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Abstract
Ion channels are integral membrane proteins that regulate the flow of ions across the plasma membrane
and the membranes of intracellular organelles of both excitable and non-excitable cells. Ion channels are
vital to a wide variety of biological processes and are prominent components of the nervous system and
cardiovascular system, as well as controlling many metabolic functions. Furthermore, ion channels are
known to be involved in many disease states and as such have become popular therapeutic targets. For
many years now manual patch-clamping has been regarded as one of the best approaches for assaying ion
channel function, through direct measurement of ion flow across these membrane proteins. Over the last
decade there have been many remarkable breakthroughs in the development of technologies enabling the
study of ion channels. One of these breakthroughs is the development of automated planar patch-clamp
technology. Automated platforms have demonstrated the ability to generate high-quality data with high
throughput capabilities, at great efficiency and reliability. Additional features such as simultaneous intracellular and extracellular perfusion of the cell membrane, current clamp operation, fast compound application, an increasing rate of parallelization, and more recently temperature control have been introduced.
Furthermore, in addition to the well-established studies of over-expressed ion channel proteins in cell
lines, new generations of planar patch-clamp systems have enabled successful studies of native and primary mammalian cells. This technology is becoming increasingly popular and extensively used both
within areas of drug discovery as well as academic research. Many platforms have been developed including NPC-16 Patchliner® and SyncroPatch® 96 (Nanion Technologies GmbH, Munich), CytoPatch™
(Cytocentrics AG, Rostock), PatchXpress® 7000A, IonWorks® Quattro and IonWorks Barracuda™,
(Molecular Devices, LLC); Dynaflow® HT (Cellectricon AB, Mölndal), QPatch HT (Sophion A/S,
Copenhagen), IonFlux HT (Fluxion Bioscience Inc, USA), which have demonstrated the capability to
generate recordings similar in quality to that of conventional patch clamping. Here we describe features
of Nanion’s NPC-16 Patchliner® and processes and protocols suited for this particularly flexible and successful high-throughput automated platform, which is based on planar patch-clamp technology. However,
many of the protocols and notes given in this chapter can be applied to other automated patch-clamp
platforms, similarly.
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Introduction
The well established patch-clamp technique developed by Erwin
Neher and Bert Sakmann (1) involves the manual positioning of a
glass microelectrode onto the surface of a single cell. A seal is
formed, and with the application of a small amount of negative
pressure (or a voltage pulse), the cell membrane at the tip of the
pipette (the patch) ruptures allowing direct access to the interior of
the cell, enabling control of the membrane voltage. Here we
describe the automated planar patch-clamp approach using the
platform Patchliner as an example (Fig. 1a). This approach requires
the manual preparation of the cells in suspension, and because capturing cells is a random process it is vital that they are of extremely
high quality with uniform homogeneity. The automated planar
approach involves the robotic delivery of solutions, cells, and
compounds onto the planar chip (Fig. 1b–d), which is a tiny borosilicate sheet of glass with a micron-sized aperture in the center.

Fig. 1 (a) The automated planar patch-clamp platform consists of the NPC-16 Patchliner, amplifiers, and a
computer. It has a much smaller foot print compared to a conventional rig. The Patchliner takes up to three
NPC-16 chips per session. (b) Image of part of the NPC-16 multi-well microfluidic cartridge with a solution
delivery pipette inserted into the extracellular inlet of one chamber. Waste chamber highlighted by ** and
intracellular chamber highlighted by *. (c) Image of the underside of the cartridge in which the intracellular
solution compartments are highlighted with dye. (d) Schematic of a single chamber showing the arrangement
of extracellular, intracellular, and waste chambers as well as the position of the planar chip
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Chips are embedded in microfluidic chambers within a chip
cartridge (Fig. 1d). The aperture in the chip is the equivalent of
the pipette tip in the conventional method. There are 16 individual
chips within a single cartridge and 8 of these are used simultaneously for each experiment. Once the solutions and cells have been
robotically delivered into the microfluidic chambers, negative pressure is applied from below each chamber independently, to attract
a single cell onto each chips aperture. Further application of negative pressure ruptures the membrane sitting over the aperture,
establishing the whole-cell configuration. The exchange of external solution for both manual and automated methods is relatively
straightforward. However, the exchange of intracellular solution is
significantly easier with Patchliner, where it is a routine feature.
Apart from manual preparation of the cells, solutions and compounds, the whole process is controlled by preprogrammed computerized protocols in PatchControlHT, resulting in routine
reproducible comparable data output. Another versatile feature of
automated platforms is that they enable non-electrophysiologists
to perform patch-clamp experiments after a minimal learning time
(counted in days, not in months as for manual patch-clamping).
Cell lines such as HEK 293, CHO, LTK, RBL, NIH 3T3, and
Jurkat are routinely used on Patchliner. Neuroblastoma cell lines
such as SHSY5Y, IMR 32, and NG108 have also been used with a
high success rate (2–4), and primary cells such as human erythrocytes, human T-lymphocytes, human synoviocytes, human saphenous vein smooth muscle cells, human neutrophils, and DRG satellite
glia cells have also been used successfully ((5–8), see Note 1).
Certain Patchliner voltage-clamp protocols for cell-lines as well
as primary cells have already been described (7). This chapter
describes in more detail the application of automated planar patchclamp protocols involving the ligand gated ion channel α7 nicotinic acetylcholine receptor (α7nAChR), using stacked solution
protocols combined with temperature control. The α7nAChR is
widely distributed throughout the central nervous system and several lines of evidence indicate that pharmacological enhancement
of α7nAChRs function by type II positive allosteric modulators
(PAMs), e.g., PNU120596, could be a potential therapeutic route
to alleviate disease-related cognitive deficits (9). α7nAChRs are
rapidly activating and desensitizing, therefore, to enhance receptor
activity the ligand (nicotine) is co-applied with PNU120596 in a
stacked solution protocol (Fig. 2a). This stacking procedure allows
for extremely rapid application and washout of compounds, attenuating desensitization and enabling subsequent additions to the
same cell (Fig. 2b). Furthermore, the temperature sensitivity of this
allosteric modulator is also demonstrated by preheating the stacked
solutions before application, resulting in the attenuation of channel
activity at near physiological temperatures ((10); Fig. 2b, c).
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Fig. 2 (a) Schematic, illustrating the mechanism of double stacked solution application. Stacking solutions
allow brief compound applications with timed intervals. The pipette aspirates buffer first, followed by compound. In this way, the cell is exposed to ligand first followed by rapid buffer washout. (b) Example responses
to 100 μM nicotine in the maintained presence of 10 μM PNU120596 at three different temperatures using a
triple stacked application protocol. 10 μM PNU120596 was applied to GH4C1 cells expressing the human
α7nAChR, followed by a brief co-application of 100 μM nicotine, followed by wash buffer. PNU120596 shows
strong temperature dependence. (c) Pooled data plotting the amplitude of response to 100 μM nicotine in the
presence of 10 μM PNU120596 at various temperatures. Data are sampled at 1 kHz and filtered at 333 Hz.
Data are normalized to the corresponding responses recorded at room temperature (n = 10 ± SEM)

While patch-clamp methods do provide a direct readout of ion
channel function, it has been discussed that for some channels the
data measured from patch-clamping using ion channels in heterologous expression systems might not resemble channel function
in the physiological situation. This is particularly important where
ion channels might be regulated by second messenger systems,
auxiliary beta-subunits, or show interactions with other membrane
proteins. Recent advances in the measurement of ion channel activity in primary cells, provides an approach to address some of these
concerns. When measured in primary cells, ion channels reside
within a more physiological environment with intact regulatory
components. This becomes especially relevant when cardiac ion
channels are addressed.
Measurements of heterologously expressed cardiac ion channels, especially the hERG potassium channel which is associated
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with cardiac arrhythmias, have become standard practice using
different assays to evaluate cardiac safety in the early development
of pharmaceutical compounds. The action potential (AP) of the
human heart is however generated by an ensemble of ionic currents, and it has been shown that the effects of compounds on
different cardiac ion channels can mitigate or aggravate potential
proarrhythmic effects (11–13). In addition, different stimulation
protocols and temperatures can impact the effects of compounds
on ion channels (14–16).
Using planar systems to measure native channels in acutely dissociated mammalian cardiac myocytes has been challenging.
However, the recent introduction of stem cell-derived cardiomyocytes to examine the electrophysiological properties of cardiac ion
channels has provided a useful tool to overcome some of these
hurdles. The pharmacology of a set of reference compounds on
individual ionic currents as well as on the AP of these cells is in
good agreement to expected values (16, 17).
It should however be stressed that the pharmacology of stem
cell-derived cardiomyocytes requires further validation before it
can be applied to evaluate the safety of cardiac compounds, because
some modes of action of cardiac toxicity are not necessarily well
detected in assays that are based on these cells (18) and they most
likely represent a neonatal state which is not representative of the
adult organism (19, 20). No in vitro assay is expected to provide a
complete picture of potential cardiotoxicities; however, automated
planar electrophysiology can provide useful relevant information to
enhance our understanding and possibly improve cardiac safety of
pharmacological compounds. Voltage-clamp and current-clamp
modes for recordings of mouse embryonic stem cell (mESC)derived cardiomyocytes are also discussed in this chapter.

2

Materials

2.1 Equipment
and Reagents

1. NPC®-16
Patchliner
Probe
Selector/Quattro/Octo,
PatchControlHT software, NPC®-16 chips (single use, disposable). NPC®-16 electrode set (see Note 2) (Nanion
Technologies GmbH).
2. Patch-clamp amplifiers (EPC-10 quadro, HEKA Instruments
Inc.).
3. Computer with 24-in. TFT monitor (Dell).
4. Software for multichannel data acquisition (Patchmaster,
HEKA Instruments Inc.) and analysis (GraphPad Prism
4.0; GraphPad Software Inc., La Jolla, USA or IGOR-Pro;
WaveMetrics Inc., Lake Oswego, OR).
5. Cell culture flasks (T25 & T75, BD Falcon).
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6. 2-, 10-, 200-, and 1,000-μL pipettes.
7. Fisherbrand AccuSpin 400 centrifuge (Fisher Scientific).
8. Dulbecco’s modified Eagle’s medium 4,500 mg/L glucose
and GlutaMAX supplemented (DMEM, Cambrex), heatinactivated fetal bovine serum (FBS, Biosera), geneticin (G418,
Invitrogen).
9. Dulbecco’s phosphate buffer saline with Ca2+ and Mg2+
(D-PBS) (Invitrogen).
10. Dulbecco’s phosphate buffer saline Ca2+ and Mg2+ free (D-PBS)
(Invitrogen).
11. Cell dissociation buffer Enzyme free PBS-based (GIBCO
Invitrogen).
12. Trypsin/EDTA solution (Invitrogen).
13. Dimethyl sulfoxide (DMSO).
14. (−)-nicotine (Sigma Aldrich, UK), PNU120596 (Tocris
Biosciences, UK).
2.2
2.2.1

Cell Culture
GH4C1-rα7 Cells

1. GH4C1 cells stably transfected with rat α7nAChRs (GH4C1rα7 cells) are cultured and passaged in standard T75 tissue
culture flasks in DMEM supplemented with 10 % FBS and
100 μL/mL geneticin at 37 °C in a humidified atmosphere
composed of 95 % air and 5 % CO2.
2. The cells should be passaged every 2–3 days using an enzyme
free PBS-based cell dissociation buffer and kept to a confluence
of 60–80 % (see Note 3).

2.2.2 mESC-Derived
Cardiomyocytes

1. mESC-derived cardiomyocytes (Axiogenesis, Germany) are
seeded at a density of 105 viable cells per square centimeter
culture area in one T25 cell culture flask with 5 mL Cor.At
Complete Culture Medium (see ref. 17 and Note 4).
2. Pre-culture mESC-derived cardiomyocytes for 2–4 days. 1 day
after seeding, a continuous rhythmic contraction of the cells
(beating) can already be observed (see Note 5).

2.3 Planar PatchClamp Recording
Solutions

Prepare solutions in deionized water, filter (see Note 6), and measure the osmolarity (see Note 7) and the pH. Solutions can be
stored at 4 °C for up to 5 days. Solutions should be warmed to
room temperature (20–22 °C) before use.
1. Standard extracellular solution: 140 mM NaCl, 4 mM KCl,
1 mM MgCl2, 2 mM CaCl2, 5 mM d-Glucose monohydrate,
10 mM HEPES; adjust to pH 7.4 with NaOH. Osmolarity
298 mOsm.
2. Standard extracellular solution for enhancing seals and recording with GH4C1-rα7 cells: 80 mM NaCl, 3 mM KCl, 10 mM
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MgCl2, 35 mM CaCl2, 10 mM HEPES (Na+ salt); adjust pH
7.4 with HCl (see Note 8).
3. Standard intracellular solution for whole-cell recordings:
50 mM KCl, 10 mM NaCl, 60 mM KF, 20 mM EGTA, 10 mM
HEPES; adjust to pH 7.2 with KOH Osmolarity: 285 mOsm
(see Note 9 and ref. 21).

3

Methods

3.1 Harvesting Cells
for Planar PatchClamp

3.1.1

GH4C1-rα7 Cells

The use of healthy cells is absolutely critical to the success of planar
patch-clamp recordings because the capture of cells onto the planar chip is a random process. The health of the cell impacts on the
quality of the seal formed between the cell membrane and the planar chip, which ultimately influences the quality of the recording.
Unlike conventional patch-clamp recording where healthy cells
can be visually selected, once cells are prepared in suspension, there
is no opportunity to optically select the healthiest looking cells.
1. In sterile conditions, remove the medium from the cells and
gently wash with D-PBS with Ca2+ and Mg2+ (see Note 10).
2. Pipette 2 mL cold cell dissociation buffer on to the cells and
incubate at room temperature for 3 min.
3. Add 5 mL culture media and pipette up and down gently.
4. Transfer the cells in culture media from the flask to a 15 mL
conical centrifuge tubes and centrifuge at 100 × g for 2 min at
room temperature and discard the supernatant by decanting.
5. Resuspend the cell pellet in 2 mL of extracellular solution, centrifuge at 100 × g for 2 min at room temperature and discard
the supernatant by decanting.
6. Resuspend the cell pellet in a mixture of extracellular solution
for capturing cells and culture media (50:50 ratio, see Note 11)
at a density of 1 × 106 to 5 × 107 cells/mL (see Note 12) (cells
can be counted using a hemocytometer).
7. Transfer the cells to the cell hotel on the Patchliner where they
are continuously pipetted up and down to maintain single cells
and viability.

3.1.2 mESC-Derived
Cardiomyocytes

1. Wash twice in 5 mL of D-PBS with Ca2+ and Mg2+ and incubate at 4 °C for 15 min.
2. Wash once with 5 mL of D-PBS without Ca2+ and Mg2+.
3. Dissociate with 2 mL pre-warmed trypsin/EDTA solution for
4–5 min at 37 °C and 5 % CO2 (see Note 13).
4. Transfer cell suspension to 6 mL Cor.At Complete Culture
Medium in a 50 mL tube.
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5. Centrifuge for 2 min at 100 × g.
6. Discard supernatant and resuspend cell pellet to a final density
of 1 × 106 to 5 × 107 cells/mL in external recording solution
and transfer into the cell hotel (see Note 14).
3.2 Automated
Planar Patch-Clamp
Using Patchliner

3.2.1 General
Experimental Set-up

PatchControlHT software is coupled to Patchmaster software and
when this program is opened, Patchmaster also opens. This allows
amplifier functions and data acquisition to be controlled through
commands in the experimental protocol (PatchControlHT Tree).
Preprogrammed experimental protocols can be loaded and
modified for optimization with different cell types/characteristics.
Chip cartridge selection is based on the resistance of the hole in the
chip (aperture) and the size of the cells (see Note 15). The motorized stage (chip wagon), which houses the chip cartridges, can
accommodate three cartridges allowing for 48 recordings. When a
Tree is activated, recording solutions are dispensed by the pipetting
robot into the microfluidic chambers of the chip cartridge and the
cartridge is moved into the measuring head, which contains the
pneumatic and electric contacts and moves up and down to address
the chip cartridges. The recording head can accommodate up to
eight chip chambers. A slight positive pressure is applied to each
chip chamber, independently, and the offsets are corrected. Once
the cell suspension is added, a small suction of 50 mBar is applied
to attract cells to the holes and this leads to a small increase in the
seal resistance. The seal resistance is increased to a gigaohm seal
when seal enhancing solution is applied to the cells along with suction pulses and the application of a negative voltage to the cells.
The whole-cell access is achieved by short suction pulses. For some
cells it is helpful to support this process by zapping to help rupture
the patch of membrane (see Note 16). The software adapts the
applied negative pressure according to parameters such as chip
resistance, series resistance, and slow capacitance. In this way, the
program can determine if a cell has been sealed to the chip aperture
and whether the parameters correspond to the cell-attached or the
whole-cell configuration. Cells that do not meet selected quality
control parameters (e.g., seal resistance, series resistance) will be
disabled at this stage. The user can adjust pressure, voltage, and
condition settings according to the cell type/characteristics.
1. Load a preprogrammed Tree and select the edit mode to make
modifications according to your cell type/characteristics. This
enables you to modify amplifier and pump parameters and also
allows access to the full range of commands, which can be
inserted into a protocol via a generic drag-and-drop function
(see Note 17).
2. Select the appropriate chip resistance for your cells and place
three chip cartridges on the chip wagon.
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3. Prepare compound solutions directly before each experiment
(see Note 18).
4. Place recording solutions and compounds in position, according to those defined in the job list (see Note 19).
5. Place the cells into the cell hotel, where they will be aspirated
every 30 s throughout the experiment to prevent clumping
and sedimentation (see Note 20).
6. Select and activate the initialization folder to initialize the
robot and wash the pipette. This also generates a new data file
within the HEKA software and sets all amplifier and robot
parameters to reasonable starting values. This folder only
needs to be activated once at the beginning of each day of
experiments.
7. The robot will start when the Tree is activated. At the end of
each run, it will loop back to the start and continue this process
until all chips on the chip wagon have been used.
3.2.2 Stacked Solution
Application with GH4C1rα7 Cells

As with most ligand gated ion channels, nAChRs exhibit receptor
desensitization, which is a common phenomenon for ligand gated
ion channels. The kinetics and level of desensitization of ligand
gated ion channels are determined by ligand concentration and
exposure time, or both. For rapidly desensitizing ion channels, it is
important that compound application is fast, so that the entire ion
channel population is exposed to maximum concentration before
entering the desensitized state. Therefore rapid solution exchange
combined with brief drug exposure times can minimize or correct
for the deleterious effect caused by receptor desensitization. This is
achieved by using a stacked solution application where two or three
zones of solution are aspirated into the pipette before administration onto the cells (see Note 21).
1. Load a preprogrammed ligand Tree for triple stacked solution
application. Volumes and speeds of applications can be adjusted
(see Note 22).
2. Select high resistant single hole chips (5–6 MW, ~10 pF) for
GH4C1-rα7 cell recordings and load three chips onto the chip
wagon.
3. Within the Tree, adjust the holding potential to −75 mV and
select a continuous recording protocol, with a 13 s sweep,
from the pulse generator file in the job list to record the fast
ligand activated currents.
4. Follow steps 3–6 in Subheading 3.2.1 (see Note 23).
In the example shown in Fig. 2b GH4C1-rα7 cells were
exposed to the modulator PNU120596 (10 μM), directly followed
by nicotine (100 μM) in the presence of PNU120596 and subsequently by wash buffer using a triple stacked solution application.
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In the presence of PNU120596 at room temperature (20 °C)
α7nAChR desensitization was largely not apparent.
3.2.3 Temperature
Controlled Compound
Application with GH4C1rα7 Cells

The measuring head, chip wagon, and solution inside the pipette
can be heated simultaneously to maintain physiological temperatures during the course of an experiment. Alternatively, the solution in the pipette can be heated independently, exposing the cells
to transient temperature increases, for the study of heat activated
channels.
1. Load a preprogrammed ligand Tree for triple stacked solution
application combined with temperature control. Temperature
settings can be adjusted (see Note 24).
2. Select high resistant single hole chips (5–6 MW, ~10 pF) for
GH4C1-rα7 cell recordings and load three chips onto the chip
wagon.
3. Within the Tree, adjust the holding potential to −75 mV and
select a continuous recording protocol, with a 13 s sweep,
from the pulse generator file in the job list to record the fast
ligand activated currents.
4. Follow steps 3–6 in Subheading 3.2.1.
In the examples shown in Fig. 2c, GH4C1-rα7 cells were
exposed to nicotine in the presence of the PNU120596 at different temperatures (20, 25, 30, 35, 40, and 20 °C). Responses are
greatly attenuated when the temperature is raised to physiological
levels and higher. Current is partially recovered when the temperature is lowered back to 20 °C. Activation of α7nAChRs in the
absence of modulator is not significantly inhibited by elevated temperatures (9). Therefore, these data demonstrate the strong temperature dependent action of PNU120596 at α7nAChRs.

3.2.4 Current and
Voltage Clamp Recordings
with mESC-Derived
Cardiomyocytes

mESC-derived cardiomyocytes can be measured on Patchliner in
the voltage-clamp mode and current-clamp mode, to assess the
electrophysiological properties of ionic currents and APs,
respectively.
1. Load a preprogrammed Tree for cardiomyocytes. Potassium
(IK), sodium (INa), and L-type calcium (ICa,L) currents are
recorded first in the voltage-clamp mode and then APs are subsequently recorded in the current-clamp mode (see Note 25).
2. Select low resistant single hole chips (1–2 MW, cell size ~30 pF)
for mESC-derived cardiomyocyte recordings and load three
chips onto the chip wagon.
3. Follow steps 3–6 in Subheading 3.2.1.
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Fig. 3 (a–c) Parallel voltage clamp recordings of mESC-derived cardiomyocyte ion channel currents in the
automated patch-clamp system Patchliner. IK (a), INa (b), ICa,L (c) current traces and corresponding current–
voltage relationship curves (d). (e) APs in control solution are highly reproducible over a time period of 15 min.
Representative traces are shown at the beginning (t = 0–40 s) and after t = 14 min 20 s to 15 min, traces
represent the mean of four consecutively recorded APs. The error bars represent the mean at APD50 SEM.
Sweep interval was 10 s

In the example shown in Fig. 3, to induce IK and INa currents,
cells were held at a holding potential of −80 and −100 mV, respectively and stepped in 20 mV increments to +60 mV. Cells were
held at a holding potential of −80 mV and stepped in 10 mV increments to +60 mV to induce ICa,L currents. Typical current recordings of IK, INa, and ICa,L in the voltage-clamp mode are shown in
Fig. 3a–c. Representative traces demonstrate how highly reproducible APs are over time (Fig. 3e).
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Notes
1. For most automated patch-clamp systems on the market it is
challenging to use primary or transiently transfected cells
because of the blind approach of capturing cells. Transiently
transfected cells can have low expression rates so it is advisable
to co-transfect with GFP to determine good transfection
efficiency. Primary cells can also be problematic if the cell preparation is impure containing more than one cell type.
2. Place electrodes in bleach filled chloridation chambers for
30 min and then rinse with deionized water.
3. Cells should be passaged every 2–3 days with dissociation buffer to prevent the cells adhering too tightly to the support substrate and to avoid the growth of clusters which are a
considerable problem for planar patch-clamp. Cells left to grow
to greater than 80 % confluency also leads to cell aggregates
and results in poor capture rates. Dissociation buffers encourage cell separation and isolation. Seal rates can sometimes be
improved by optimizing cell culture methods, e.g., by using
T75 flasks instead of smaller T25.
4. Cor.At culture medium is a complete medium that has been
optimized for use with Cor.At mESC-derived cardiomyocytes.
5. The continuous beating of mESC-derived cardiomyocytes up
to and after 4 days is a good indicator that the cells have maintained their quality and viability. However, after more than
4 days the cells tend to form aggregates, and it is more difficult
to obtain single cell suspensions without harming them, which
reduces the success rate.
6. All recording solutions should be filtered. The internal solution is particularly important and should be filtered with a
0.22 μm-pore diameter filter on the day of the experiment.
The internal solution should not be older than a few days, and
should be stored at 4 °C.
7. Recording solution osmolarity is measured directly using a
freezing-point osmometer and adjusted if necessary with mannitol or sucrose, non-permeating molecules, to 285 mOsm/L
for all internal solutions and between 290 and 310 mOsm/L
for all external solutions. External osmolarity should always be
higher than the internal osmolarity.
8. It is helpful to use seal enhancer solution to increase the chance
of giga-seal formation. The extracellular seal enhancer solution
is a high calcium containing solution, whereas the intracellular
solution for capturing cells contains fluoride. These seal
enhancing solutions are usually replaced once a giga-seal is
achieved and before establishing whole-cell access. To avoid
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calcium-dependant inactivation of voltage-gated calcium channels and increase calcium channel currents, calcium in the
extracellular solution can be replaced by barium as charge carrier since most voltage-gated calcium channels also conduct
barium ions (22, 23).
9. Inclusion of fluoride has long been known to improve patchclamp sealing and stabilizes the cell membrane, resulting in
longer, more stable patch-clamp recordings (21). The mechanism of this effect is unknown.
10. Enzyme free PBS-based cell dissociation buffer should be
stored at 4 °C and used at this temperature in sterile conditions. The buffer is designed for gentle dissociation of mammalian cells from support substrates and each other. It is
recommended for use in studies requiring intact cell surface
proteins such as ligand binding. This buffer is not recommended for routine passage of strongly adherent cell types.
11. Cells in suspension remain viable for up to 4 h, stored at room
temperature, when resuspended in a mixture of recording solution and culture media (50:50).
12. Cell densities of 1 × 106 to 5 × 107 cells/mL for use on the
Patchliner appear to work well for most cells. For some cell
types (especially more challenging primary cells) it might however be difficult to obtain this number of cells. For a number of
cells we have had good success rates with much lower cell densities, down to below 1,000 cells/mL.
13. Several different detachment agents can be used for harvesting
the cells, e.g., accutase or detachin, although in our experience, the standard trypsin/EDTA solution works very well.
Trypsin alone yields good results for robust cell types and
channels, but can have degrading effects on cells and/or channels, and EDTA alone does not always sufficiently detach the
cells from the flask, or results in insufficient separation of aggregated cells. Increased temperature (e.g., 37 °C) will increase
the speed of the dissociation process, while reduced temperature (e.g., 4 °C) will slow it down.
14. When resuspending the mESC cardiomyocytes pellet, pipette
up and down twice very slowly and gently. When you pipette
the cells into the cell hotel this will be the third time. Let the
cells rest for 5 min before activating the cell hotel. If the cells
are not handled with great care at this stage the cell membranes will rupture and seals will not be formed. Following the
recovery period the cells need to be pipetted more frequently
in the cell hotel and this feature is already incorporated into
the preprogrammed Tree for these cells.
15. Selection of the appropriate NPC-16 chips is based on cell size
and chip resistance (aperture size). NPC-16 chip resistance can
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be manufactured within a range from 1 to 8 MΩ with an accuracy of ±0.5 MΩ for resistances between 1 and 4 MΩ and
±1 MΩ for resistances between 5 and 8 MΩ, making them
suitable for a variety of cell types of different sizes. Chips are
generally manufactured in the following ranges: low resistance
(1–2 MΩ), medium resistance (2–4 MΩ) and high resistance
(5–6 MΩ), but can be custom made according to specific
requirements. Ensemble chips are also available, with four or
eight holes per chip with low, medium and high resistance and,
because the currents are summated, these are ideal for enhancing current size when recording from cells which express very
small currents.
16. If it is difficult to establish whole-cell then try harvesting the
cells 1 day after plating. In addition, adjust the size of the high
voltage pulses to 600–800 mV (“zap”), which can be applied
to help rupture the patch of membrane, thus establishing the
whole-cell configuration.
17. A full range of preprogrammed Trees for specific cell and channel types with various experimental protocols can be accessed
in PatchControlHT, e.g., sodium channel current–voltage relationship (NaIV), potassium pharmacology (Kvpharm). There
are various aspects of a Tree that can be optimized, including
suction parameters to capture cells, form giga-seals and establish whole-cell, as well as voltage paradigms. For more information, refer to the PatchControlHT application notes (http://
www.nanion.de). Furthermore, once a Tree has been optimized
it is not usually necessary to modify it further for future use
with the same cell type.
18. Observe the solubility of your compounds in solution, as some
compounds precipitate over time. Store all compound solutions, where possible, in glassware as some compounds will
adhere to other substrates. Adhesion or precipitation can lead
to an underestimation of concentration.
19. Compound position, volume, and speed of application are defined
in the job list within the Tree. It is also here that the user can select
the appropriate Patchmaster pulse generator file (pgf ).
20. Regular aspiration of the cell suspension in the cell hotel, prevents clumping and sedimentation and at the same time improves
viability. We find that cells retain good viability for at least 4 h
after they have been prepared in suspension, although some
deterioration in success rates has been observed after 3 h.
21. For a double stack with two zones of solution, the wash buffer
is aspirated first, directly followed by the ligand resulting in the
ligand zone being applied to the cells first followed immediately by the wash buffer (Fig. 2a). To examine the effects of a
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ligand modulator, a triple stack with three solution zones
should be used. The wash buffer is aspirated first, followed
directly by solution containing both ligand and modulator, followed immediately by modulator.
22. The volumes of the different solution zones can be adjusted, as
well as the speed of application, enabling exposure times of as
little as 100 ms. Typical volumes for a triple stacked application
are 150 μL wash buffer zone, 10–50 μL ligand/modulator
zone and 125 μL modulator zone, but these can be optimized
for different ligands and modulators accordingly. The maximum volume that the pipette can aspirate at one time is 350 μL.
The zone containing the ligand should be applied more rapidly
(e.g., 171 μL/s; speed 12) than the other zones (e.g., 24 μL/s;
speed 20).
23. PNU120596 and nicotine are dissolved in DMSO at a concentration of 10 mM and then diluted with standard extracellular
solution for enhancing seals, which in these experiments is
used for making the recordings.
24. The temperature can be set between room temperature and
80°C for the chip wagon, the measuring head and the pipette,
independently. The temperature can be raised, but not lowered. The temperature controls for the chip wagon and the
measuring head are used to keep the temperature constant for
measurements at physiological temperatures. For temperature
regulated channels, like TRPV’s, it is possible to apply short
pulses at elevated temperatures by heating the pipette. The
cells survive temperatures up to 70 °C, only when applied for
a very short time.
25. After evaluation of ionic currents in the voltage-clamp mode,
the Tree switches the amplifiers into current-clamp mode and
proceeds on to AP measurements. To induce AP responses in
mESC-derived cardiomyocytes, cells are held at a constant
membrane potential, i.e., between −80 and −100 mV (but this
is cell-type dependent). The program then finds the stimulus
threshold for each individual cell by applying a 1 ms depolarizing pulse. The values for the thresholds are then set in the pgf
in Patchmaster. PatchControlHT then loads another pgf and
the Cclamp protocol uses these set values so that each individual cell is stimulated accordingly.
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