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Comparison (cont.): 
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Ionic flow in terms of particle movement: 

 From the perspective of chemistry, ionic 
movements are described in terms of 
moles, where one mole is: 

NA =  6.0225 £  1023 molecules, 

 Avogadro’s number. 

 Ionic flows are then described in units of 
moles per second and fluxes (here 
denoted by the lowercase letter j ) in units 
of moles per second per unit area. 
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Ionic flow in terms of charge movement: 

 From the perspective of electricity, ionic 
movements are described in terms of 
coulombs, where an electron (and hence 
a univalent ion) has an electrical charge 
of 1.6 £  10¡ 19 coulombs. 

 Ionic flows are then described in units of 
coulombs per second (or amperes) and 
fluxes (here denoted by the uppercase 
letter J) in units of amperes per unit area, 
e.g., amperes per cm2. 
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Converting between particle flow and 
electrical current: 
 Ionic movement can be described in 

terms of either particle flow or electrical 
current. 

 The conversion factor is Faraday’s 
constant: 
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Ionic composition of excitable cells: 
 Sodium (Na+ ) and potassium (K+ ) are 

the most important ions for the electrical 
activity of the majority of excitable cells. 

 Calcium (Ca2+ ) and chloride (Cl¡ ) play a 
significant role in some circumstances. 

 Many of the fundamental properties of 
ionic movement are the same no matter 
which ion is being considered. 

 Consequently, we will often derive 
mathematical expressions for “the pth 

ion”. 
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Ionic composition (cont.): 
 Example intra- and extra-cellular ionic 

concentrations are given below. 

 

 

 

 

 

 Note that the particular ratios of intra- to extra-
cellular ionic concentrations are similar across 
different types of excitable cells. 
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Nernst-Planck Equation: 
 The Nernst-Planck equation describes 

the effects of spatial differences in 
concentration and/or electric potential on 
ion flow. 

 The individual effect of a concentration 
gradient is described by Fick’s law of 
diffusion. 

 The individual effect of an electric 
potential gradient is described by Ohm’s 
law of drift. 
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Excitable cells: 

 Cells that can generate electrical 
potentials and currents are referred to as 
excitable cells. 

 These potentials and currents can be 
observed in the cells’ interior volume, 
across their membranes, and in their 
surrounding conducting volume. 

 Excitable cells include nerve cells 
(neurons), muscle fibers, and sensory 
receptor (transducer) cells. 
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Membrane structure: 

 Excitable cells are surrounded by a 
plasma membrane consisting of a lipid 
bilayer. 

 The passage of ions through the 
membrane is regulated by: 

1. Pumps and exchangers 

2. Channels 
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Membrane structure (cont.): 
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Pumps and exchangers: 
 Pumps are active processes (i.e., they 

consume energy) that move ions against the 
concentration gradients. 

 Exchangers use the concentration gradient of 
one ion to move another ion against its 
concentration gradient. 

 The purpose of pumps and exchangers is to 
maintain the different intra- and extra-cellular 
ionic concentrations. 

 The major ion transporters are: Na+ -K+  pump, 
Na+ -Ca2+  exchanger, Ca2+  pump, Bicarbonate-
Cl¡  exchanger, Cl¡ -Na+ -K+  cotransporter. 
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Membrane capacitance: 
 The lipid membrane itself has a specific 

resistance of 109 Ω¢cm2, i.e., it is 
effectively an insulator. 

 Consequently, charge can build up on 
each side of the membrane in regions 
where there are no channels or where 
channels are closed. 
Because of the thinness of the 
membrane, it acts as a capacitor, with a 
capacitance typically around 
Cm =  0.9 µF/ cm2. 
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Ion flow through open channels: 
 From the Nernst-Planck equation, the flow of 

the pth ion will depend on both the 
concentration gradient of the pth ion and an 
electric potential gradient. 

 For an excitable cell, the unequal 
concentration of ions in the intra- versus extra-
cellular spaces produces ion flow through any 
open ion channels. 

 Ions will accumulate on the membrane 
because of its capacitance, producing an 
electrical field across and within the 
membrane that will in turn exert a force on all 
charged particles within ion channels. 
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Nernst equilibrium: 
A Nernst equilibrium is achieved for a 
particular ion when the electric field force 
exactly counteracts the force of the 
concentration gradient for that ion, such that 
the net flow through an ion channel is zero: 
 
 
and hence: 
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Nernst potential: 
Thus the potential difference across the 
membrane at equilibrium, referred to as the 
Nernst potential, is: 
 
 
 
where the transmembrane potential Vm is 
defined as the intracellular potential Φi 
minus the extracellular potential Φe. 
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Equilibrium potentials: 
The Nernst potential for a particular ion is 
often referred to as the equilibrium potential 
and is given the symbol Ep. 
For example, the equilibrium potentials for 
sodium and potassium ions are given the 
symbols ENa and EK, respectively. 
The equilibrium potential is also sometimes 
referred to as the reversal potential, 
because at this potential the direction of the 
ionic current reverses from inwards to 
outwards, or vice versa. 
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Example equilibrium potentials: 

(from Johnston 
and Wu) 
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Relative charge depletion and 
electroneutrality: 
The Nernst equilibrium is achieved via movement 
of ions from the inside to the outside of the 
membrane, which might (i) deplete a particular ion 
and (ii) move the electrolyte away from a condition 
of electroneutrality. 
However, for typical intra- and extra-cellular 
volumes found in excitable cells, movement of less 
than 0.1% of available ions is capable of charging 
up the membrane, i.e., changing the membrane 
potential by values on the order of 100 mV, and 
thus charge depletion and loss of electroneutrality 
are typically negligible. 
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Parallel conductance model (cont.): 
 Simplifying assumptions can be made about 

the concentration and electric potential 
gradients, but unfortunately the resulting 
mathematical expressions do not accurately 
describe the behaviour of most ion channels. 

 Consequently, a phenomenological description 
of current flow in ionic channels is typically 
used.  This parallel conductance model 
does incorporate three earlier results: 
1. the capacitance of the plasma membrane, 
2. the conductive nature of ion flow, and 
3. the equilibrium potential for each ion. 
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Parallel conductance model (cont.): 
Assuming independent conductance channels for K+ , Na+  
and Cl¡ , the electric circuit for a membrane patch is: 
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Ionic currents: 
The current for the pth ion is assumed to be 
proportional to how far the membrane potential Vm 
deviates from the equilibrium potential Ep, with the 
constant of proportionality gp corresponding to the 
instantaneous conductance of the channel. 
For the three ionic channels shown in Fig. 3.3, we 
have: 
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Capacitive current: 
The capacitive current is: 
 
 
 
where C is the capacitance for the patch of 
membrane. 
Importantly, at rest (i.e., at steady state), 
I C =  0 because dVm/ dt =  0. 
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Resting Vm at steady-state: 
The total transmembrane current is: 
 
 
Assuming that no current is being injected into the 
intra- or extra-cellular space, the total 
transmembrane current must be zero, such that at 
steady state: 
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Resting Vm at steady-state (cont.): 
Solving for Vm to obtain the resting 
transmembrane potential Vrest gives: 
 
 
 
That is, the resting membrane potential is 
the weighted sum of the equilibrium 
potentials, where the weightings depend on 
the resting values of the ionic conductances. 
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Example resting Vm: 
Assuming the following equilibrium 
potentials and resting ionic conductances for 
the squid axon: 
 
 
 
 
from Eqn. (3.31) we find that the resting 
membrane potential is Vm =  ¡ 68.0 mV. 
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Contributions from chloride: 
Although the resting membrane potential in the 
previous example is quite close to the chloride 
equilibrium potential, it is primarily potassium that 
determines the resting potential (which would be ¼ 
¡ 71.0 mV if the chloride channel were ignored). 
This is because the intracellular chloride 
concentration is so small that it undergoes large 
percentage changes with just small amounts of 
chloride influx or efflux. 
Consequently, the chloride equilibrium potential 
tends to track the resting potential determined by 
potassium. 
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Effect of I m and I ion on Vm: 
The total transmembrane current I m can change 
because of current injected into a patch of 
membrane by an electrode in a physiological 
experiment or by a propagating potential under 
normal physiological operation. 
Alternatively, the net ionic current I ion can change 
because of ion channel gating, i.e., changes in gp 
giving rise to a change in the membrane 
resistance R. 
How do each of these factors contribute to 
changes in the transmembrane potential Vm? 
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Effect of I m and I ion on Vm (cont.): 

(from Koch) 



33 

Effect of I m and I ion on Vm (cont.): 
The response of the transmembrane potential Vm 
for a patch of membrane with constant membrane 
resistance R initially at Vrest and then subjected to 
an intracellularly-injected current step of amplitude 
I 0 is: 

 

 

 
 
where τ =  RC and V0 =  I 0R =  Vm(t! 1 )−Vrest. 
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Effect of I m and I ion on Vm (cont.): 
The transmembrane potential Vm for a patch 
of membrane with constant membrane 
resistance R initially at Vm(t= 0) and with no 
current injection returns to the resting 
potential according to: 

 

where τ =  RC. 
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Effect of I m and I ion on Vm (cont.): 
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Effect of I m and I ion on Vm (cont.): 
Consider a parallel conductance model with 
sodium and potassium ionic channels.  The 
response of the transmembrane potential Vm 
for a patch of membrane initially at Vrest and 
then subjected to an instantaneous change 
in the sodium conductance to gNa

0 is: 

 

where τ0 =  R0C and V0 =  Vm(t! 1 )−Vrest. 
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Effect of I m and I ion on Vm (cont.): 
The new membrane conductance G0 or its 
reciprocal the membrane resistance R0 is 
given by: 
 
 
and the new steady-state potential Vm(t! 1 ) 
is: 
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Action potentials are: 

 all-or-nothing events, 

 regenerative, 

 generated when a threshold is reached, 

 propagating potentials, and 

 also known as nerve spikes or impulses. 
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Transmembrane action potential 
morphology: 
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Observing 
action 
potentials 
(cont.): 

(from Koch) 
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Nonlinear membrane behaviour: 
Subthreshold and 
action potential 
responses to a 
brief stimulating 
current. 
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Nonlinear membrane behaviour (cont.): 
For the squid axon:- 

 Cm ¼ 1 µF/ cm2 throughout the entire 
action potential 

 Rm ¼ 1000 Ω¢cm2 at rest 

 Rm ¼ 25 Ω¢cm2 at the peak of the action 
potential 
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Origin of action potential, resting and peak 
voltages: 
In the classic studies by Hodgkin and Huxley, the 
results were related to the Goldman-Hodgkin-Katz 
(GHK) equation for the transmembrane potential: 
 
 
 
where Pp is the permeability of the pth ion channel. 

(The GHK equation is derived from the Nernst-Planck 
equation, making simplifying assumptions about the electric 
potential and concentration gradients inside the channel.) 
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Origin of action potential, resting and peak 
voltages (cont.): 
As we have observed previously, the 
resting transmembrane potential is 
slightly higher than the potassium 
equilibrium potential. 
Looking at the action potential waveform, we 
see that the peak transmembrane 
potential approaches but never exceeds the 
sodium equilibrium potential. 
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Parallel conductance model (cont.): 
Assuming independent conductance channels for K+ , Na+  
and Cl¡ , the electric circuit for a membrane patch is: 
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Origin of action potential, resting and peak 
voltages (cont.): 
This result is consistent with an elevated sodium 
permeability in the rising phase and peak of the 
action potential. 
Good agreement between theory and experimental 
data from the squid axon is obtained with: 
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Origin of action potential, resting and peak 
voltages (cont.): 
To a first approximation: 
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Origin of action potential, resting and peak 
voltages (cont.): 
In an experiment using radioactive tracers, it 
was found for the cuttlefish Sepia giant axon 
that: 
 at rest, there is steady influx of sodium and 

efflux of potassium, consistent with 
EK <  Vrest <  ENa 

 during an action potential there is an influx of 
3.7 pmoles/ cm2 of sodium 

 during an action potential there is an efflux of 
4.3 pmoles/ cm2 of potassium 
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(from Johnston 
and Wu) 

Nerve cells: 
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(from Johnston 
and Wu) 

Examples of neuron morphologies: 
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(from Guyten) 

Skeletal muscle cells: 
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(from Guyten) 

Transverse tubule-sarcoplasmic reticulum 
system for excitation-contraction coupling: 



53 (from Guyten) 

Cardiac muscle cells are interconnected via 
electrical “gap junctions”: 
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Electrical “gap junctions” in cardiac cells: 



55 (from Guyten) 

Sensory receptors: 
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