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Preface
MDS Analytical Technologies is pleased to present you with the third edition of The 
Axon Guide, a laboratory guide to electrophysiology and biophysics. The purpose of this 
guide is to serve as an information and data resource for electrophysiologists. It covers a 
broad scope of topics ranging from the biological basis of bioelectricity and a description 
of the basic experimental setup to a discussion of mechanisms of noise and data analysis.

The Axon Guide third edition is a tool benefitting both the novice and the expert electro-
physiologist. Newcomers to electrophysiology will gain an appreciation of the intricacies 
of electrophysiological measurements and the requirements for setting up a complete 
recording and analysis system. For experienced electrophysiologists, we include in-depth 
discussions of selected topics, such as advanced methods in electrophysiology and noise.

This edition is the first major revision of the Axon Guide since the original edition was 
published in 1993. While the fundamentals of electrophysiology have not changed in that 
time, changes in instrumentation and computer technology made a number of the origi-
nal chapters interesting historical documents rather than helpful guides. This third edi-
tion is up-to-date with current developments in technology and instrumentation.

This guide was the product of a collaborative effort of many researchers in the field of 
electrophysiology and of MDS Analytical Technologies’ staff. We are deeply grateful to 
these individuals for sharing their knowledge and devoting significant time and effort to 
this endeavor.

David Yamane
Director, Electrophysiology Marketing
MDS Analytical Technologies

November 2007
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Introduction
Axon Instruments, Inc., was founded in 1983 to design and manufacture instrumentation 
and software for electrophysiology and biophysics. Its products were distinguished by the 
company’s innovative design capability, high-quality products, and expert technical sup-
port. Today, the Axon Instruments products are part of MDS Analytical Technologies’ 
portfolio of life science and drug discovery products. The Axon brand of microelectrode 
amplifiers, digitizers, and data acquisition and analysis software provides researchers with 
ready-to-use, technologically advanced products which allows them more time to pursue 
their primary research goals.

Furthermore, to ensure continued success with our products, we have staffed our Techni-
cal Support group with experienced Ph.D. electrophysiologists.

In addition to the Axon product suite, MDS Analytical Technologies has developed three 
automated electrophysiology platforms. Together with the Axon Cellular Neuroscience 
products, MDS Analytical Technologies spans the entire drug discovery process from 
screening to safety assessment.

In recognition of the continuing excitement in ion channel research, as evidenced by the 
influx of molecular biologists, biochemists, and pharmacologists into this field, 
MDS Analytical Technologies is proud to support the pursuit of electrophysiological and 
biophysical research with this laboratory techniques workbook.

ACKNOWLEDGMENT TO MDS ANALYTICAL 
TECHNOLOGIES CONSULTANTS AND CUSTOMERS
MDS Analytical Technologies employs a talented team of engineers and scientists dedi-
cated to designing instruments and software incorporating the most advanced technology 
and the highest quality. Nevertheless, it would not be possible for us to enhance our prod-
ucts without close collaborations with members of the scientific community. These col-
laborations take many forms.

Some scientists assist MDS Analytical Technologies on a regular basis, sharing their 
insights on current needs and future directions of scientific research. Others assist us by 
virtue of a direct collaboration in the design of certain products. Many scientists help us 
by reviewing our instrument designs and the development versions of various software 
products. We are grateful to these scientists for their assistance. We also receive a signifi-
cant number of excellent suggestions from the customers we meet at scientific confer-
ences. To all of you who have visited us at our booths and shared your thoughts, we 
extend our sincere thanks. Another source of feedback for us is the information that we 
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receive from the conveners of the many excellent summer courses and workshops that we 
support with equipment loans. Our gratitude is extended to them for the written assess-
ments they often send us outlining the strengths and weaknesses of Axon Cellular 
Neuroscience products from MDS Analytical Technologies.
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1. Bioelectricity
Chapter 1 introduces the basic concepts used in making electrical measurements from 
cells and the techniques used to make these measurements.

1.1. ELECTRICAL POTENTIALS
A cell derives its electrical properties mostly from the electrical properties of its mem-
brane. A membrane, in turn, acquires its properties from its lipids and proteins, such as 
ion channels and transporters. An electrical potential difference exists between the interior 
and exterior of cells. A charged object (ion) gains or loses energy as it moves between 
places of different electrical potential, just as an object with mass moves “up” or “down” 
between points of different gravitational potential. Electrical potential differences are usu-
ally denoted as V or ΔV and measured in volts; therefore, potential is also termed voltage. 
The potential difference across a cell relates the potential of the cell’s interior to that of the 
external solution, which, according to the commonly accepted convention, is zero.

The potential difference across a lipid cellular membrane (“transmembrane potential”) is 
generated by the “pump” proteins that harness chemical energy to move ions across the 
cell membrane. This separation of charge creates the transmembrane potential. Because 
the lipid membrane is a good insulator, the transmembrane potential is maintained in the 
absence of open pores or channels that can conduct ions.

Typical transmembrane potentials amount to less than 0.1 V, usually 30 to 90 mV in most 
animal cells, but can be as much as 200 mV in plant cells. Because the salt-rich solutions 
of the cytoplasm and extracellular milieu are fairly good conductors, there are usually very 
small differences at steady state (rarely more than a few millivolts) between any two points 
within a cell’s cytoplasm or within the extracellular solution. Electrophysiological equip-
ment enables researchers to measure potential (voltage) differences in biological systems.

1.2. ELECTRICAL CURRENTS
Electrophysiological equipment can also measure current, which is the flow of electrical 
charge passing a point per unit of time. Current (I) is measured in amperes (A). Usually, 
currents measured by electrophysiological equipment range from picoamperes to micro-
amperes. For instance, typically, 104 Na+ ions cross the membrane each millisecond that a 
single Na+ channel is open. This current equals 1.6 pA (1.6 x 10-19 C/ion x 104 ions/ms x 
103 ms/s; recall that 1 A is equal to 1 coulomb (C)/s).
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Two handy rules about currents often help to understand electrophysiological phenom-
ena: 1) current is conserved at a branch point (Figure 1.1); and 2) current always flows in 
a complete circuit (Figure 1.2). In electrophysiological measurements, currents can flow 
through capacitors, resistors, ion channels, amplifiers, electrodes and other entities, but 
they always flow in complete circuits. 

Figure 1.1: Conservation of current. Current is conserved at a branch point.

Figure 1.2: A typical electrical circuit. 

Example of an electrical circuit with various parts. Current always flows in a complete 
circuit.

 Itotal

I 1 2I

I total I 1 2I= +

 

ELECTRONIC
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1.3. Resistors and Conductors
1.3. RESISTORS AND CONDUCTORS
Currents flow through resistors or conductors. The two terms actually complement one 
another—the former emphasizes the barriers to current flow, while the latter emphasizes 
the pathways for flow. In quantitative terms, resistance R (units: ohms (Ω)) is the inverse 
of conductance G (units: siemens (S)); thus, infinite resistance is zero conductance. In 
electrophysiology, it is convenient to discuss currents in terms of conductance because 
side-by-side (“parallel”) conductances simply sum (Figure 1.3). The most important 
application of the parallel conductances involves ion channels. When several ion channels 
in a membrane are open simultaneously, the total conductance is simply the sum of the 
conductances of the individual open channels.

Figure 1.3: Summation of conductance. 

Conductances in parallel summate together, whether they are resistors or channels.

A more accurate representation of an ion channel is a conductor in series with two addi-
tional circuit elements (Figure 1.4): 

1 A switch that represents the gate of the channel, which would be in its conducting 
position when the gate is open, and 
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2 A battery that represents the reversal potential of the ionic current for that channel. 
The reversal potential is defined operationally as the voltage at which the current 
changes its direction. For a perfectly selective channel (i.e., a channel through which 
only a single type of ion can pass), the reversal potential equals the Nernst potential 
for the permeant ion. The Nernst potential for ion A, Ea, can be calculated by the 
Nernst equation:

where R is the gas constant (8.314 V C K-1 mol-1), T is the absolute temperature
(T = 273° + °C), zA is the charge of ion A, F is Faraday’s constant (9.648x104 C mol-1), 
and [A]o and [A]i are the concentrations of ion A outside the cell and inside the cell, 
respectively. At 20 °C (“room temperature”), 2.303(RT/zAF) log10{[A]o/[A]i} = 
58 mV log10{[A]o/[A]i}for a univalent ion.

Figure 1.4: Equivalent circuit for a single-membrane channel. 

A more realistic equivalent circuit for a single-membrane channel.

For instance, at room temperature, a Na+ channel facing intracellular Na+ concentration 
that is ten-fold lower than the extracellular concentration of this ion would be represented 
by a battery of +58 mV. A K+ channel, for which the concentration gradient is usually 
reversed, would be represented by a battery of -58 mV.

Reversal potentials are not easily predicted for channels that are permeable to more than 
one ion. Nonspecific cation channels, such as nicotinic acetylcholine receptors, usually 
have reversal potentials near zero millivolts. Furthermore, many open channels have a 
nonlinear relation between current and voltage. Consequently, representing channels as 
resistors is only an approximation. Considerable biophysical research has been devoted to 
understanding the current-voltage relations of ion channels and how they are affected by 
the properties and concentrations of permeant ions.

)volts:units(}i]A[/o]A{[log)FAz/RT(.}i]A[/o]A{[n)FAz/TR(AE 1030321 == (1)

 

E reversal
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1.4. Ohm’s Law
The transmembrane potential is defined as the potential at the inner side of the mem-
brane relative to the potential at the outer side of the membrane. The resting membrane 
potential (Erp) describes a steady-state condition with no net flow of electrical current 
across the membrane. The resting membrane potential is determined by the intracellular 
and extracellular concentrations of ions to which the membrane is permeable and on their 
permeabilities. If one ionic conductance is dominant, the resting potential is near the 
Nernst potential for that ion. Since a typical cell membrane at rest has a much higher per-
meability to potassium (PK) than to sodium, calcium or chloride (PNa, PCa and PCl, 
respectively), the resting membrane potential is very close to EK, the potassium reversal 
potential.

1.4. OHM’S LAW
For electrophysiology, perhaps the most important law of electricity is Ohm’s law. The 
potential difference between two points linked by a current path with a conductance G 
and a current I (Figure 1.5) is:

Figure 1.5: Ohm’s law.

   volts):(unitsI/G   IR  V ==Δ (2)

 

G = I/R

I

V=IRΔ
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This concept applies to any electrophysiological measurement, as illustrated by the two 
following examples: 

1 In an extracellular recording experiment: the current I that flows between parts of a 
cell through the external resistance R produces a potential difference ΔV, which is 
usually less than 1 mV (Figure 1.6). As the impulse propagates, I changes and, 
therefore, ΔV changes as well.

Figure 1.6: IR drop.

In extracellular recording, current I that flows between points of a cell is measured as 
the potential difference (“IR drop”) across the resistance R of the fluid between the two 
electrodes.

2 In a voltage-clamp experiment: when N channels, each of conductance γ, are open, 
the total conductance is Nγ. The electrochemical driving force ΔV (membrane 
potential minus reversal potential) produces a current NγΔV. As channels open and 
close, N changes and so does the voltage-clamp current I. Hence, the voltage-clamp 
current is simply proportional to the number of open channels at any given time. 
Each channel can be considered as a γ conductance increment.

V
I
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1.5. The Voltage Divider
1.5. THE VOLTAGE DIVIDER
Figure 1.7 describes a simple circuit called a voltage divider in which two resistors are con-
nected in series: 

Figure 1.7: A voltage divider.

The total potential difference provided by the battery is E; a portion of this voltage 
appears across each resistor:

 

When two resistors are connected in series, the same current passes through each of them. 
Therefore the circuit is described by:

where E is the value of the battery, which equals the total potential difference across both 
resistors. As a result, the potential difference is divided in proportion to the two resistance 
values. 

1.6. PERFECT AND REAL ELECTRICAL INSTRUMENTS
Electrophysiological measurements should satisfy two requirements: 1) They should accu-
rately measure the parameter of interest, and 2) they should produce no perturbation of 
the parameter. The first requirement can be discussed in terms of a voltage divider. The 
second point will be discussed after addressing electrodes.
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The best way to measure an electrical potential difference is to use a voltmeter with infi-
nite resistance. To illustrate this point, consider the arrangement of Figure 1.8 A, which 
can be reduced to the equivalent circuit of Figure 1.8 B.

Figure 1.8: Representative voltmeter with infinite resistance.

Instruments used to measure potentials must have a very high input resistance Rin.

Before making the measurement, the cell has a resting potential of Erp, which is to be 
measured with an intracellular electrode of resistance Re. To understand the effect of the 
measuring circuit on the measured parameter, we will pretend that our instrument is a 
“perfect” voltmeter (i.e., with an infinite resistance) in parallel with a finite resistance Rin, 
which represents the resistance of a real voltmeter or the measuring circuit. The combina-
tion Re and Rin forms a voltage divider, so that only a fraction of Erp appears at the input 
of the “perfect” voltmeter; this fraction equals ErpRin/(Rin + Re). The larger Rin, the closer 
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