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Advances in patch clamp technique: towards higher quality and quantity
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Abstract. The patch clamp technique, developed in late 1970s, started a new period of experimen-
tal cardiac electrophysiology enabling measurement of ionic currents on isolated cardiomyocytes 
down to the level of single channels. Since that time, the technique has been substantially improved 
by development of several upgraded modifications providing so far unavailable data (e.g. action
potential clamp, dynamic clamp, high-resolution scanning patch clamp), or facilitating the patch 
clamp technique by increasing its efficiency (planar patch clamp, automated patch clamp). The
current review summarizes the leading new patch clamp based techniques used in cardiac cellular 
electrophysiology, their principles and prominent related papers.
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Introduction

Based on his experiments which considerably contributed 
to the formulation of theory of electrical excitation, Luigi 
Galvani anticipated the existence of ionic channels already 
at the end of 18th century (Piccolino 1998). Nevertheless, the 
assumed structure of plasmalemma was supplemented with 
associated proteins including ionic channels as late as in the 
1930s (Danielli and Davson 1935). Direct data proving their 
existence were still missing. 

In 1939, Hodgkin and Huxley began to work together. 
They measured both the membrane voltage and currents in
the squid giant axons using longitudinal metal electrodes. 
Unfortunately, their work was interrupted by the World 
War II. In 1952, they published a series of five papers describ-
ing the results of their experiments. In the last paper (Huxley 
and Hodgkin 1952), they united all the acquired data and 
transformed them into a mathematical model which resulted 
in determination of the laws that govern the movement of 
ions in a nerve cell during action potential (AP). 

In the meantime, to acquire direct data proving the 
existence of ionic channels, a special method was sought 
capable to get a sufficiently tight connection with a small
region of the cellular membrane providing the possibility 

to record electrical processes with a low level of undesirable 
noise. In 1949, measurement of the membrane voltage using 
penetrating glass microelectrodes filled with 3 M potassium
chloride was first introduced (Ling and Gerard 1949). Later
modification of this technique which used apposing glass
microelectrodes resulted in development of the patch clamp 
technique. It was first used by Neher and Sakmann (1976)
to analyse ionic currents through single acetylcholine-
activated membrane channels in the frog skeletal muscle. 
Many improvements of the patch clamp technique have 
been introduced since that time. In this review, a summary 
of the most important upgraded modifications of the patch
clamp technique and their application in the cardiac cellular 
electrophysiology is presented. 

Conventional patch clamp technique

The principle of the patch clamp technique has been most
recently described by e.g. Ogden and Stanfield (1994);
Karmažínová and Lacinová (2010). Shortly, it is based on an 
electrical isolation of a patch of membrane from the exter-
nal solution which makes it possible to measure the current 
flowing into the patch. Fire-polished glass microelectrodes
filled with an electrolyte solution are gently pressed against
the membrane and a light suction is then applied to get 
the high-resistance seal (usually called gigaseal because 
the resistance should exceed 10 GΩ to satisfactorily re-
duce noise). The measurements may be done either on the

mailto:bebarova.lfmu@centrum.cz


132 Bébarová

possibilities of use of AP clamp to test the selectivity of com-
pounds affecting cardiac ionic channels have been recently
reviewed by Szentandrássy et al. (2011).

Several modifications of AP clamp technique have been
introduced. Banyasz et al. (2011) developed the so-called 
AP clamp sequential dissection technique. It is based on 
recording the steady-state AP in the current clamp mode 
which is subsequently used to stimulate the same cell in 
the voltage clamp mode. If the properties of the cell did 
not change since the time of AP recording, no current 
is measured in the control conditions (baseline current; 
Fig. 1A). Unstable cells with non-zero baseline current were 
not included in the study. After adding a specific inhibitor,
the compensatory current can be recorded. The inhibited
current can be obtained by subtracting the compensa-
tory current from the baseline current. If another specific
inhibitor is added (Fig. 1B), the compensatory current is 
formed by both inhibited currents. The second current can
be then separated by subtracting the second compensatory 
current from the first one. Other specific inhibitors can be
then sequentially added to separate further currents. Thus,
this technique enables to concurrently record several ionic 
currents in a single cardiomyocyte (Fig. 1C). These authors
revealed a large variability of ionic currents among isolated 
guinea-pig ventricular cardiomyocytes and also observed 
that ionic currents in a cardiomyocyte are coordinated. 

Dynamic clamp

The dynamic clamp technique (reviewed by Wilders 2006)
is based on conventional current clamp. It is characterized 
by stimulation of the measured cell with the real-time re-
corded or simulated current which is a function of the free-
running APs. This method was first introduced by S. Scott
in 1979 who electrically connected two independent groups 
of isolated cardiomyocytes free of physical contact. It ena-
bled their interaction and essentially functioned as virtual 
gap junctions. The dynamic clamp was then further worked
up and applied also in other cell types, e.g. in endocrine 
cells or neurons. Nowadays, it is even more often used in
neurophysiology than in cardiac electrophysiology, e.g. in 
studies focused on the synaptic activity (Economo et al. 
2010). Three basic configurations of the dynamic clamp
technique are used in the cardiac cellular electrophysiol-
ogy: the coupling clamp, model clamp and dynamic AP 
clamp (Fig. 2). 

Coupling clamp

The coupling clamp configuration (Fig. 2A) simulates the
above mentioned electrical connection (coupling) of cells. 
The membrane potentials of both cells (Vm,1 and Vm,2) are 
recorded in the current clamp mode. The recorded values of

whole-cell or single channel level (cell-attached, inside- or 
outside-out), depending on the final configuration of the
microelectrode and cell membrane, and on composition 
of the solution inside the microelectrode (the pipette so-
lution) and outside the cell (the bath solution; e.g. Ogden 
and Stanfield 1994).

The whole-cell mode is the most often used mode of the
patch clamp technique. In the current clamp mode, recorded 
are either spontaneous APs in spontaneously active cells 
(e.g. sinus node cells) or APs in spontaneously inactive 
cells (atrial and ventricular myocytes) stimulated by short 
supra-threshold current pulses. If voltage pulses (most 
often rectangular) are applied, ionic membrane current
may be measured (the voltage clamp mode). To separate the 
particular ionic currents, voltage pulses are used of various 
duration and amplitude (based on knowledge of time- and 
voltage-dependent characteristics of the currents), as well 
as specific inhibitors.

Examples of upgraded modifications of patch clamp
technique

AP clamp

In contrast to conventional patch clamp where rectangular 
(or less often ramp) voltage pulses are used to elicit ionic
currents, a native AP waveform is used for stimulation of 
the measured cell in the course of AP clamp experiment. 
This method, which shifts the patch clamp measurements
closer to physiological conditions, was first used in isolated
cardiomyocytes by Doerr et al. (1989, 1990). The key ad-
vantage of AP clamp is the possibility to analyse particular 
ionic currents and related subcellular processes during the 
course of natural AP waveform and explore their contribu-
tion to its formation. Despite providing interesting data, it 
is used rather exceptionally. The reason might be that the
conventional voltage clamp measurements offer precise
voltage and time characteristics of the ionic channel func-
tion which can be more easily compared among various 
laboratories and used for adjustment of mathematical 
models of cardiac cells. 

Regarding some of the recently published papers based on 
AP clamp data, Stengl et al. (2010) proved a linkage between 
the diminished L-type calcium current and AP shortening 
as observed in isolated ventricular cardiomyocytes and right 
ventricular trabeculae, respectively, of a clinically relevant 
porcine model of hyperdynamic septic shock. Cooper et al. 
(2010) found that Ca2+ release from the sarcoplasmic re-
ticulum is significantly decreased when the cell is stimulated
with AP waveform characteristic for the cardiac failure (an 
absence of AP notch). This behaviour indicates an impaired
excitation-contraction coupling. The currently available
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Vm,1 and Vm,2 are sampled into a personal computer (PC) 
which computes, based on the difference between Vm,1 and 
Vm,2, the coupling current Ic “flowing” from myocyte 1 to 2
(i.e. the difference of their total ionic membrane currents)
in the real-time. Then, PC discharges the command poten-
tials Vcmd,1 and Vcmd,2 to the respective amplifiers which
generate the required current pulse contributing to the total 
membrane current and, thereby, affecting the membrane
potential. If the appropriate Ic is applied, Vm,1 and Vm,2 can 
be synchronized. The coupling clamp has been used to study
e.g. electrotonic modulation of the pacemaker activity of the 
sinoatrial node by the atrial muscle (Watanabe et al. 1995), 
or the interaction between Purkinje cells and ventricular 
cardiomyocytes (Huelsing et al. 1998). In some of these stud-
ies (e.g. Watanabe et al. 1995), one of the cells is replaced by 
a model of cardiomyocyte. 

Model clamp

In case of the model clamp configuration (Fig. 2B), the
dynamic clamp measurement is performed only in one 
cell whose Vm is continuously sampled to PC computing 
the Vm-dependent current Ix. This current is enriched by
simulated additional conductance. Eventually, the cor-
responding command potential Vcmd is amplified and
injected into the myocyte. This method was used to study,
among others, the impact of depolarized, inexcitable car-
diomyocytes in the ischemic tissue on the neighbouring 
cells (the so-called injury current; Verkerk et al. 2000), or 
consequences of artificially implemented specific ionic cur-
rent in cells where it is not naturally present (e.g. transient 
outward potassium current Ito in guinea-pig or canine 
endocardial ventricular myocytes – Dong et al. 2006). 
Even the whole model cell may be interconnected with 
the measured cell (as mentioned above) or the measured 

Figure 1. Action potential clamp sequential dissection technique. 
When the measured cell is stimulated with its own steady-state 
action potential, no current is recorded (baseline). After adding
of chromanol-293B, a specific inhibitor of slow delayed rectifier
potassium current IKs, the compensatory current will appear. IKs 
can be obtained by subtracting the compensatory current from 
the baseline (A). After adding of E4031 (inhibitor of fast delayed
rectifier potassium current IKr), the compensatory current is formed 
by both IKs and IKr. IKr can be then separated by subtracting the 
second compensatory current from the first one (B). Using ad-
ditional specific inhibitors sequentially (e.g. nisoldipine to inhibit
calcium current ICa and Ba2+ to inhibit inward rectifier potassium
current IK1), this technique makes it possible to concurrently record 
several ionic currents in a single cardiomyocyte (C). Vm, membrane 
potential; Im, membrane current. Modified with permission from
Banyasz et al. (2011).

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abriel%20H%22%5BAuthor%5D
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Figure 2. Three configurations of dynamic clamp usually used in cardiac cellular electrophysiology. A. Coupling clamp. Membrane po-
tentials of both cells (Vm,1 and Vm,2) are recorded and sampled into a personal computer (PC) which computes, based on the difference
between Vm,1 and Vm,2, the coupling current Ic (i.e. the difference of total ionic membrane currents of both myocytes) in the real-time.
Then, PC discharges the command potentials Vcmd,1 and Vcmd,2 to the respective amplifiers which generate the required current pulse to
synchronize Vm,1 and Vm,2. B. Model clamp. The dynamic clamp measurement is performed only in one cell whose Vm is continuously 
sampled to PC computing the Vm-dependent current Ix. This current is enriched by simulated additional conductance. Eventually, the
corresponding command potential Vcmd is amplified and injected into the myocyte. C. Dynamic action potential clamp. The analysed
cardiac ionic current is specifically inhibited and replaced by an ionic current conducted through the required ionic channels, either
wild-type or mutant, expressed in a cell line, e.g. in the human embryonic kidney (HEK) 293 cells. The cell line cell is stimulated with
AP waveform continuously recorded from the cardiomyocyte. Modified with permission from Wilders (2006).

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abriel%20H%22%5BAuthor%5D
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cell may be placed into a virtual network of myocytes (e.g. 
Wang et al. 2000). 

Dynamic AP clamp

Berecki et al. (2005) described another configuration of the
dynamic clamp which combines AP clamp and dynamic 
clamp techniques and is called the dynamic AP clamp 
(Fig. 2C). The analysed cardiac ionic current is specifically
inhibited (or abolished if a model of cardiomyocyte is 
used) and replaced by an ionic current measured in a cell 
line, e.g. in the human embryonic kidney (HEK) 293 cells 
in Berecki et al. (2005). On the surface of these cells, only 
the required ionic channel is expressed, either wild-type or 
mutant. The cell line cell is stimulated with AP waveform
continuously recorded from the cardiomyocyte (or gener-
ated by the model). Berecki et al. (2005) used this tech-
nique to readily and unambiguously determine the effect
of hERG mutation R56Q (identified in a patient with long
QT syndrome) on AP configuration in particular layers of
ventricular myocardium. Electrophysiological properties 
of R56Q-hERG mutation found out with the conventional 
whole-cell patch clamp technique showed controversial 
changes of AP duration. The observed faster deactivation
was supposed to result in AP prolongation whereas the 
contemporary present faster activation should theoretically 
cause AP shortening. The dynamic AP clamp proved that
this mutation leads to AP prolongation. Berecki et al. (2006) 
used the same technique also in the subsequent study 
focused on an analogical analysis of two sodium channel 
mutations identified in patients with long QT syndrome.
Possible applications of the dynamic AP clamp in the stud-
ies analysing the consequences of cardiac ionic channel 
mutations related to inherited arrhythmias were resumed 
in 2007 (Berecki et al. 2007). Another scientific group has
recently applied this method in the same way to reveal the 
effects of a sodium channel mutation identified in a patient
with Brugada syndrome (Marangoni et al. 2011). 

Benefits and limitations of dynamic clamp

The described modifications of the dynamic clamp and
their utilization in cardiac cellular electrophysiology 
clearly indicate that this method offers direct responses
to many issues related to the basic cellular mechanisms of 
AP formation, propagation and synchronisation in both 
healthy and diseased myocardium. On the other hand, 
the dynamic clamp, as any other experimental technique, 
has its limitations. First, it is a quite challenging technique 
requiring simultaneous measurement from two cells (ex-
cept for the model clamp). In case of the model clamp, 
the used mathematical description of ionic current has to 
be accurate indeed to provide reliable results. An impor-

tant limitation is that the injected current enters the cell 
through the glass microelectrode rather than through the 
real ionic channels which makes impossible to study the 
signal conduction effects of the current, and may result in
differences in ions carrying the current and local changes
of ionic concentrations. Other limitations are related to 
the technical demands, e.g. keeping latency between the 
acquiring voltage and applying the current based on that 
voltage as short as possible, or scaling the current measured 
in the expression system before its injection to the myo-
cyte in a proper way (dynamic AP clamp). Hence, much 
of expertise is required to perform experiments with the 
dynamic clamp technique, however, the invested effort may
be rewarded by interesting and relevant data. 

Cell-type transforming clamp

Recently, Ahrens-Nicklas and Christini (2009) have in-
troduced a new method which, similarly to the dynamic 
AP clamp, is based on both AP clamp and dynamic clamp 
techniques. It is called the cell-type transforming clamp 
and should be able to suppress the interspecies differences
of AP configuration in the real time. As shown in Figure
3A, the membrane voltage of the target cell (the one whose 
characteristics are required to be changed; here the mouse 
cardiomyocyte) is measured and put into to the target-
cancelling model and recipient model (the model of the 
desired cell type, e.g. human cardiomyocyte). Each model 
cell current (Icancel and Irecip, respectively) is calculated and 
the difference current (Idiff) is then obtained. The current
compensating the seal leak (Iseal) and stimulus current (Is-
tim) are subsequently added to Idiff to produce the injected 
current (Iinj) which is injected into the target cell. It results 
in a change of AP configuration in the mouse cardiomyo-
cyte (Fig. 3B) to that typical for the human one including 
identical dynamics of changes of AP waveform (Fig. 3C). 
Considering a notably higher availability of mouse car-
diomyocytes, this technique might provide data relevant 
for human cardiac electrophysiology in a much easier and 
likely also cheaper way. 

However, several limitations have to be taken into ac-
count when using this technique. The eligibility of compen-
sation of differences in particular components of the total
membrane ionic current between the measured (target) and 
required (model) cell type notably depends on the quality of 
the used model. Even if the model is superior, it is, however, 
always created to fit the data under specific experimental
conditions. Thus, running the model under conditions far
from those used to make it may induce considerable inaccu-
racies in the cell dynamics. Errors in the circuit (caused by 
mismatch between the target cell and the target-cancelling 
model, or mismeasurement of the target cell capacitance) 
unwillingly modifying the obtained results may also ap-
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pear. In case of the study by Ahrens-Nicklas and Christini 
(2009), significantly diverse calcium cycling in the mouse
and human cardiomyocyte, which is not compensated by 
the model, is likely the most serious problem. After techni-
cal problems have been solved, the cell-type transforming 
clamp might become a potent tool used in a wide range of 
electrophysiological experiments.

High-resolution scanning patch clamp (smart patch 
clamp)

This modification of the patch clamp technique, developed by
Gu et al. (2002), may be used in studies aimed at functional lo-
calization of ionic channels which require placing of the glass 

microelectrode on a distinct location of the membrane sur-
face. The scanning ionic conductance microscopy described
by Hansma et al. (1989) serves to obtain a high-resolution 
scan of the membrane surface. At first, the membrane surface
is scanned with high resolution using a glass microelectrode 
with the tip radius ~100 nm (nanopipette; Fig. 4A). The scan-
ning is performed by moving the nanopipette over the cell 
at a fixed distance which is achieved by a feedback control
keeping the ionic current through the nanopipette constant. 
Subsequently, the nanopipette is directed to the selected loca-
tion of the membrane surface, for example on the T-tubule 
opening (Fig. 4B), and used in a common way to measure 
ionic currents through the channels situated at this location 
(the cell-attached single channel recording; Fig. 4C). 

Figure 3. Cell-type transforming clamp technique. A. Scheme of the circuit; the gray area represents the target. For explanation see text. 
B. AP prolongation under inhibition of IKr cannot be observed in the mouse cardiomyocyte with the original AP configuration, i.e.
AP waveform without inhibition of IKr and in its presence overlap. C. The change of mouse AP configuration to that typical for human
provided by the cell-type transforming clamp technique enables to demonstrate AP prolongation under inhibition of IKr. Black trace, 
without inhibition of IKr; gray trace, with inhibition of IKr; APD, action potential duration. Modified with permission from Ahrens-
Nicklas and Christini (2009).

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abriel%20H%22%5BAuthor%5D
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Figure 4. High-resolution scanning patch clamp. A. Schematic diagram of the setup. The glass microelectrode with the tip radius ~100 nm
(nanopipette) is mounted on the three-axis piezo actuator controlled by a computer. The ionic current flowing through the nanopipette
measured by the patch clamp amplifier is used for the feedback control to keep a constant distance between the nanopipette and the scanned
cell. After the scanning, computer control is used to position the nanopipette at the required location and the patch clamp measurement may
start. B. Optical image of adult rat cardiomyocyte (left), and scanning ionic conductance image of the rat cardiomyocyte membrane (right).
C. Ba2+ currents through the calcium channel at voltages –20, 0, +20 mV recorded in the cell-attached mode (inset upwards: profile of the
membrane, the microelectrode position is marked by the arrow). Modified with permission from Gorelik et al. (2002).

http://www.ncbi.nlm.nih.gov/pubmed?term=%22Abriel%20H%22%5BAuthor%5D
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Using this technique, Gu et al. (2002) found that rat 
cardiac L-type calcium channels are located preferentially 
in the T-tubules, being colocalized with chloride chan-
nels at the T-tubule openings. Density of L-type calcium 
channels at the T-tubule openings was estimated to ~2 
channels/µm2. These authors published one more paper in
the same year (Gorelik et al. 2002) showing the possibil-
ity to utilize this technique in the patch clamp studies in 
other cell types beside cardiomyocytes (e.g. spermatozoa, 
neurite varicosity and fine neuronal process) and even in
non-transparent samples (e.g. intact tissue preparation of 
the rat aorta imaging the surface of endothelial cells). Ac-
cording to my knowledge, no more research papers using 
the high-resolution patch clamp technique are available. 
As a matter of fact, another scientific group has recently
described this technique as their own invention (Yang et al. 
2010). Thus, despite promising interesting results, it seems
that this technique failed to expand and to be used in the 
electrophysiological studies.

Automated patch clamp

Regarding the amount of acquired data, the patch clamp 
technique shows quite a low efficiency. Therefore, automated
patch clamp systems were developed which allow measure-
ment of hundreds to thousands of cells per day (reviewed by 
e.g. Mathes 2006; Clare 2010). The first systems constructed
in late 1990s used the classic apposing glass microelectrodes 
to obtain the electrical contact with a cell (Mathes 2006). 
However, commercial exploitation of the automated patch 
clamp was particularly achieved by use of the planar patch 
clamp. This technology was originally developed already
in 1970s (Kostyuk et al. 1975) but for the ultra-low-noise 
patch clamp recordings adapted in late 1990s by Klemic et 
al. (2002). In the planar patch clamp, the microelectrode is 
replaced by a glass multi-well plate (the so-called patch plate 
or seal chip) with 1–2 µm microscopic recording aperture 
placed in the middle of the bottom of every well (for figure
see Clare 2010). After the suspension of cells is added into
the wells, one cell per each well becomes trapped and the 
electrical seal is formed by applying suction. Analogically to 
conventional patch clamp, the patch of membrane above the 
aperture is then sucked away and the whole-cell recordings 
can be made. The common electrode is localized under the
plate and the individual electrodes are merged into wells. 
The latest automated patch clamp systems make it possible
to measure and to average the data from up to 64 cells in 
a single well immediately (the so-called population patch 
clamp; Clare 2010). By notably reducing cell-to-cell vari-
ability, the population patch clamp provides substantially 
more precise data (Dale et al. 2007). 

In most of the currently available automated patch clamp 
systems, the relatively low seal resistance reaching only 

MΩ results in a limited voltage control. In some of them, 
compensation of the capacitance and series resistance is 
even impossible. Considering technical limitations and, 
thus, limited precision of recording, the obtained data 
are rather estimative, used for example in the early drug 
discovery (Choi et al. 2011; Vilums et al. 2011). However, 
several recent studies have proved a considerably high 
correlation between data obtained with the automated and 
conventional patch clamp (e.g. Choi et al. 2011, Scheel et al. 
2011). If the remaining technical limitations are resolved 
in the near future, the automated patch clamp measure-
ments may become a very effective tool for ionic current
analysis.

Conclusions

This review summarizes the most important upgraded
modifications of the patch clamp technique used in cardiac
cellular electrophysiology. These new techniques consider-
ably widen the possibilities of analysis of cardiac ionic chan-
nel function and their interplay, and of the contribution of 
particular ionic channels to AP configuration. In case of the
automated patch clamp, the efficiency of this technique is
many times increased. With a wider use of these techniques, 
we may soon expect a considerable progress in cardiac cel-
lular electrophysiology and related fields.
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