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1
Introduction

The nervous system of higher animals is a complex and powerful information processing
unit that is superior to all devices built by humans so far. It is able to detect a variety of
sensory inputs with high resolution, react to them appropriately by controlling hundreds
of muscles, exhibit communication to other individuals, control the maintenance of almost
all body functions, establish a memory, learn skills necessary or unnecessary for survival
among other abilities and functions. All of these aspects are taken care of simultaneously
over the complete live span of the individual. The ‘hardware’ of this system is, in the case
of a human, based on a network of 1011 nerve cells, each connected to up to 250, 000 other
neurons and complemented by even more glia cells, which are involved in the intercellular
communication. The structure of this system is subsequently highly specific and sensitive
to alterations, e.g., during the course of neuronal diseases.
A functional investigation of this structure is very difficult due to this complexity, the
small size of the basic units the system is based on, the neurons, and the condensation
to a rather small volume, which makes most of the system hard to access. First detailed
morphological studies were accomplished in the late 18th century by Golgi and Cajal
who developed and used special staining techniques for visualization of single neurons.
From these images, a first impression of the structure of neurons and of the networks
they form was gained. Not surprisingly, first insights into the functionality of nervous
systems came from investigations of the peripheral nervous system of lower animals, i.e.,
by examining large and easy accessible cells. It is known since the days of Galvani and
Volta, that muscle contraction can be elicited by electrical stimulation, and evidence
grew in the 19th century, that a potential difference exists across the membrane of
nerve cells due to selective permeability to different ions (see App. B). But only in the
middle of the 20th century models were developed that could explain the transmission
of information within and between neurons and muscle cells. This was achieved by
the groundbreaking work by Hodgkin and Huxley around 1952, who used the large
process of a motor neuron of the squid Loligo forbesi, now known as the ‘squid giant
axon’, to establish a biophysical model of information transmission within a cell. With
a length of up to one meter and a diameter of one millimeter, this axon has indeed
gigantic dimensions, which almost ‘prevented [its] discovery’ as J. Z. Young remarked
in 1944 after he had mistaken it for a blood vessel (2). Within few years, a number of
sophisticated experiments were carried out, establishing a model of uniform membrane
depolarizations, so called action potentials, that are migrating along the axon upon
stimulation. To explain this phenomenon, the concept of membrane channels selective for
certain ions was used and extended to voltage dependency of some of these channels. To
quantify this approach, a biophysical model was developed, deriving a set of differential
equations to describe the time and voltage dependency of these channels (see App. C
and (2), (3)). Two crucial experimental strategies should be named here. To elicit action
potentials, an electrode was pushed inside the nerve fiber, enabling the experimenter
to measure the potential difference between the inside of the cell and the surrounding.
3

1. Introduction
Even more important was a novel technique referred to as voltage clamp, where the
thin tip of a glass pipette, containing an electrode in physiological solution, was poked
inside the axon. The electrode was connected to a circuit in order to fix, or clamp,
the membrane potential to a desired value while measuring the current necessary to
maintain this voltage. This enabled Hodgkin and Huxley to determine membrane
conductances under different conditions and deduce ion specific conductance changes.
Hence, active and passive properties of nerve cells were studied using this technique.
However, the hypothesis of ion channels remained unproven. This lasted until around
1980, when Neher and Sakmann modified and refined the voltage clamp technique ((1)).
In placing glass pipettes onto the membrane, instead of penetrating it, and applying
negative pressure, they were able to form high resistance seals between the pipette and
the membrane, today known as gigaseal. Thus, currents through small membrane patches
could be measured. These currents appeared to be quantized, which was accepted as a
proof for the channel hypothesis, with the smallest current quantum being the current
through a single open channel.
The applications of patch clamp experiments reach from studies of single channels, to the
examination of synapses and cells, and to investigation of neuronal networks and their
communication behaviour. This technique and its variations have proven to be extremely
powerful methods to investigate neurons and other cell types with unchallenged precision
and thus helped to come closer to a comprehensive understanding of nerve cells and the
networks they form.
The aim of this material is to give an introduction into theoretical and practical aspects of
patch clamp experiments, followed by a tutorial to fundamental experiments to illustrate
possibilities, difficulties, and limitations of the patch clamp technique. Those experiments
will demonstrate some basic applications, like determination of resistance and conductance of the cell membrane, measuring of current-voltage relations of different classes of
channels or the cell membrane as a whole, discrimination of different cell types by their
electrophysiological properties or recording of single channel currents. The theoretical
part (Chapter 3) is complemented by some problems to test the comprehension and to
foster a deeper understanding of the topics. In the appendix, supplementary information
is provided that might be helpful to refresh some knowledge about capacitors and ion
potentials, or to give a short introduction in the Hodgkin-Huxley model.
This material does not try to give complete information about any of the presented topics,
but rather aims at giving a comprehensive and comprehensible introduction into the
world of patch clamp experiments, enabling the reader to dive deeper into more detailed
literature depending on needs and interest.
I would like to thank Prof. Schild for giving me the opportunity and time to explore the presented technique and to write this script; Dirk Czesnik for supervising me,
reading the manuscript and teaching me all the basics, from obtaining a brain slice
to getting a seal and analysing the data; and Andre Zeug for critical reading of the
manuscript and helpful advice.

Göttingen, July 2004

Stephan Junek

4

2
Biophysical properties of a cell

Three passive elements representing fundamental electrical properties are the basic
components of simple electric circuits: Resistors according to Ohms Law, i.e., V = R · I;
capacitors, i.e., elements that can store charges upon application of a voltage Q = C · U ;
˙ The
and inductances that induce a voltage during changes of current, Uind = −L · I.
latter ones can store energy in form of a magnetic field, while capacitors store energy in
an electric field when being charged.
To derive a biophysical model of a cell, it is reasonable to examine the conductive,
capacitive and inductive properties of a cell. It can be shown that the inductivity can
be neglected. However, the biological membrane that surrounds the interior parts of the
cell has capacitive properties that are of major importance for several reasons (see App.
B). Even if the membrane is a barrier for most ions and molecules, it has also conductive
properties, that do not obey Ohms law strictly. The conductance of the membrane is
partly unselective (leak conductance) and partly due to ion selective channels. Due to the
unequal distribution of ions in- and outside the cell, the membrane acts like a battery,
and this active property has also to be included into an appropriate model of the cell.
Thus, when describing a cell in terms of its electrical properties and behaviours, three
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Figure 2.1: Biophysical models of a cell. (a) A detailed model including the Nernst-batteries and conductances for different ions, as well as a leak conductance (Rl ) and the membrane capacitance (CM ). (b) The
Nernst potentials and permeabilities are combined to obtain a simplified model. (c) The passive part of
the circuit, a parallel circuit of resistance and capacity, is often referred to as ‘biophysical model of a cell’.
The underlying schematic of the membrane symbolizes that the phospholipid membrane is responsible
for the capacitive properties, while the ion channels embedded in this membrane are the main reason for
conductance.

elements are generally used: the membrane capacitance CM , as the membrane is a barrier
for ions; the ion specific ‘Nernst-batteries’, due to the unequal distribution of ions in
intra- and extracellular space (see App. B); and the membrane conductivities gK , gN a , . . . ,
or their reciprocal, the membrane resistances RK , RN a , . . . . Those resistances can be
5
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interpreted as the internal resistances of the batteries, and they do generally not behave
according to Ohms Law (see App. C), they rather depend on the voltage over the
membrane: R(V ). Their conductance can also be influenced by molecules that can bind
specifically to certain channels. Apart from those ion specific conductances, one should
include an unspecific leak conductance Rl into a membrane model.
All those elements are connected in parallel and give a decent biophysical model of the
cell membrane of (excitable) cells (Fig. 2.1-a). One should always keep this model in
mind, but especially for voltage clamp experiments, simplified models are used. First, the
Nernst-batteries are combined into one compound voltage source VM , and so are the
conductances (Fig. 2.1-b). While clamping the cell to a certain voltage, one usually refers
to the resting potential VM = Vrest as the steady state, and defines it as zero potential
for the sake of convenience. The membrane properties do not change significantly in a
certain range around this voltage. In this case, the Nernst-batteries can be abandoned
completely from the circuit, leaving only the passive elements. This leads to the circuit
shown in Fig. 2.1-c, which we will refer to as the biophysical model circuit of a cell from
now on. In an electrophysiological experiment in whole-cell configuration (see section
3.1), point i of the circuits in Fig. 2.1, which represents the intracellular space, would be
on the same potential as the measuring electrode, while point o, the extracellular space,
is set to ground potential by the bath electrode.

6

3
The Theory: Understanding the patch clamp technique

3.1

Patch clamp configurations

When the clean tip of a thin glass pipette is placed onto the membrane, and slight negative
pressure applied, a high resistance seal forms often between membrane and pipette. The
nature of this seal is still unknown, but it permits a number of sophisticated experiments,
referred to as patch clamp experiments.
The cell attached configuration The most obvious experiment maintains the described configuration, allowing to study properties of the small membrane patch enclosed
in the pipette opening, while leaving the cell in a native state (Fig. 3.1-a). One of the
first and still astonishing findings based on the patch clamp technique was made using this
configuration: The recording of currents through single ion channels. A major advantage
of this configuration is the preservation of the conditions in the intracellular space. Hence,
apart from the natural ion composition, membrane bound proteins and second messenger
systems are still functional. These systems can then be studied indirectly by controlling
the extracellular potential within the pipette and the bath solution, while measuring currents through (the few) ion channels in the tip opening. However, also events like action
potentials can be recorded in this configuration, due to an overall depolarization of the
membrane, which leads to a capacitive current through the patch.

Figure 3.1: The four basic configurations of a patch clamp experiment. (a) Cell attached configuration:
The pipette is placed on the membrane and a high resistance seal between membrane and glass is establish
upon application of negative pressure in the pipette. (b) Whole cell configuration: The membrane patch
in the pipette tip is destroyed, giving access to the intracellular space. (c) Inside-out configuration: This
configuration can be obtained from the cell attached situation by retracting the pipette. A small membrane
patch will be ripped out of the membrane, exposing the intracellular side of the membrane. (d) Outside-out
configuration: When the pipette is retracted in the whole cell configuration, some membrane sticking to
the glass will detach from the cell and close spontaneously, forming a semi-vesicle. Here, the extracellular
side of the membrane is exposed to the bath. Schematics taken from (6)

The whole cell configuration Single channel recordings obtained from cell attached
experiments were certainly the most exciting finding of the newly developed technique.
7
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However, another configuration became more commonly used. In the whole cell configuration, the patch in the pipette tip is broken by applying negative pressure (suction) or high
amplitude alternating voltage (Fig. 3.1-b). The intracellular space will then be exposed to
the pipette solution, making this configuration very similar to the classical voltage clamp
experiment, where a sharp glass electrode was poked inside the cell. The advantage of
establishing a gigaseal first is the maintenance of the high resistance between membrane
and pipette, which reduces leak currents and noise. In this configuration, the compound
properties of the complete cell membrane can be studied. In theory, the complete cell can
be clamped to a certain voltage (see section (3.2)). This however is only possible for small
cells with few and short processes. Larger cells with long dendrites and axons exhibit the
so called space clamp problem, i.e., distant parts of the membrane will not be clamped as
fast and accurately as closer parts.
Nevertheless, this configuration allows determination of passive cell properties, such as
membrane resistance and membrane capacitance (see 3.5) with good precision. Most
measurements concerning general properties of the cell or intercellular interaction, but
not single channel dynamics, are carried out using this configuration. Apart from the classical voltage and current clamp, this includes techniques like adding dyes to the pipette
solution to characterize the cell morphology after electrophysiological recordings, or single
cell PCR, where the interior of the cell is sucked into the pipette at the end of the experiment to study the mRNA composition of the cell.
One should be aware, that the intracellular space will be filled by the pipette solution after
a short time in this configuration. This decreases the relevance for naturally occurring
processes, and demands a pipette solution that matches the intracellular solution as close
as possible.
The inside-out configuration The inside-out configuration is obtained from the cell
attached situation. Membrane and pipette seem to be glued together, which allows detachment of the membrane patch simply by retracting the pipette. Sometimes, the excised
membrane closes to form a vesicle, which can be reopened by exposing it to air. The cytosolic side of the membrane is now exposed to the bath, allowing an arbitrary change of
the ‘intracellular’ conditions (Fig. 3.1-c). To maintain the activity of energy-dependent
proteins, ATP should be added to the bath solution.
The outside-out configuration Starting from the whole cell configuration, the
outside-out configuration can be obtained by retracting the pipette. A part of the membrane might detach from the cell and form a semi-vesicle around the pipette (Fig. 3.1-d).
Thus, the outer membrane leaflet is exposed to the bath and can be perfused, e.g., with
ligands for ion channels.
Problem 1 Draw a model circuit for an experiment using the cell attached configuration,
discriminating between the membrane outside the pipette and the membrane patch inside
the pipette. Simplify the circuit in a second drawing by making reasonable assumptions to
neglect some of the elements. Which parameters can be determined by changing the pipette
potential while measuring the current (‘voltage clamp’) and how are they obtained from
the measurements?

3.2

Concepts of voltage and current clamp

In many electrophysiological experiments, electrical properties of the complete cell are
examined to deduce biological information about the cell. This could be the overall capacitance or conductance, but it can also mean the entirety of a certain ion channel. While
8
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a cell attached measurement gives information about the statistic behaviour of one or a
few channels, an experiment including the whole membrane can provide an average over
hundreds of channels, providing valuable information about channel dynamics in only one
experiment. For this purpose, the voltage current behaviour of the cell is studied in mainly
two ways.
Electrical properties of an object can be deduced from the current-voltage behaviour of
this object. These can be obtained from measuring the current necessary to maintain a
certain voltage over the membrane. This method is referred to as voltage clamp. It can
be used to determine passive cell properties such as membrane resistance and capacitance.
Apart from that, the threshold for eliciting an action potential can be determined from
increasing the membrane potential until the current increases super-linearly in a positive
feedback loop.
Different information can be obtained from a second class of experiments, where a defined
current is injected and the resulting membrane potential is measured. This technique is
called current clamp and it can be used to measure the resting potential of the cell (by
setting the current to zero), examine the course of action potentials and the frequency
response of an excitable cell to a stimulus. This approach was crucial for the separation
of currents flowing during an action potential and the underlying changes in conductances
for certain ions during this event. These findings were the basis for the derivation of the
Hodgkin-Huxley model.
Membrane resistance and capacitance can also be obtained from current clamp experiments. A more detailed description of voltage and current clamp experiments is given in
section 3.5, after an introduction of important circuits used for these experiments.

3.3

Clamp circuits

To investigate electrical properties of a single cell, special measuring equipment is needed.
This is mainly due to the small size of a cell and the subsequent sensitivity to experiments.
Consider a naive experiment where the membrane potential should be determined using
a conventional voltmeter with an internal resistance of 100 MΩ (Fig. 3.2-a). Assuming
a constant voltage of VM = −100 mV driving the current through the voltmeter for a
Vt
−14 mol of charges would be drawn
measuring time of one second, ne = It
F = RF ≈ 10
from the cell. As a comparison, the total amount of intracellular potassium ions, the ion
species mainly responsible for the resting membrane potential of the cell, is approximately
nK + ≈ Vcell · cK + ≈ 10−15 mol for a cell with a diameter of 10 µm. Thus, the membrane
potential would break down almost immediately and no meaningful measurements could
be obtained. Hence, a far more sensitive circuit is required to study the biophysical
properties of the cell.
3.3.1

Properties of a differential amplifier

The main device that is commonly used is a differential amplifier. This is an electronic
device with two inputs and one output that belongs to the class of operational amplifiers
(OPs). An idealized amplifier can be characterized by three properties:
(i) The output Vo depends on the inputs V+ and V− according to
Vo = A · (V+ − V− ),

(3.1)

where A  1 is called the gain of the amplifier, V+ and V− are called the noninverting and inverting input, respectively.
9
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(ii) The input resistance is very high and can be assumed to be infinite, i.e., no currents
flow into either of the inputs.
(iii) The output resistance can be assumed to be zero, i.e., there is no internal voltage
drop like known from most conventional voltage sources.
These properties are only valid within a certain voltage range and to a limited precision,
but focussing on them in a first approximation proves to be very helpful in understanding
the subsequent circuits. Knowledge of the rather complex electronics inside the amplifier
is not required to understand the applications of this device. One should be aware, though,
that the amplifier has an external power supply, so that the current flowing from the OP
is not driven directly by the membrane potential of the cell. The basic circuits used for
voltage and patch clamp experiments shall now be developed step by step.

3.3.2

Basic amplifier configurations

The voltage follower First, a simple application of the differential amplifier to measure
the membrane potential will be introduced. For this, the output of the OP will be connected to the inverting input according to Fig. 3.2-b, to form a so called voltage follower.
A short calculation will explain this name: Since now Vo = V− , equation 3.2-b will be
modified to
Vo = A · (V+ − Vo ) ,
A
Vo = V+ ·
.
A+1

or, after solving for Vo ,

A
≈ 1 and Vo ≈ V+ . Thus, if the pipette electrode is
Recall now that A  1, hence A+1
connected to the non-inverting input, the output voltage will always follow the input, and
the membrane potential can be measured from Vo . Note, that the ‘gain’ of this configuration, i.e., the follower circuit, is one, since the output equals the input. Nevertheless,
the so called ‘open loop gain’ A of the device ‘differential amplifier’ is still, and has to be,
much bigger than one, typically about 105 .

The inverter circuit (a.k.a. Current-to-voltage converter) Often, it is required
to produce an output voltage that is multiple of the input voltage. This can be realized
by a slight modification of the follower circuit: A feedback resistor Rf is introduced in
the connection between output and input (Fig. 3.2-c). A typical value for this resistor
is 500 MΩ. Note also, that here the output is fed back into the inverting input, while
the non-inverting input is set to ground, i.e., for patch clamping, it is connected to the
indifferent bath electrode. The result is an inversion of the output signal, the circuit is
also referred to as ‘Inverter Circuit’, and is preferred over the ‘Non-inverter Circuit’, where
the input is connected to the non-inverting pole of the amplifier.
In the following calculation of the output potential, the access resistance of the setup, the
so called series resistance, is taken into account. It is mostly due to the resistance of the
narrow pipette tip, and is usually of the order of 3 to 10 MΩ. The relation between input
10
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Voltage Follower
V

Inverter Circuit
Rf
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Figure 3.2: Evolution of a voltage clamp circuit. (a) Measuring the membrane potential with a conventional
voltmeter is not possible, since the current through the device will cause an instantaneous breakdown of the
membrane voltage. The model circuit for a cell as introduced in Chapter 2 is shown here in context with
the measuring circuit. (b) The follower circuit prevents this problem due to the high input resistance of
the amplifier. (c) The inverter circuit allows an actual amplification of the membrane potential depending
on the resistors RS and Rf . (d) The membrane potential can be changed by injecting a current into the
cell with a second electrode. By varying this current with the potentiometer, the membrane potential
can be ‘clamped’ manually. (e) This task can be done much faster and with higher precision by replacing
the potentiometer by a second amplifier that detects the deviation of the membrane potential from the
command voltage. (f) A more elegant way achieves the same result with just one electrode, using the
current-to-voltage converter. Note that the second OP ‘calculates’ the difference of the input signals Vo
and Vcom without amplifying them (indicated by ‘+1’ and ‘-1’ at the inputs of the amplifier). Also pay
attention to the position of inverting and non-inverting amplifier inputs in the different circuits. The
ground electrode is the indifferent bath electrode.

3. The Theory: Understanding the patch clamp technique
and output voltage is again derived from equation (3.1) and the basic laws of electricity:
From equation 3.1 with V+ = 0 :
The current through Rf
equals the current through RS :
Since (ii) = (iii),
and using (i) gives
we can simplify to
and solve for Vo :

Vo = −A · V− .
Vo − V−
If =
Rf
V− − VM
.
IS =
RS
(Vo − V− ) · RS = (V− − VM ) · Rf ,
Vo
Vo
(Vo + ) · RS = (− − VM ) · Rf .
A
A
Vo · RS ≈ −VM · Rf
Rf
Vo ≈ −
· VM .
RS

(i)
(ii)
(iii)

Hence, the output voltage can be amplified by an arbitrary factor just by choosing Rf
appropriately. For the justification of the approximation see Problem 5.
Another important property of this circuit is the fact that the output voltage Vo is proportional to the current I flowing through Rf , i.e., the current injected into the cell:
Vo = I · − Rf . The circuit is thus referred to as current-to-voltage converter.
To study the properties of a cell, it is of course not sufficient to measure the resting
membrane potential. As described in section 3.2, two standard procedures are used to
manipulate the membrane potential, voltage and current clamp.
Problem 2 The neuron-amplifier-hybrid drawing on the title page is ‘circuited’ in the
follower configuration. Independent of aesthetic considerations, what should be drawn
differently to match the principle of a voltage follower?
Problem 3 Determine the output voltage Vo for the non-inverter configuration, i.e. a
configuration where the feedback resistor Rf is connected to the non-inverting input.
Problem 4 Why is the inverter preferred over the non-inverter circuit? (Consider how
small fluctuations of Vo disturb the balance of the two circuits.)
Problem 5 Justify the approximation made in the calculation to determine the output
R
potential of the inverter circuit assuming that A  RSf !
3.3.3

Voltage clamp circuits

Two-electrode voltage clamp To determine the membrane conductance of the cell,
one of the most frequent applications of electrophysiological experiments, a current can
be injected into the cell, resulting in a change of the membrane potential. This can be
done using the voltage supplied by the differential amplifier of either the voltage follower
or the inverter circuit. First, an extension of the follower circuit is introduced, a second
electrode to inject current. To adjust the current, a potentiometer could be used (Fig.
3.2-d), manipulated by the experimenter. In this way, the membrane potential could be
‘clamped’ manually. This would obviously be a rather tedious and, more importantly,
unprecise and slow way of maintaining a constant voltage. Rather, the potentiometer can
be replaced by a second differential amplifier, who does exactly what the experimenter
adjusting the potentiometer would do: Measuring the difference between the membrane
potential VM and the command voltage Vcom and injecting a current that brings VM closer
to Vcom . In the steady state, the following equations hold true for the circuit in Fig. 3.2-e:
12
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Eq. (3.1) with V+ = Vcom and V− = VM gives

Vo = A · (Vcom − VM ).

Due to the voltage drop over Ra is

VM

= Vo − Ia Ra ,

and hence

VM

Solving for VM yields

VM

With A  1, we can approximate

VM

= A · (Vcom − VM ) − Ia Ra .
Ia Ra
A
Vcom −
.
=
A+1
A+1
≈ Vcom .

Obviously, the circuit achieves to clamp the membrane to the desired voltage Vcom , while
the required current Ia can be measured. In using this circuit, the membrane conductance
at different voltages can be determined. For further applications of voltage clamp see
Section 3.5.
Single electrode voltage clamp More often, a circuit derived from the current-tovoltage converter is used for voltage clamp experiments. Here, only one electrode is required for simultaneously measuring the voltage and applying the current. This circuit,
which is shown in Fig. 3.2-f, is the standard circuit we will refer to in the following chapters.
The task of clamping and measuring is solely performed by a current-to-voltage converter.
(cf. Fig. 3.2-c and 3.2-f). Since no current is flowing into or out of the amplifier inputs,
the current I through Rf is equal to the current flowing through the pipette and can be
determined from Vo :
Eq. (3.1) with V+ = Vcom gives
Due to the voltage drop over Rf is
and hence

Vo = A · (Vcom − V− ).
IRf

= Vo − V− ,

Vo = IRf + V− = IRf −

Vo
+ Vcom
A

Vo ≈ IRf + Vcom .
Thus, the current flowing in the cell can be determined by measuring the output voltage
of A1. The task of the second amplifier A2 is merely to subtract Vcom from this signal, to
obtain a voltage VI = Vo − Vcom = IRf that is always proportional to the flowing current,
and independent of the changes in Vcom . Here, A2 is not a conventional differential amplifier as described above, but provides the difference between the inputs without actually
amplifying them (note the different symbol in Fig. 3.2-f and see Problem 7 for a possible
realization using a differential amplifier and resistors). One should be aware, that the
measuring electrode, not the cell, is clamped to Vcom (see Problem 6). Due to the voltage
drop over RS , the cell will be clamped to Vcom − IRS . To overcome this problem, a so
called series resistance compensation is often used (see section 3.4.2).
Using this circuit, the voltage can be clamped to the desired value while measuring the
current at all times. The circuit is hence also referred to as continuous single electrode
recording, differentiating it from the discontinuous single electrode recording. In the latter case, injecting current and measuring voltage are carried out alternating through one
electrode. This technique circumvents the problems arising from series resistance, i.e., the
correct membrane potential is measured. It is mainly used for small and difficult to access
cells. However, the method exhibits more noise and the measuring setup is more difficult
to adjust compared to the continuous single electrode recording.
Problem 6 Show that in the single electrode voltage clamp configuration as described
above the pipette is indeed clamped to the desired potential Vcom !
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V1

Problem 7 Show that the ‘subtracting
amplifier’ used in the single electrode configuration can be realized by circuiting a
differential amplifier with four identical
resistors as shown here! How big should
be R if this configuration is used as shown
in Fig. 3.2-f ?

V1

+1

V2

1

Vo

R

=

V2

Vo = V1 - V2

R
+

R

Vo
R

Figure 3.3:

Rf

+A1

Vo

Vcom = VM
RS

VI

+1

A2

1

Ai

+

V

V
V*

Figure 3.4: Current clamp circuit. Based on the voltage clamp circuit shown in Fig. 3.2-f, the current
injected into the cell is controlled in this circuit. The current is proportional to the adjustable voltage
VIcom , while the resulting membrane potential can be measured with the second voltmeter. The parts in
addition to the circuit Fig. 3.2-f are shown in red.

3.3.4

Current clamp circuit

Another way to carry out an electrophysiological experiment, is by injecting a defined
current I while measuring the resulting membrane potential VM . This is referred to as
current clamp. A control circuit to realize this can be derived from the single electrode
voltage clamp circuit discussed in section 3.3.3. A voltage VIcom (proportional to the
current to be injected), is compared to the output voltage VI (proportional to the actual
current through the pipette) by means of an additional amplifier (Fig. 3.4). The amplified
difference is used as the command voltage Vcom . Remember, that the membrane will be
clamped to Vcom as it was the case in the single electrode voltage clamp configuration.
Thus, Vcom = A(IRf − VIcom )
Vcom − VM
1
and from Ohms law,
I =
=
[A(IRf − VIcom ) − VM ].
RS
RS
AVIcom + VM
VI
Therefore
I =
≈ com .
ARf − RS
Rf
The pipette current I can thus be controlled by the voltage VIcom while the membrane
potential VM can be measured. If we set, for example, VIcom = 0, the current will be
clamped to zero and the voltmeter measuring VM in Fig. 3.4 shows the resting membrane
potential.
Problem 8 In App. A, the time dependence of the current during a voltage clamp experiment is derived for the simple model cell introduced in Chapter 2. In analogy, derive
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3.4 Compensation circuits
Capacitance compensation
Vcc

A3+k

Series resistance compensation

Rf

A3+k

Rf

Rcc
Ccc
Vcom

+A1

Vo

+1

A2

Vcom
*

VI

1

RS

o

Vcom
*
V

Vcom

Vo

+A1

RS

A2

VI

1

R

+1

A4

+1

a

+1

Rpot

V

Vcom

b

Figure 3.5: Compensation circuits. (a) Capacitance compensation is achieved by feeding a capacitive
current through an additional branch in the circuit. The amplifier A3 has an adjustable gain to match
the amplitude of the current, while the potentiometer Rcc can be used to change the time constant of the
current. (b) To make up for the voltage drop over RS , a scaled version of the resulting voltage VI is added
to the command voltage Vcom by using the amplifier A4. Rpot can be used for adjustment. The circuits
are based on the single electrode voltage clamp circuit shown in Fig. 3.2-f. The additional parts are shown
in red.

the time dependence of the membrane voltage for a current clamp experiment, where a
constant current Iclamp is injected for a duration tclamp ! Which parameters of the experiment (e.g., RM , RS , . . . ) can be calculated from an actual voltage measurement? Give the
equations to determine those parameters!

3.4
3.4.1

Compensation circuits
Capacitance compensation

Cell membranes have capacitive properties, as described before (Chapter 2). If the cell
is clamped from one voltage to another, transient currents are flowing that charge the
membrane until VM = QM /CM . The time dependent current during this process is derived
in App. A and is given by
I = IR + IC =

V
V
− t
+
· e RS CM
RM
RS

(3.2)

(compare equation (A.7)), where IR is the current through the membrane (due to its
conductance), and IC the transient capacitive current. The steady state current RVM ,
the amplitude RVM + RVS and the time constant τ = RS CM of this current, which can be
obtained by fitting an exponential function to experimental data, can be used to determine
the capacitance CM and the conductance R1M of the cell membrane and hence to study
passive properties of the cell (see 3.5 and Fig. 3.6-c). However, often these transient
currents are undesired for mainly three reasons. First, fast processes, such as opening of
fast voltage gated channels, will be superimposed by the capacitive current, and hence more
difficult to detect and analyze. Second, since those currents are driven by the amplifier,
and initially only restricted by the series resistance RS , they might lead to a saturation
of the amplifier. This would lead to an incomplete clamp or even to large oscillations
of the clamp potential, especially while using high gain. Finally, the linear range of
the recording device might be exceeded, making an accurate measurement of the current
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impossible. Thus, it would be useful if the capacitive current would be injected separately
from the actual voltage clamp circuit. This can be accomplished by feeding the current
through an additional branch of the circuit shown in Fig. 3.2-f. This is referred to as
capacitive compensation or cancellation, even though the current is neither compensated
−

t

nor cancelled. Since the current should be equal to IC = RVS e RS CM , it is most convenient
to use a capacitor to generate this current (for properties of capacitors see App. A). A
possible realization is shown in Figure 3.5-a. An additional amplifier with adjustable gain
(e.g., a noninverter circuit) provides the necessary voltage Vcc , resulting in a voltage drop
of Vcc − Vcom . Furthermore, the amplifier ensures that none of the current flowing through
the capacitor Ccc will be drawn from the voltage clamp circuit. The current flowing in
this part of the circuit is
Vcc − Vcom − R tC
Icc =
(3.3)
· e cc cc .
Rcc
Including also a potentiometer Rcc , the time constant τcc = Rcc Ccc can be adjusted to
match τ = RS CM from equation (3.2). Hence, in choosing appropriate values for the
amplifier gain and the resistor, it is possible to achieve IC = Icc . This ensures that the
transient capacitive current necessary to charge (and discharge) the membrane during
changes of the command potential, will not be drawn from the clamping amplifier, and
not be included in the signal provided by the current-to-voltage converter.
Another source for capacitive currents, are capacitances of the pipettes and the feedback
resistor Rf . These currents are usually faster (due to the smaller capacitance) and smaller
in amplitude, but nevertheless undesirably. Hence, a second compensation circuit like the
one included in the circuit in Fig. 3.5-a is used, that can be adjusted separately (not
shown).
Problem 9 Is it always necessary to compensate the capacitive current completely? In
which cases might this not be crucial?
3.4.2

Series resistance compensation

As pointed out in section 3.3.3, the voltage drop over the series resistant of the pipette
reduces the voltage the cell is clamped to. In the circuit shown in Fig. 3.2-f, the cell will
be clamped to Vclamp = Vcom −IRS , instead of Vcom . To avoid this, a second compensation
circuit is usually used, the series resistance compensation. The idea is to compensate for
this voltage loss by increasing the command voltage by IRS . A possible realization is
depicted in Fig. 3.5-b. The compensation voltage obviously depends on the current I,
and is hence obtained from the output VI ∝ I (see 3.3.3). Using a potentiometer with a
R
total resistance of R, a scaled part of this voltage, Vpot = Rpot VI , is added to the command
voltage in the amplifier A4, which simply adds up the two inputs.

where
and hence
Thus, we can achieve
by choosing

Vpot = Ipot Rpot ,
Rf
VI
Ipot =
=I
R
R
Rpot
.
Vpot = I Rf
R
Vpot = IRS = Vcom − Vclamp
R RS
Rpot =
Rf

in adjusting the potentiometer accordingly. Now the cell will be clamped to the desired
voltage Vcom .
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One should be aware that for Rpot >

R RS
Rf

, the circuit acts in a positive feedback loop.

This should be avoided carefully by choosing Rpot ≤

3.5

R RS
Rf

!

What can be learned from a patch clamp experiment

Single channel measurements In the cell attached configuration, currents through
one or only a few channels can be measured, as described before. This can serve to
examine channel dynamics and kinetics. Certain parameters are usually determined from
single channel recordings, such as the current when the pipette potential is equal to the
membrane potential, the current-voltage relationship and opening and closing times of the
channel. In applying drugs or possible ligands, or using inside-out configuration to alter
the ‘intracellular’ environment, the dependence of the channel on these conditions can be
examined and compared. Further properties, like the ion specificity, can be deduced. Apart
from understanding the dynamics of the wildtype channel, possible causes for diseases
might be found from those recordings.
Passive cell properties From whole cell recordings, passive cell properties as the membrane resistance RM and the membrane capacitance CM can be determined. This can also
be used for studying processes as endo- and exocytosis, central processes for intercellular
communication, as neurotransmitter release and uptake on synapses. Here, the change in
membrane capacitance is used as a measure for the change in membrane surface during
these events.
There are several ways to determine those values from whole cell recordings. In general,
they can be obtained from both voltage and current clamp experiments (see Problem
8). For the case of a square voltage pulse in a voltage clamp experiment, the following
equations, which are derived from the calculations in App. A can be used:
RM

≈

CM

=

RS ≈

Vcom
Iss
τ
RM
Vcom
,
Imax

for RM  RS

(3.4)
(3.5)
(3.6)

where τ is the time constant of the exponential decay of the transient capacitive current,
Imax the peak current and Iss the steady state current as shown in Fig. 3.6-c. Needless
to say, that these data should be recorded without (slow) capacitance compensation. An
alternative, and more often common approach uses a sum of alternate and direct voltage
as command voltage. As is known from the theory of capacitors in AC circuits, the
capacitance leads to a phase shift between current and voltage and also influences the
amplitude of the current. From these parameters and the response to the DC part of
the signal, the parameters shown above can be determined fast and precisely (for more
detailed description see (4)).
Conductance of ion channels Often, it is not the overall conductance of the membrane
that is of interest, but rather conductance changes of single classes of channels. Since only
two parameters, voltage and current, can be used to study these properties, a separation
of the currents through different channels is not possible directly. Some channels react to
a change in membrane potential with a characteristic delay. Delayed potassium channels
are for example much slower than fast sodium channels, leading to a temporal separation
17
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Channel type
N a+
K+
Ca2+

Drug
TTX
Cs, TEA
Cd2+ , Ni

Site of application
extracellular
intracellular
extracellular

Table 3.1: Drugs blocking ion channels that are selectively permeable for certain ions.

of the respective currents. However, this separation is usually incomplete and applies only
to few examples of channel types. Therefore, other methods are required to study channel
properties. Today, this is usually accomplished by application of drugs that block certain
channels specifically (see Table 3.1). To examine the behaviour of one channel type, it is
possible to block all but this channel, or to block only this channel and subtract the resulting current from the current before blocking. (For an alternative approach see Problem
10). While single channel recordings as described above are useful for the examination of
the stochastic behaviour of individual channels, whole cell recordings of a certain channel
type provide the sum of the currents through many (up to several hundreds) channels of
one type. This can be interpreted as a statistical ensemble mean of the channel behaviour.
Conductive properties are not only interesting for excitable cells. Often, conductive properties can be used as an indication for diseases. Furthermore, potential drugs have to be
proven to not affect ion channels. That makes electrophysiological experiments important
for pharmacological research.
Action potentials and spike trains In current clamp mode, action potentials can
be elicited by injecting enough current to pass the voltage threshold. While in voltage
clamp the voltage course of an action potential can not be seen (since the voltage is kept
constant), it can be recorded in the current clamp configuration. The shape of this event
can be used to study the excitability of the cell, to distinguish between different cell types,
and to examine the frequency behaviour of the evoked sequence of action potentials, often
called ‘spike train’. Different cells show different patterns of spike trains, ranging from
singular spikes with long refractory period (time after action potential during which the
cell is not excitable), to ‘bursting’ cells, i.e., cells that produce a high frequency sequence
of action potentials after a short stimulation. These patterns can be used to study the
functions and properties of the cell and also the possible relation to the role of the cell in
the network it is part of, in case of tissue slices.
Multi cellular recordings In recording from several cells at the same time, it is possible to study the interaction between those cells under different conditions and obtain
information about the processing of information. However, this approach is limited in the
number of cells and proves to be challenging even for simultaneous recording from only
two cells (see 3.6).
Recording from processes and synapses It is also possible to patch dendrite and
axons or synapses, such as the giant synapse in certain cells of the auditory system, the
so called ‘Calyx of Held’. These challenging experiments allow recordings of subthreshold
membrane depolarization, like excitatory and inhibitory postsynaptic potentials, that shed
light on the way a cell integrates the numerous inputs it receives constantly to produce a
meaningful output in terms of its function in the network. Capacitive measurements to
study exocytosis (see above) are usually carried out on the calyx.
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Further applications As F. Sigworth put it once, ‘Patch pipettes are more useful
than initially thought.’. Today, patch pipettes are used for means beyond electrophysiological experiments. Since these applications are often used in combination with recordings,
some of them will be introduced here.
By sucking a cell into a pipette after recording, its protein expression can be analyzed
by using the mRNA for single cell PCR. A correlation between electrophysiological and
molecular cell properties can be obtained using this information.
Another technique allows combination of the electrophysiological experiment with an examination of the cell morphology. This can be accomplished by including a fluorescent
dye in the pipette solution, and observing the fixated cell under a confocal laser scanning
microscope, resulting in a detailed 3D view of the cell down to single synapses or spines.
Problem 10 When Hodgkin and Huxley performed their groundbraking experiments,
they did not have the blockers for ion channels that are used today. Think of an alternative way to separate currents through different channels (assume that only potassium and
sodium currents are relevant for an action potential)!

3.6

Limitations

The patch clamp technique proved to be a powerful method to study the excitable cells
of the nervous system. One should be aware, though, of the limitations of the system.
Physiological conditions Generally, patch clamp experiments provide a tool that allows examination of cells in a rather native environment, especially when working with
brain slices. However, depending on the configuration used, one should be aware of the
consequences the experiment poses upon the cell.
The cell attached mode disturbs the cell least, not interfering with the intracellular space.
But even here one should remember that the mechanical forces working on the membrane
might effect the properties of membrane components and even the firing behaviour of the
cell.
In the whole cell configuration, the intracellular space will be dominated by the pipette
solution after a short time.
The space clamp problem Many neurons have large dendritic trees with hundreds of
processes. This poses a problem for clamping the membrane to a certain voltage. Small
dendrites have a relatively small lateral conductance and a high capacitance, which leads
to a delay and decrease of the voltage control especially in distant parts of the cell. Hence,
the measured current does not represent the current necessary to clamp the complete cell
to the desired potential and synaptic signals can only be recorded for synapses close to
the recording site.
Concerning networks The examination of neural networks is only possible in a limited
way using patch clamp experiments. Multi electrode recordings as described above are
generally possible, but the difficulties increase dramatically with the number of patched
cells. This makes this method not suitable for the study of excitation patterns on a
network level, but rather limits the applications to the interaction of two neurons. To
study multicellular networks, optical methods such as calcium imaging are generally more
suitable.
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Problem 11 In Fig. 3.6-e, sodium currents can be observed upon depolarization of the
cell in a voltage clamp experiment. The delay of the sodium currents depends obviously on
the amplitude of the voltage step. How can this be explained?
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Figure 3.6: Typical patch clamp recordings and data. (a)-(d): Recordings obtained during the initial
process of an patch experiment. The traces are current responses to test pulses of 10 mV for 100 ms.
(a) shows the decrease in current while pipette is approaching membrane. The gigaseal is completely
established in (b). Note the fast capacitive transients. The breaking of the seal due to suction is shown
in (c). The duration of a voltage step prior breaking of the seal (arrow) is indicated by asterisks. The
slower capacitive currents visible in (c) are compensated for in (d). (e)-(g): Single channel currents. The
opening and closing of a single channel can be clearly recognized by the square current jumps with an
amplitude of approximately 10 pA (e). Superimposed on these currents are smaller and faster deviations
with a stereotypical appearance. These indicate spontaneous activity of the cell and can be seen both when
the channel is close (f) and when it is open (g). The chosen ‘spikes’ are indicated by arrow heads in (e).
(h)-(k): Sodium current. Suprathreshold voltage steps induce sodium currents (here as negative currents
since they are ‘compensated’ by the feedback circuit) (h), that disappear immediately after application
of TTX (i). In (k), the difference of the current traces from (h) and (i) is shown. These traces give an
estimate of the sodium current. The initial current ‘spikes’ are due to deviations in capacitive currents
between the measurements and should be interpreted as artifacts. (l) The I − V - characteristic of Ca2+
channels (closed circles). The voltage dependence is obvious from the non-linear relationship. Once the
channels are open, they show a linear I − V -relation within a certain voltage range, while the point of
zero current shows the Nernst potential of Ca2+ . The channels do not open after application of 2 mM
Cd2+ , indicating a blocking of the channels. Graph (l) from (7). (m) Voltage traces of a current clamp
experiment. The threshold for eliciting action potentials is inbetween 40 and 80 pA. The onset of the
action potential is even shorter if 120 pA are injected. The cell shows equally distanced action potentials
with fast decreasing amplitude. This kind of pattern for a train of action potentials is characteristic of
each cell type. Graph (m) taken from (8).

4
The Practice: Working with a patch clamp setup

4.1

The general setup

The general patch clamp setup consists of three main parts. The main stage with the
microscope, electrodes, the head stage and the perfusion system (Fig. 4.1-a); the main
amplifier with the compensation, gain and offset voltage control (Fig. 4.1-b); and the
computer for generating the clamp protocol, monitoring the measurement and acquiring
the data.
4.1.1

The main stage

The microscope A widefield microscope is commonly used for a patch clamp setup.
In case of cell culture, an inverted microscope can be used, leaving space for perfusion
system, electrode and pipette above the cells. For tissue slices, the slices are usually
too thick to see the upper cell layers, which are exclusively accessible for patching, with
an inverted microscope. Hence, an upright microscope has to be used. To improve the
optical properties, water immersion objectives are usually used (typically 40x), that use
the bath solution in case of an upright microscope.

The perfusion system The perfusion system is needed to constantly renew the bath
solution that contains the cells or slice, and to apply drugs or stimulating substances in
case of sensors neurons. For this purpose, a system is used that allows to switch between
different solutions. The perfusion should be adjusted with care and monitored throughout
the experiment. It should also be prevented that drops are falling in the bath since this
will disturb the measurements.
The indifferent electrode The indifferent electrode (the bath electrode) is often an
Ag / AgCl electrode that should fulfill some requirements to reduce noise. The electrode
should be insulated very well (e.g., with glue) while leaving only the very tip uncovered.
An agar bridge can be used to keep the electrode in a constant environment, even while
changing the extracellular solution. Here, an agar filled pipette contains the electrode
in one end while the other end is hanging in the bath solution. This avoids (or rather
decreases) changes in the offset potential during the experiment. More recently, ‘pellets’
are used, small pieces of a special mixture from Ag and AgCl, which avoid most problems
with offset potentials.
The indifferent electrode is connected to the head stage, supplying the ground for the
amplifier circuits described in Section 3.3.
The head stage The different electrode (the electrode within the pipette) is connected
to the so called head stage, which includes the pre-amplifier and which is mounted onto
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a micromanipulator. This can be controlled via the adjusting screws or via the piezo
electronics. The former way allows to move the pipette roughly and fast to the cell, while
the latter is highly sensitive and is used to approach the cell prior to the formation of a seal.
The pre-amplifier in the head stage contains the voltage-to-current converter (see 3.3.3).
The electrode holder has a connection for the pressure supply. The pressure exerted on the
pipette solution causes a constant flow out of the pipette that prevents the tip from getting
dirty. It can also be used to remove cells of upper cell layers to get access to deeper layers,
which are usually easier to patch and less damaged by the slicing procedure. When the
seal is to be formed, the pressure is suddenly turned off so that the membrane flips onto
the pipette tip. Some experimenters use an oral application of pressure when approaching
the cell.
The electrode within the pipette is a Ag / AgCl electrode, i.e., a chlorinated silver wire.
Again, a reduction of the surface between electrode and solution is crucial for low noise,
and is achieved by minimizing the volume of the pipette solution and insulating most of
the electrode. The quality of the AgCl coat is also important for good measurements.
Sometimes, an agar bridge within the pipette is also used here to avoid offset potential
problems (see below).
4.1.2

The main amplifier

The signal from the head stage is fed into the main amplifier. This amplifier, which
should not be confused with the operational amplifiers in the head stage, is the first entity
of data acquisition. The desired current for the clamping experiments is produced here,
and current and voltage are displayed (see Fig, 4.1-b). The compensation is controlled and
adjusted from this unit, and the experimental mode is chosen (voltage or current clamp).
The measurements can be amplified here in addition to the amplification in the head stage
(‘gain’). Furthermore, the voltage offset (see 4.2) can be adjusted. Most amplifiers also
contain a filter, that can exclude high frequency noise from the signal. Filters should be
used with care, since they might remove relevant information from the measurement, but
they are at the same time inevitable to produce meaningful data. Common filters are 3
or 10 kHz lowpass filters.
4.1.3

The computer

A computer is used to create and provide the clamp protocols (functions for the time course
of voltage or current), to monitor the data (sometimes an oscilloscope is used instead), and
to record the measurements. For these purposes, commercial or custom made software is
used. For examples of voltage traces see Fig. 3.6-e.

4.2

Further aspects

Concerning pipettes The production of patch clamp pipettes is surprisingly easy. The
general idea is to heat the middle of a glass capillary and pull both ends until the glass
breaks. This procedure results in fine pipette tips with an inner diameter of approximately
1 µm. In practice, a pipette puller as shown in Fig. 4.1-c is used. The center of the
capillary is surrounded by a heating coil, the upper end of the vertically oriented capillary
is attached to the chassis, while the lower one is attached to a heavy block that exerts a
force on the capillary. Upon heating of the coil (by passing a current through the wire),
the glass melts and the block pulls the lower end of the capillary. In the first step (at a
high temperature), the block pulls the capillary for only a short distance (about half a
centimeter). In the second step at a somewhat lower temperature, the block falls down
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completely, resulting in a breaking of the glass. Thus, two pipettes are produced. The
inner diameter of the pipette is the main parameter that determines the pipette resistance.
It can be altered by changing the temperature of the second heating step. The resistance
is quite constant for a fixed temperature. The quality of the pipettes can then be improved
by heat polishing and coating of the surface.
The heat polishing process smoothness the tip surface. This increases the probability to
get a good seal. The pipette tip is moved close to a heating coil and heated for a short
time. Care should be taken that the tip does not melt, leading to a closed tip.
Coating the pipette surface with hydrophobic reagents prevents water to ‘creep’ up the
glass wall. This would lead to an increase in capacitive noise. The type of capillary glass
is also crucial for the properties of the pipettes. The quality of the pipettes was of central
importance for establishing the patch clamp method and a detailed description of the
production was already given in one of the initial papers by Neher and Sakmann (1).
To fill the pipette with solution, the tip is first put into the solution. The solution enters
the tip due to capillary forces up to half a millimeter. The pipette is than filled from the
back end with a thin micro-tip pipette. The remaining air in the pipette can be removed
by tapping against the pipette several times.

Solutions The composition of both pipette and bath solution is important for a reproducible and biologically relevant experiment. In whole cell configuration, the pipette
solution should match the ionic composition of the cytosol as close as possible to maintain
physiological conditions. It also contains nutrients, such as ATP to assure the energy
supply in the cell. The pipette solution is hence sometimes referred to as ‘intracellular’
solution. This term is of course not correct, but it is justified by the fact that the intracellular space is dominated by the pipette solution a short time after the membrane patch
is broken. The external solution (bath solution) is usually similar to the extracellular
solution of the tissue. Apart from mimicking a ‘natural’ environment, the ion concentrations inside and outside of the cell determine the electrophysiological properties of the
cell. Hence, they should match the in vivo conditions as close as possible. Examples for
intra- and extracellular ion concentrations in humans and tadpoles and commonly used
solutions for slices of tadpole brains are given in Table B.1. For the relation between ions,
membranes and potentials see App. B.

The offset potential In a patch clamp experiment, potentials appear that can not be
derived from the biological preparation nor from the command unit. They are referred to
as offset potentials and are due to chemical potentials at junctions, such as the electrode bath transition or the transition between the pipette solution and the bath solution. They
are responsible for deviations from the command potential and have to be compensated
for. This is not trivial, since the offset potential can change during the course of an
experiment due to a change of solutions or a slow equilibration process at the junction
zones. A simple but imprecise way to compensate for the offset potential is by using the
compensation mechanisms incorporated in most amplifier units before establishing a seal
(see Fig. 4.1-b). Changes of the offset potential after the seal is obtained are not taken
care of in this way. The best solution is to prevent them by using an agar bridge, ensuring
a constant environment for the indifferent electrode. Apart from that, both electrodes
should be of good quality, i.e., the silver wire should be covered completely by an AgCl
coat. P. Barry analysed offset potentials and developed a software to determine them
reliably (9).
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4.3

General course of an experiment

The following procedure precedes each experiment and has to be repeated when a new
pipette is required, i.e., after each successful or unsuccessful attempt to get a gigaseal:
• Fill pipette with intracellular solution and attach pipette to pipette stage. Make
sure the pressure is turned on to prevent the pipette tip from getting dirty.
• Find pipette in the field of view of the microscope. If the pipette tip is dirty, replace
pipette.
• Turn on amplifier and check offset potential. Adjust to zero if necessary. Check for
slow drifts of the offset potential.
• Check pipette resistance (between 5 and 10 MΩ) with a test voltage pulse (e.g.,
+10 mV for 10 ms). Leave the test pulse turned on.
• Approach slice with pipette.
• Switch to micro-manipulator and oral pressure application.
• Get close to cell to produce a dent in the membrane.
• Release pressure suddenly and observe current trace to see development of the seal.
• Apply gentle suction to stabilize seal if necessary.
• Turn up the gain (2x to 10x usually) and set holding potential to expected resting
membrane potential (-70 to -80 mV).
• Compensate for pipette capacitance (‘fast capacitance compensation’).
• Check for single channel currents (larger gain recommended) or break the membrane
patch by application of gentle suction to get into the whole cell configuration. Watch
current to detect the ‘break through’ (sudden increase of capacitive current).
• Compensate for membrane capacitance (‘slow capacitance compensation’) and series
resistance.
• Start measurements.

4.4

Troubleshooting

There are many parameters in a patch clamp experiment that can cause trouble, and the
art of ‘patching’ is to deal with all those difficulties at the same time. A short discussion
of some of the most common problems might help to find and eliminate their sources.
Noise The easiest way to get rid of high frequency noise is by use of lowpass filter
(see 4.1). However, noise should be reduced in improving the experimental conditions
if possible. The most common source that can be taken care of is the quality of the
electrodes. They should be well chlorinated and the area exposed to the solution should
be kept small. Other noise sources, such as the noise of the amplifier, can not be influenced
by the experimenter. Some amplifier use a feedback capacitor instead of a feedback resistor
for noise reduction. Another way to reduce noise is by averaging several measurements
obtained from one cell under identical conditions. A detailed analysis of noise is given in
(4).
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4. The Practice: Working with a patch clamp setup
Hum voltage Another kind of ‘noise’ is a hum on the voltage trace. This is due to
incomplete grounding of a setup. The grounding should be done properly when installing
the setup, but it can always reappear, for example due to changes in the setup. In this
case, the respective parts of the setup should be grounded additionally. Also monitors and
other devices that produce large electromagnetic fields can be a source for humming and
should shielded or simply turned off during the measurement.
Dirty pipette tip One should not try to get a seal with a dirty pipette tip. The dirt can
be due to an unsuccessful approach to a cell, or it can come from the pipette solution. It
happens that the pipette solution is not ‘clean’, resulting in a constant clog of the pipette
tip by dirt from the solution. In this case, a new tube with solution should be used.
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Figure 4.1: The patch clamp setup. (a) The main stage with electrodes, perfusion system, head stage and
objective. (b) The main amplifier with compensation control, filter, mode control, current and voltage
display. (c) The pipette puller. The inset is an enlarged part of the pipette tip and the heating coil. The
lower half of the capillary is removed from the pulling block. (d) Cultivated neuron during recording with
a patch pipette.(d) is taken from (6).

5
The Experiments

5.1

Preliminary experiments

It is useful and instructive to get familiar with the setup before working with living tissue
or cultured cells. Two preliminary experiments will serve this purpose.
Measuring a dummy First, an RC-element will be used as a model cell (a so called
dummy, see Fig. 2.1-c). By applying voltage steps and measuring the flowing current,
a voltage clamp experiment can be simulated. Similarly, current clamp experiments can
be mimicked. Moreover, compensating for the membrane capacitance can be practiced.
Alternative ‘dummies’ also include a series resistance.
Experiment 1 (Resistance and capacitance of a model cell) Determine the resistance RD and the capacitance CD of the RC-element in either current or voltage clamp
mode. For this, use fitting procedures to obtain the exponential time constants.
Use the slow capacitance compensation of the setup to ‘eliminate’ the transient capacitive
current from the current trace in the voltage clamp mode. Record current traces both with
and without capacitance compensation.
Measuring the pipette resistance As described in 4.2, the pipette resistance can
be adjusted by changing the temperatures of the pulling process. The resistance can be
measured by filling the pipette with extra- or intracellular solution, and placing the tip
in the bath with the indifferent electrode. Applying a voltage to the two electrodes and
measuring the current gives the resistance. While doing this, it might be useful to practice
looking for the pipette tip under the microscope (usually 40x objective).
Experiment 2 (Pipette resistance) Produce 6-10 pipettes either with different or the
same setting on the pipette puller. Determine the resistance Rpip for each of them. In case
you used the same setting for all pipettes, calculate the mean and the standard deviation to
get an estimate of how reproducible the pipette resistance is. If you changed the parameters,
create a graph Rpip = f (Tpull ) for further reference.
Compensate for the capacitive properties of the pipette by adjusting the ‘fast capacitive
compensation’ of the amplifier.
Remember to check the pipette resistance for each of the subsequent experiments, and to
compensate for the pipette capacitance before approaching a cell.

Getting good recordings during an experiment is, especially for the unexperienced experimenter, difficult. This is mainly due to problems in establishing and maintaining a high
resistance seal. Hence, once a seal is obtained, a number of experiments should be carried
out, until the condition of the cell does not allow further measurements. This requires a
good planning of the experiments described in the following sections.
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5.2 Single channel currents

5.2

Single channel currents

The presence of single channel currents in the cell attached mode is quite unpredictable,
and the current trace after establishing the seal should always be checked for those currents.
If they do not appear, one can proceed with whole cell experiments (see below). However,
if they can be seen, one should take advantage of this to carry out some basic cell attached
experiments.
Experiment 3 (Ion selectivity and voltage dependence of an ion channel) If
you see single channel currents, i.e. quantized square currents pulses with amplitudes
between 5 - 10 pA, record those traces for some time. Then apply voltage steps, as used
in whole cell voltage clamp experiments, while still recording the spontaneous currents.
From the (approximated) reversal potential of the ion flowing through the channel, make
a guess for the ion type. Apply a blocking substance for this ion channel (see Table 3.1)
to verify your guess.
Analysis of data How many channels do you suspect to be present in your patch? Are
they identical? If not, can you determine the ion selectiveness of both (or more) after
blocking at least one of them?
If you detect only one channel, or can separate the current traces reliably, create an I − V graph to determine the voltage dependence of the channel conductance and to verify the
reversal potential of the ion type the channel is permeable for. Which ion type is this?

5.3

Basic voltage clamp experiments

The main concept of a voltage clamp experiment in whole cell mode is to apply square
voltage steps from the resting potential of the cell, ‘scanning’ a certain voltage region .
As described before, the resulting current traces can be used for several evaluations. As
in the case of cell attached experiments, drugs can be applied to block certain channels.
Experiment 4 (I − V -behaviour of a cell) From the cell attached mode, change the
clamp potential to the approximated resting potential of the cell (usually around -80 mV).
Break the membrane patch by applying slight suction to the pipette. Examining the current
response to small voltage steps (∆V=10 mV for 100 ms, for example) will help you detect
the broken patch. Compensate for the membrane capacitance. Check the resting membrane
potential by switching into the current clamp mode (zero current) and adjust the holding
potential. Start a voltage clamp protocol with voltage steps ranging from around -100 to
+40 mV.
Analysis of data Determine the membrane resistance and capacitance as well as the
access resistance from the current traces before capacitance compensation. From the steady
state current after capacitance compensation, create an I −V - graph. In what voltage range
is the membrane resistance approximately constant? Determine the voltage threshold for
opening of N a+ - channels.
By blocking all but one channel type, the characteristics of this channel can be examined.
In most neurons, there exist a vast variety of ion channels. We will focus on channels
selective for either N a+ , K + or Ca2+ , the three dominant cations in the cell. Table 3.1
gives an overview over drugs that can be used to block these channels. Note the different
sites of application. Intracellularly acting reagents have to be added to the pipette solution
(or to the bath in case of an inside-out patch). One should be aware that for each ion
there exists a number of different channel types, that might show very different behaviour
29

5. The Experiments
and might not be blocked by the same reagents. For the sake of simplicity, however, we
will assume that the reagents given in Table 3.1 are blocking all channels permeable for
the respective ion.
Experiment 5 (Characteristics of single classes of ion channels) While running
a voltage clamp protocol, apply blocker for sodium channels and, in a second experiment
(with a new cell) for potassium channels.
Analysis of data Create an I − V - graph to determine the voltage dependence of the
unblocked channel type. For this, use the maximum current that is obtained during each
voltage step or a certain (fixed) time after the command potential changes. Does the reversal potential coincide with the NERNST-potential you would expect? If you left the K + channels unblocked, do you see both inward and outward rectifying properties, i.e. high
conductance in both the hyperpolarization and depolarization range?
Create I − t- graphs to evaluate the time course of the respective currents. How are the
conductances for the different channels related to the recorded currents? What can you
deduce for the evolution of an action potential from these information about sodium and
potassium channels?

5.4

Basic current clamp experiments

By injecting current into an excitable cell, an action potential can be elicited due to change
of membrane potential. While the voltage course of an action potential can not be seen in
a voltage clamp experiment (only the respective current flowing can be measured there),
it can be visualized in the current clamp mode. (Note: Some amplifiers refer to the
‘Current clamp mode’ as the mode where no current is injected (I = 0), while they refer
to injecting a defined current as ‘Current clamp + Comm’. We will use the more general
term for current clamp, i.e. each experiment where you control the injected current.) The
ability to elicit an action potential can be used to distinguish between excitable and nonexcitable cell (i.e. between neurons and glia cells), while the shape of the action potential
and the frequency of ‘firing’ can (sometimes) be used to discriminate between different
classes of neurons.
Experiment 6 (Excitability of a neuron) Start a current clamp protocol, with the
square current steps ranging from -50 to +200 pA. Repeat the experiment with at least
two different types of neurons.
Analysis of data Determine the voltage threshold for eliciting an action potential, the
amplitude of an action potential and the frequency of action potentials as a function of the
injected current. Measure the latency of the action potential and depict it as a function
of the injected current. What are the relative and absolute refractory periods? Is there
a functional relation underlying? What is the smallest current able to elicit an action
potential? Compare all results from the two different cells. Is it possible to deduce the cell
type reliably from the physiological properties?
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A
Of resistors and capacitors

For a profound understanding and a reasonable interpretation of electrophysiological experiments, it is necessary to have a basic knowledge of properties of electrical devices.
Some of these concepts will be introduced in this part, exemplified by circuits relevant for
those experiments.
Consider a simple circuit to charge or discharge a capacitor, as shown in Fig. A.1-a. If
the switch S is moved from d to c, the initially empty capacitor will start accumulating
charges. According to the equation Q = C · V , the charge accumulating is
Q(t) = C · VC (t) = C · (V − VR (t)) = C · (V − I(t)R),
where VR (t) is the voltage over R and V the voltage of the battery. With the definition
of the current I(t) = Q̇(t) = dQ(t)
dt , we get Q(t) = C · V − Q̇(t) · RC, or after rearranging
Q̇(t) +

1
V
Q(t) =
RC
R

(A.1)

This is a first order differential equation for Q(t). Differential equations are important
for the understanding of many processes in nature, and can describe common phenomena
as (bacterial) growth, (radioactive) decay or oscillations. One should remember, that the
solution to a differential equation is a function, rather than a number. Most often, differential equations can not be solved analytically, or only with sophisticated mathematical
methods. However, equation (A.1) can be solved quite easily. To this end, we differentiate
(A.1) with respect to t and express it in terms of the current I(t) = dQ(t)
dt :
˙ + 1 I(t) = 0.
I(t)
RC

(A.2)

The next step is the ‘separation of variables’, i.e., separation of terms including I and t,
respectively, followed by integration of both sides:
Z
Z
dI
dt
=−
.
I
RC
These integrals can be calculated easily and we obtain for the current
ln{I(t)} = −

t
+ ln(k),
RC

where ln(k) is the constant of integration, which is determined by the initial conditions.
Solving for I(t) gives
t
I(t) = k · e− RC .
At t = 0, the flowing current is determined by I0 = I(t = 0) =
over the capacitor (V = Q/C), and hence we have
V
= I0 = k · e0 = k.
R
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R,

since no voltage drops

A. Of resistors and capacitors
c
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S

c

R
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C
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a
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b

Figure A.1: Simple circuits composed of resistors and capacitors. (a) An RC-element, showing exponential
decay of the current while charging (c) or discharging (d). (b) A second resistor is added in parallel to the
capacitor, resulting in a model circuit for voltage or current clamp experiments, with RM and CM being
the membrane resistance and capacitance, respectively, and RS the access or series resistance of the setup.

Thus, the final equation describing the current after closing the switch is
I(t) =

V − t
· e RC .
R

(A.3)

Integration of this equation brings the solution to the initial problem (A.1):
Z

t

I(t) dt = −

Q(t) =
0

t
t
V
RC · e− RC + k2 = −V C · e− RC + k2 ,
R

(A.4)

where k2 is again a constant of integration that can be determined from the initial condition
Q0 := Q(t = 0) = 0. With A.4 follows 0 = −V C · e0 + k2 and thus k2 = V C:
t

Q(t) = V C(1 − e− RC ).

(A.5)

An interpretation of k2 = V C becomes obvious when we consider the evolution of the
system as t goes to infinity: due to the accumulation of charges, the voltage of the capacitor
rises and approaches the voltage of the battery. As t → ∞, Q(t) → V C. The graphs of
both I(t) and Q(t) are shown in Fig. A.2. Note that VC (t) = Q(t)/C ∝ Q(t), hence VC (t)
evolves in the same manner as Q(t).
If the switch is turned to the d-position, the capacitor will discharge over the resistor.
Equation (A.1) is modified in that V = 0 now, and the solution is thus similar to that of
equation (A.2):
t

t

Q(t) = Q0 · e− RC = V C · e− RC .

(A.6)

Those are the processes happening while clamping the membrane potential from one voltage to another: the ‘membrane capacitor’ gets charged and discharged with a current
restricted by the pipette resistance. In this simple circuit, the membrane conductance was
not taken into account. Fig. A.1-b shows a circuit, where this element is included. Briefly,
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I

Q

I0

Q0
I = I0 e-t/RC

t

t

Figure A.2: The charging of a capacitor based on the circuit shown in Fig. A.1-a. (a) The current is
decaying exponentially from the maximum value I0 = VR to zero with a time constant of τ = RC. (b) The
charge accumulating is approaching the value Q0 = CV .

the current flowing in this case shall be derived:
I(t)

=

z(t)

=

z0 · e−t/τ ,

and with I(t) = z(t)τ + V /(RM + RS )

I(t)

=

z0 τ · e−t/τ +

The initial condition

V
= I0
RS

=

z0 τ +

yields

z0 τ

=

Finally we get

I(t)

=

Kirchhoffs law states
with
and
(ii) and (iii) in (i) gives
With τ :=

RM RS CM
RM +RS

and rearranged:
We define

and substitute for I(t):
The solution is (compare to (A.2))

IRM (t) + ICM (t)
(i)
V − I(t)RS
IRM (t) =
(ii)
RM
dQ
dVC
˙
ICM (t) =
=C
= −CRS I(t).
(iii)
dt
dt
V − I(t)RS
˙
I(t) =
− CRS I(t).
RM


V
˙ + 1 I(t) −
0 = I(t)
τ
RM + RS
˙
I − V /(RM + RS )
I(t)
z(t) :=
, ż =
τ
τ
0 = ż(t) · τ + z(t)
V
RS + RM

V
RS + RM
V RM
.
RS (RM + RS )
V
V RM
· et/τ +
.
RS (RM + RS )
RM + RS

In practice, most often RM  RS holds, so that we can simplify τ =
and
V
V
− t
I=
· e RS CM +
RS
RM
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RM RS CM
RM +RS

≈ R S CM
(A.7)

B
Membranes, ions and potentials

All cells are surrounded and separated from the environment by a biological membrane.
The basic structure of this membrane is mainly composed of phospholipid bilayer, i.e.,
a double layer of molecules with a hydrophobic and a hydrophilic part, the hydrophobic
parts facing each other, while the hydrophilic parts point to the inside and outside of
the cell. In this bilayer, proteins are embedded, some of them spanning the complete
bilayer with domains both in the intra- and extracellular space. Among these, there are
channels that can act as pathways through the membrane for certain ions and transporters
that can carry specifically ions and molecules into or outside of the cell, even against
concentration gradients. Both phospholipid bilayer and transporter proteins are essential
for establishing and maintaining an internal milieu, often very different from the conditions
in the environment of the cell. This system works very efficient, the typical concentration
ratio for Ca2+ between intra- and extracellular space ions is 1:1000.
The ion composition of intra- and extracellular fluids is constant among the cells of
one cell type, but even different species show often similar compositions, depending on
the environment the animal lives in. For terrestrial and fresh water species, the internal
milieu is quite similar to fresh water, i.e., low concentrations of sodium and chloride ions,
while the extracellular fluid resembles seawater with high concentrations of these ions.
Potassium is mostly found intracellularly, while the cytosolic calcium concentration is
usually extremely low.
To understand the distribution of ions and the resulting chemical and electrical potentials,
it is helpful to make some general remarks about ions and semipermeable membranes.
Consider a membrane permeable for both Na+ and Cl− separating a solution containing
low concentrations of these ions from one with high concentrations. Due to diffusion
through the membrane, an equilibrium will be reached after some time, with equal ion
concentrations on both sides. If these initial solutions are now separated by a membrane
only permeable for Na+ but not for Cl− , sodium will start diffusing from the high to the

Water
fresh sea
Na+
K+
Cl−
Ca2+
Mg2+

ent15
ent22
ent29
ent36

457
9.7
536
10
56

Human
intra extra

Frog
intra extra

15
150
10
−5
10
0.5

10
115
4
−4
10
?

145
4
110
2
2

120
2.5
120
2
?

Solutions
Pipette Bath
2
11
13
0
2

98
2
8
1
2

Table B.1: Ion concentrations in fresh and sea water, in intra- and extracellular fluids of cells of humans
and frogs, and in solutions commonly used for patch clamp experiments on brain slices of Xenopus laevis
tadpoles. Not included are organic anions which contribute significantly to the electrolytic equilibrium of
cells.
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low concentration. In the first case, the net charge flowing across the membrane was zero,
in the second case exclusively positive charges are transported from one side to the other.
This field draws sodium back to the side of high sodium concentration, i.e., the equilibrium
is obtained when flow of sodium due to diffusion equals the ion flow (in opposite direction)
due to movement of charges in the electric field. Hence, in the steady state there exist
both a chemical and electrical gradient between the two sides of the membrane. An easy
way to derive the relations between the concentration ratio and the electric potential in
equilibrium, the Nernst - equation, is via application of the Boltzmann - equation. A
sodium ion on the positively charged side has a higher energy than one on the negatively
charged side, the energy difference ∆E is determined by the potential difference between
the two sides V and the charge of the ion q, which is e in the case of Na+ :
∆E = q · V.
Thus the Boltzmann - distribution is given by
q·V
n+
= ek·T .
n−

If we assume homogeneous ion distributions in the vicinity of the membrane, we can
replace n by c and rearrange for V :
V =

k·T
c+
· ln .
q
c−

(Nernst - equation) (B.1)

In the case of several ions with different permeabilities, this equation can be extended to
the Goldman - equation.
In the case of a neuronal cell membrane, the permeability for most ions is rather low
with the exception of potassium. Hence, the potential in the resting state is close to the
Nernst - potential of potassium. Typical concentration for humans are cK+ , i = 150 mM
for the cytosol and cK+ , o = 4 mM for the extracellular space, hence the potential is close
to VNernst, K + = −91.5 mV.
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C
Excitable membranes and giant axons

An introduction to the Hodgkin-Huxley model
The idea of the Hodgkin-Huxley model is to calculate changes of the membrane potential
due to currents flowing over the membrane, in order to provide a numerical model for
the generation of action potenials. These currents can be either currents through ion
channels (whose resistance might depend on voltage), including leak currents, or they
can be ‘external currents’, meaning either applied by an experimenter or due to synaptic
transmission. They always have the effect to charge the ‘membrane capacitor’, since this
is the element of the cell ‘storing’ charges. Thus one gets the quite general equation
C·

dV (t)
= −Iint + Iext ,
dt

with Iint being the intrinsic currents through ion channels (or leak current), and Iext being
the externally applied current. (The signs are due to conventions.) The intrinsic currents
depend on the maximum conductances gion of a certain channel type (this is a constant for
one channel type and a particular cell, neglecting temporal changes in expression patterns),
the fraction Pion (t) of open channels of this type (this is a time dependent parameter, that
might change if the membrane potential changes), and the driving force for each ion type,
determined by the difference between the actual membrane potential V (t) and the reversal
rev (=Nernst-potential of this ion type). The Hodgkin-Huxley
potential of this ion Vion
model only takes sodium and potassium ions into account, the most important players in
the generation of an action potential:
C

dV (t)
rev
rev
= gN a PN a (t)[VNrev
− V (t)] + Iext(C.1)
a − V (t)] + gK PK (t)[VK − V (t)] + gL [VL
dt

This is the first equation of the Hodgkin-Huxley model. The further equations serve to
specify some of the parameters of this equation.
First, the open probability of potassium ions was expressed in terms of an initially rather
abstract ‘fraction of open gates’ nK (t), which could later (at least for some channels) be
related to single subunits of the channels that contribute to the process of opening or
closing:
PK (t) = n4K (t),
where the power of four was determined by fitting the model to actual experimental data.
In the next step, the temporal change of nK (t) is examined. It depends both on the
fraction of open gates nK and the fration of closed gates (1 − nK (t)): The larger the
fraction of open gates, the higher the probability that an open gate closes (i.e., reducing
the amount of open gates), and vice versa:
dnK (t)
= −βK (V ) · nK (t) + αK (V ) · (1 − nK (t)).
dt

(C.2)

α and β are free parameters that can later be used to quantify the model. They are voltage
dependent and represent the ‘voltage-gated’ aspect of the model.
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A similar descritption can be used for sodium channels, but here we have to take the
inactivation property of the channels into account. Hence, the open probability of sodium
channels depdends on two ‘gate-variables’: one is fast and activating (m(t)), and one is
slow and inactivating (h(t)):
PN a (t) = m3 (t) · h(t).
For both m(t) and h(t) equations like (C.2) can be formulated:
dm(t)
dt
dh(t)
dt

= αm (V )(1 − m) − β(V ) · m

(C.3)

= αh (V )(1 − h) − β(V ) · h.

(C.4)

Equation (C.1) to (C.4) constitute the complete Hodgkin-Huxley model. It is a four
dimensional system of non-linear differential equations. To actual see how the model cell
‘behaves’, the equation system has to be solved, i.e., functions for V (t), n(t), m(t), h(t)
have to be determined that satisfy the equations.
To start analysis of biophysical models, it is more suitable to consider a simpler equation
system. The Morris-Lecar model for example has only two variables, the fraction of
open potassium channels and the membrane voltage. Calcium channels (which replace
the sodium channels of the Hodgkin-Huxley model) are non-inactivating and much
faster than potassium channels, so that it is possible to neglect the time dependence of
these channels. A two-dimensional model like the Morris-Lecar model can be examined
conveniently using phase plane analysis (see (12) for more information).
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