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Electrophysiology Practical:
Membrane Conduction and Ion Channels
Key Learning Objectives:
1. Bilayer Lipid Membranes (BLMs) are biomolecular films of lipid molecules that form the
permeability barrier of cell membranes.
2. All sensing and signalling in mammalian biology depends on the flow of ions, particularly
sodium and potassium ions across BLMs.
3. The term capacitance (C) is commonly used in Electrophysiology to describe the storage of
ions at cell membrane surfaces. The stored charge is analogous to a battery.
4. The term resistance (R) is commonly used in Electrophysiology to describe the impediments to
the passage of ions through ion channels in membranes.
5. The inverse of resistance is Conductance (G) = 1/R.
Take away messages:
a. Cell membranes are BLMs comprising many different lipids and proteins the most
important being ion pumps and ion channels.
b. Ion pumps store energy in the form of ion concentration differences between the inside
and outside of cells. The most important ions are Na+, K+ and Cl-.
c. The ions crowd at the membrane surface on either side of the BLM. This ability to store
energy in the ion concentration differences (like storing charge in a battery) can be
described by the membrane capacitance.
d. The rate of release of this energy through pores in the membrane can be described by the
membrane conductance or its inverse resistance, which is controlled by ion channels in
the membranes.
e. It is these currents that create the Action Potential.
f. Action Potentials are the mechanisms that drive all sensory, communication and control
in mammalian systems.
g. Ion channels are also bacterial toxins in diseases such as diphtheria, phenomena, listeria
and golden staphylococcus infections.
h. The principles of mammalian physiology can be adapted to applications in biomimetic

Denotes instructions in the text where an activity is to be undertaken.
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Key Concepts 1.
Sensing, Signalling and Control in Mammals
are all dependent on the flow of ions, particularly sodium and potassium ions, across bilayer lipid
membranes BLMs.
Sensing

Signalling and Control

Fig. 1.

Sight, Sound, Smell, Touch, Taste

Interconnecting Neurones

However, as shown in Fig. 2. only a subset of cells possess the special ion channels that generate
Action Potentials that are the origin of all sensing, signalling and control.

Fig. 2.
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Cell types that do not
possess action potentials
lack the special ion channels
.

Cells that possess
action potentials and
are active in sensing
signaling and
control functions
possess specific
voltage dependent
Na+ ion channels
and K+ ion channels.
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Key Concepts 2
BLMs perform Important Functions in Biology

Cell membranes control the behaviour of all plants, bacteria and animals. Cell membranes consist of selfassembled supramolecular structures formed by amphiphiles, or compounds that have polar segments that
strongly attract water, hydrophilic regions and non-polar segments that do not, hydrophobic regions. This
results in the non-polar segments being excluded from the aqueous phase and assembling into bimolecular
sheets termed bilayer lipid sheets or membranes (BLMs) which eventually form closed spheres which are
the precursors of biological cells. The simplest of these structure occur for the common soaps and
detergents which form spherical structures called micelles. The amphiphiles we are interested in here are
known as lipids and the cell-like structures they form when dispersed in water are known as liposomes.
Liposomes can be 10 nm to hundreds of micrometres in diameter but all have walls that are approximately

plants or animals. In a eukaryotic mammalian cell BLMs are essential to many structures. As seen in Fig. 3
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forms the wall of a liposome is similar to that found in all cell membranes, whether they are from bacteria,
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4 nm thick, and are nearly impermeable to ions such as Na+, K+ and Cl-. The 4 nm thick lipid bilayer, that
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these include not only the exterior plasma membrane but also many of the organelles within the interior of
the cell.

Fig. 3

Membrane research directed to the properties of BLMs is a significant component of a current major
international research effort focussed on replacement antibiotics for penicillin which is becoming
increasingly ineffective against methicillin resistant bacterial strains of Staphylococcus Aureus. (MRSA)
Compounds that interact with membranes are also important in understanding the effects of many types of
venom, toxins, and some chemical warfare agents.

Key Concepts 3.
Comparison of Physiological Solution Properties with other Measures
Before discussing electrophysiological systems, in Fig. 4. we introduce a set of comparisons between
the very familiar Hydraulic examples of Hose Pipes and water, to the slightly less familiar Electronic
circuit descriptions and finally the examples we wish to pursue later of Ions in solution.
Included in Fig.4 are:

The metrics of modulating flow being:
a clamp impeding water in a hose pipe - Hydraulics



a resistor impeding electron flow in a wire - Electronics



a membrane impeding ions flow in a physiological solution – Ionics.
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The metrics of the accumulation of flow being:


volume in Hydraulics



charge in Electronics



ionic charge in Ionics.

The metrics of potential being:
pressure in Hydraulics



voltage in Electronics



ionic concentration in Ionics
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Analogous Metrics for Hydraulic,
Electronic and Ionic systems
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Fig: 4
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Key Concepts 4
Ionic Concentration Gradients between the inside and outside of a Cell
All cells possess different ion concentrations between the cell interior, and the exterior bathing
solution in which the cell is suspended as shown in Fig. 5. ATPase driven ion pumps generate major
imbalances in the ion concentration within the cell interior and the same type of ions in the bathing
solution. They pump out sodium ions and pump in potassium ions. This results in a potential difference
across the insulating cell membrane.

Fig. 5.

The essentially impermeable ionic barrier presented by the cell membrane may be compared with a
capacitor C, shown in Fig. 5. Once ion pumps have generated an imbalance in the ion concentration, the
ion concentration imbalance is stored as ion clouds in the aqueous solution immediately adjacent to the
membrane surface. The electrolyte solution within the body of the cell is conductive, but the ionic
imbalance resulting from the concentration difference is concentrated in layers whose thickness depends on
concentration. At physiological ionic strengths these ionic layers are only one to a few molecules thick.

This difference in the ion concentration is used as a power source to drive Action Potentials which are
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potential (voltage) waves that travel along a nerve fiber caused by ions flowing through ion channels which
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This voltage arising from ion concentration imbalance can be calculated from the Nernst Equation (I).
V = RT/(zF) ln [ion outside cell] / [ion inside cell]

(I)

Substituting for R, the universal gas constant
T, the temperature in Kelvin
F, Faradays constant and
z, the valence of the ion.
V  61mV ln [ion outside cell] / [ion inside cell]
Formally, this expression only applies at equilibrium, which is not the case when ion pumps are
present. However, in the exercise described below the test cell is assumed to be at equilibrium and (I)
applies. The voltage may be described as the equivalent of a battery. In most mammalian cells the voltage
caused by this difference in ion concentration is typically -70mV inside the cell w.r.t. the external bathing
solution.

Key Concepts 5.
Cell membrane Capacitance and Resistance
Two concepts that are useful in describing the properties of membranes and ion channels are
Capacitance, to allow a measure of the ability of a membrane to store charge, and Conductance (or its
inverse Resistance), which describes the ability of ion channels to facilitate the passage of ions across the
impermeable lipid bilayer. These are shown in Fig. 6.
The crowding of the ions at the membrane surface creates an electric field across the membrane which
is analogous to a Capacitor C. The ion channels that selectively modulate the flow of ions to across the
membrane possess the same properties as a Resistor R or to facilitate that flow, its inverse
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Fig. 6.

Repeating the statement below Fig. 5, once ion pumps have generated an imbalance in the ion
concentration, the ion concentration imbalance is stored as ion clouds in the aqueous solution immediately
adjacent to the membrane surface. The electrolyte solution within the body of the cell is conductive, but the
ionic imbalance resulting from the concentration difference is concentrated in layers whose thickness
depends on concentration. At physiological ionic strengths these ionic layers are only one to a few
molecules thick.
This difference in the ion concentration is used as a power source to drive Action Potentials which are
potential (voltage) waves that travel along a nerve fiber caused by ions flowing through ion channels which
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Key Concepts 6.
The Action Potential Arises from Ion Channels facilitating Ion transport across
Membranes.
The Action Potentials that drive all mammalian sensing, signaling and control, arise predominantly
from just two specialized ion channels, the voltage dependent sodium channel and the potassium
channel. They operate independently and when triggered, permit either sodium or potassium to discharge
some of the ions from the trans-membrane ionic charge.
Ions can only cross membranes through ion channels. Without ion channels, membranes are
essentially sealed. The potential wave of the Action Potential travels along the nerve fiber by one ion
channel population turning on its neighboring ion channel population before the initial ion channels close
again.

Fig. 7.

As seen in Fig. 7 Sodium ion channels open, Sodium ions flow down their concentration gradient
resulting in electrical currents that trigger their neighboring Sodium ion channels. After a few milliseconds
the Sodium channels close and the Potassium channels momentarily open.
This cycle results in a signal that travels between neurons in the brain or along peripheral nerve
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fibres between the brain and muscles. These signals are termed Action Potentials and are measured as
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The time course of the Action Potential is determined by the rate of change of Conductance of the
ion channels within the membrane. This rate of change is in turn modulated by the Time Constant of the
membrane within which the ion channel is embedded.
The reason mammals respond to stimuli on the time scale of units to hundreds of ms is a result of
the electrical properties that determine the Time Constant.

Fig. 8.

As seen in Fig. 7 the sequence of the Sodium and Potassium channels opening and closing results in the
Action Potential. The mechanism strongly depends on the timing of these events as the final Action
Potential is the sum of both channels currents as seen in Fig. 8.

Questions 1 ( on concepts so far)
What similarities exist between soap and biological cells?
…………………………………………………………………………………………………………
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Can a potential difference (voltage) exist without a metal?
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What role do metal ions play in our thoughts?
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ACTIVITY ONE:

Purpose: To demonstrate that different ion concentrations across a semi-permeable
membrane generates a voltage.
Using the apparatus shown in Fig. 9 use the multimeter to show the potential generated by a difference in
ion concentration across a semi permeable membrane. In this case the membrane is a 0.47um polymer
membrane.

Fig. 9.



Ionic solution one = 10mM NaCl



Ionic solution two = 100nM Na Cl

Switch the yellow Multimeter to the voltage range and record the voltage. Use the yellow
multimeter on the RESISTANCE test unit.
Using the syringe provided draw out Ionic solution 1 in the upper vessel (itself a syringe body) and replace

........................................................................................................................................................................
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it with Ionic solution two.
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Report the voltage after changing the solutions.
........................................................................................................................................................................

Question 2 (activity one):
(i)

Compare this with the behaviour of a mammalian cell in which ion pumps have generated
different sodium ion concentrations inside and outside a cell.
....................................................................................................

(ii)

From the Nernst equation what would be the voltage if:

Ionic solution one = 1M and:
Ionic solution two = 1M..............................................................................
Ionic solution two = 100mM.......................................................................
Ionic solution two = 10mM.........................................................................

Ions to Electrons:
This is one of th major challenges for the medical device industry. How to measure and drive ion
concentrations and ion currents using electronic equipment. The key technique depends on the ions

Page

15
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The chemistry depends on silver (Ag) existing as a metal, as a chloride salt (AgCl) and as an on(Ag+). In
solution the Ag+ can exchange with Na+ and on redissolving from the salt to the ion an electron flows. This
is a common approach for surface electrodes however it is not acceptable for implantable devices as the
Ag+ ions are poisonous and also they degrade when contact with body fluids. Implantable electrodes are
usually platinum which does not form ions in solution. This requires the more complex analysis of
capacitively coupled electrodes which is beyond the current course.
Now consider the electrical equivalence between ion channels conducting ions and resistors
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ACTIVITY TWO:

Purpose: Revision of the electrical properties of resistors
ELECTRONIC RESISTANCE
For the equipment labelled “RESISTANCE” with the circuit diagram shown in Fig. 10. In
sequence plug in, R 1, R2, R3 and for each use the yellow Digital Multimeter on the A (current) scale to
measure the current through the resistors. Do this for four different voltages V1, V2, V3, V4 by touching
each Rlead to each battery point B1, B2, B3, & B4. Record the result in Table 1. and calculate V / I = R for
each resistor using all four voltages.
Table 1.

Current (I)
Resistance (R1 = V/I)
Current (I)
Resistance (R2 = V/I)
Current (I)
Resistance (R3 = V/I)

V1 = 1.5V
mA

mA

mA


V3 = 4.5V
mA

mA

mA


V5 = 5.0V
mA

mA

mA


mA

mA

mA


Perform a current
measurement on
each of the plug-in
resistors R1, R2, R3.
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Fig. 10.

V2 = 3.0V
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employed. e.g.

Question: 3 (activity two)

Page

18

If we had used 0.15V, 0.30V, 0.45V and 0.60V what would the calculated resistance values become?
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Key Concepts 7.
Exponentials charging and decay
Most every day phenomena exhibit a development or decay following an exponential relationship. The
popular press often inaccurately talk of real estate prices rising exponentially, whilst by experience you
may think your bank balance behaves like the inverse of an exponential. If they did Fig. 11(a) would be the
result.

Fig.11(a).

An exponential response is a mathematical description of a variable whose rate of change is equal to the
value. Fig. 11(b) shows the example of water draining from a bucket through a hole in its wall. When the
bucket is filled to the upper level there will be an initial flow of water F0 from the bucket through the hole is
determined by the liquid height (equivalent to the voltage in our electronic example). This drives the water
through the hole in the base of the bucket. The hole is equivalent to a resistance of the system.
As the liquid drains out the bucket, the liquid height drops and the flow decreases. The key observation is
that the rate of change of the liquid height, the flow rate and even the distance the liquid projects out of
the hole will all be proportional their value at any time. This is the defining property of exponential
behaviour as seen in Fig. 11(b) for the Flow. It applies equally well to the liquid height and the distance the
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liquid projects beyond the hole and has a close analogy electrically as seen in Fig 11(c).
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Key Concepts 8.
What is a Time Constant:
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Fig.11(b).
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Fig.11(c).

How can the time constant, τ , be measured?
When t = τ
V(t) = V exp (-1) = V/e = V/ (2.718) = approx. 1/3 V
Thus when V has fallen to approx. 1/3 V
Then t = τ
Note as seen in Fig. 11(d) as τ becomes smaller the change is faster where it is an exponential increase
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or an inverse exponential decrease. Also that the units of τ are time.
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Fig.11(d).

This is the next activity. Measure τ
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then knowing the value of R calculate C.

SDx tethered membranes March 2017
.

Electrophysiology practical April 2017

ACTIVITY THREE:

Purpose: Revision of the electrical properties of capacitors
ELECTRONIC CAPACITANCE.
For the equipment labelled “CAPACITANCE” with the circuit diagram shown in
Fig. 12. select a battery voltage by plugging the battery lead into one of the points B1, B2,
B3, or B4. Next plug in one of the three capacitors, C1, C2 and C3. Set the yellow
multimeter to the 20V scale. For each capacitor in turn:


put the switch in the up position for at least 60s, charging the capacitor.



watching the yellow multimeter, and prepare to start the interval timer.



switch to the down position, discharging the capacitor through the resistor, and
simultaneously start the timer.



record the initial current V0.



follow the decay of the voltage as read by the meter.



record the time it takes for the current to decay by 63% V0 , roughly (2/3) V0.



if you miss the initial reading, put the switch back to the up position again and repeat
the measurement remembering to wait at least 60s to allow the capacitor to fully
charge before starting the discharge.

The current will follow the exponential relationship shown in Graph 1 and discussed in Concepts 6 & 7.
The time at which the voltage falls to 37% of V0 is the Time Constant (τ).
Calculate and τ/R and fill in Table2. Report C..............
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Calculate Charge Q =C x V and fill in table 2.
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Switch to discharge
V

V0

Graph. 1
Time

Perform a voltage (t)
measurement on each
of the three plug-in
capacitors C1, C2, C3.

Fig.12.

R= 1M (106 ohm)

Table 2.
V1
V
s
6
10 
F
C
V
s
6
10 
F
C
V
s
6
10 
F
C

V3
V
s
6
10 
F
C
V
s
6
10 
F
C
V
s
6
10 
F
C

V4
V
s
6
10 
F
C
V
s
6
10 
F
C
V
s
6
10 
F
C

V
s
6
10 
F
C
V
s
6
10 
F
C
V
s
6
10 
F
C
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C1 Initial voltage V0
τ1= Time to 33% V0
Resistance = 106ohm
Capacitance = τ1/R
Charge = C1 x V
C2 Initial voltage V0
τ2= Time to 33% V0
Resistance = 106ohm
Capacitance = τ2/R
Charge = C2 x V
C3 Initial voltageV0
τ3= Time to 33% V0
Resistance = 106ohm
Capacitance = τ3/R
Charge = C3 x V

V2
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Question: 4.
What will occur to the τ if a BLM area is doubled?
..................................................................................................................................................
What will occur to the τ if the voltage charging the capacitor is doubled?
..................................................................................................................................................
Using the Hydraulic analogy justify Q = C x V i.e charge = Capacitance x Voltage
..................................................................................................................................................
For a BLM, the Capacitance is 1µF/ cm2 and the Resistance 1M/cm2 . What is the anticipated value of the
τ (in seconds).
..................................................................................................................................................
For Action Potentials of 1ms duration, what must be the /cm2 value of the Resistance
....................................................................................................................................................
If Na+ conductance is 1pS, who many channels (per µm2) must there be in neuronal cell.
.....................................................................................................................................................

Key messages
a) R (Resistance) is a measure of the impediment to current flow in an electronic circuit.
b) The actual current that flows is determined by both R and V,

[I = V / R]

c) C (Capacitance) is a measure of the ability to store charge in an electronic circuit.
d) The actual amount of charge is determined by both C and V,

[Q = C V]
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e) R and C determine the time constant, τ, which is how rapidly an electronic circuit will respond.
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ACTIVITY FOUR

Purpose: Effect of a channel blocker on a membrane ion channel
Using a model membrane, it is possible to observe the effects of drugs on an ion channel in a
membrane.
+

-

+

+

-

+

Blocker

Fig.13.

+

-

+

-

(a)

+

-

(b)

(c)

As shown in Fig. 13 an ion channel, (Gramicidin A) is positioned in a BLM. In Fig. 13 (a) the ion channel is
open and ions pass through the membrane. In Fig. 13 (b) the actual molecular shape of the molecule is shown in
both elevation traversing the membrane and as an end view showing the ion channel pore that permits ions to
pass through the membrane. Fig. 13 (c) shows a blocker in position impeding ions passing through the
membrane. This effect is used in therapeutic drugs where particular bioactive compounds are prescribed

to block to channels and change the innervation of certain muscles such as in treatments for cardiac
disorders.
Addition of blocker MBC
Rm = 1 /Gm

Cm

Small Rm high conduction Gm

High Rm low conduction Gm

Capacitance unaltered

Capacitance unaltered

Conductance
= 1/Resistance (Rm)

Capacitance Cm
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Cm
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Question: 5.
Explain why only the conduction is altered and the capacitance remains about the same.

............................................................................................................................................................

Key Concepts 9.
Channels are not only found to perform useful sensing, signalling and control
functions but they are also common bacterial toxins.
Many organism including bacteria such as Pneumonia, Diphtheria, Golden Staphylococcus and Anthrax are
pathogenic because the toxins they produce are Ion Channels that puncture the cells of target organisms and
collapse their transmembrane potentials.
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