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Computer-Aided Formation of the Whole-Cell
Patch-Clamp Recording Configuration

P. NovAK AND I. ZAHRADNIK
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Abstract. The conventional patch-clamp technique requires well-trained experi-
menter. Few commercial automated patch-clamp systems, designed for drug develop-
ment, are better suited for large-scale research then for standard electrophysiolog-
ical experiments. Here we describe a state machine for automated recognition of
recording states of the patch-clamp experiment. The principle of the state machine
is based on evaluation of the charge carried by membrane current during specific
time segments in responses to square wave voltage stimulation. The state machine
may serve for generating various sound alerts, signals for automated control of
other devices, assistance in micromanipulation, internal pipette pressure control,
and holding potential adjustments. Algorithm of the state machine, designed to
cover wide variety of cell types, was successfully tested on rat ventricular myocytes.
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Introduction

Invention of the patch-clamp technique (Hamill et al. 1981) defined a new standard
in studies of passive and active electrical characteristics of cells. While offering
unbeatable resolution and versatility, the whole-cell patch-clamp technique ranks
among the most labor-intensive techniques suffering from low throughput and high
demands on experimenters. To simplify the use of patch-clamp technique and to
increase its throughput, a number of different automated patch-clamping systems
have been developed utilizing novel planar-electrode technology (Fertig et al. 2002;
Klemic et al. 2002; Stett et al. 2003; Asmild et al. 2003) or modified glass-pipette
technology (Leppe-Wienhues et al. 2003). Most of these systems were designed
primarily as high-throughput screening tools for drug development, leaving the
basic research-oriented patch-clamp studies on well-trained experimenters. Reports
describing individual automation techniques in detail, such as the control of patch-
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pipette internal pressure in conventional patch-clamp (Heyward and Shipley 2003),
with respect to basic research are very rare.

The aim of this work was to design system that would assist experimenters
to obtain whole-cell recording configuration and so would reduce workload on the
experimenter. We describe a system for automatic recognition of individual patch-
clamp states, starting with the pipette positioned above the level of the bath so-
lution and ending with formation of the whole-cell patch-clamp configuration. The
principle of automatic recognition is based on measurement of charge in specific
time segments of current response to square wave stimulation. Once an automatic
recognition of current state of patch-clamp recording configuration is available, it is
possible to generate various control signals, e.g., for the z-drive of the micromanip-
ulator, for the intensity and polarity of the pressure applied to the patch-pipette,
or for the value of applied holding potential, and thus it is possible to automate
establishing of the whole-cell patch-clamp configuration. With this system, the ex-
perimenter only has to position the pipette tip right above the cell, unless a separate
machine-vision system capable of locating cell is available as in the Apatchi-1™
system (Asmild et al. 2003).

Materials and Methods

Cell preparation and solutions

The experiments were performed in accordance with the guidelines laid down by
the Slovak Academy of Sciences animal welfare committee. Myocytes were isolated
enzymatically from left ventricles of male Wistar rats (200250 g) as previously
described in Zahradnikova et al. (2004). Experiments were performed at room
temperature (22-23°C). The standard bath solution contained (in mmol/l): 135
NaCl, 5.4 CsCl, 1 CaCly, 5 MgCly, 0.33 NaH,PO,4, 10 HEPES (pH 7.3). The
composition of the pipette solution was (in mmol/l): 135 CsMetSOs, 10 CsCl, 1
EGTA, 3 MgSQOy, 3 NapATP, 0.05 cAMP, 10 HEPES (pH 7.1).

Electrophysiology

Measurements were made using the Axopatch 200B patch-clamp amplifier (Axon
Instruments Inc., Union City, CA). Current output was low-pass filtered by the
Axopatch 200B built-in 10-100 kHz 8-pole Bessel filter, and digitized at 100 kHz
by 16-bit data acquisition system Digidata 1320A (Axon Instruments Inc., Union
City, CA). Square wave voltage stimuli were generated by the Digidata 1320A
16-bit D/A converter.

Definition of individual states leading to the whole-cell configuration

To achieve a working whole-cell configuration, the recording state has to go through
several phases (Hamill et al. 1981). The whole procedure starts with the pipette
tip above the bath level positioned right above the cell selected for patch-clamping.
In this state, dubbed here as “In air”, the current response is flat with very short
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Figure 1. Establishing the whole-cell recording configuration. The whole procedure of
preparing the whole-cell configuration is decomposed into 5 states: “In air” (A), “In bath”
(B), “On cell” (C), “Gigaseal” (D) and “Whole-cell” (E). The left column illustrates
position of the patch-pipette with respect to the cell and the bath solution in a given
state. Mutual arrangement of the pipette, cell membrane and the bath results in equivalent
electrical circuits shown in the middle column, and, in a typical current responses to the
square wave voltage stimulation illustrated in the right column. The equivalent circuits
consist of two elements with the resistive element describing the resistance in the air Rair
(A), the resistance of the patch-pipette Rpipette (B) or the resistance of the seal between
the membrane and the pipette Rseal (C and D) and the capacitive element describing the
capacitance over the air Cair (A) or the capacitance of immersed part of the pipette Cp
(B-D). In the “Whole-cell” configuration the number of elements in the equivalent circuit
increases to four with the membrane resistance Ra, the membrane capacitance Cw, the
series resistance Rs (E) and the parasite capacitance Cp.
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transients resulting from uncompensated parasite capacitance ower the air Cl;,
(Fig. 1A). A positive pressure has to be applied to the pipette to preserve clean
surface of the tip when proceeding to the next state, referred to here as “In bath”
(Fig. 1B). Immersion of the pipette in the bath is characterized by a sudden change
from the flat current response to a square wave current response with the amplitude
inversely proportional to the pipette resistance Rpipette (Fig. 1B). Next, experi-
menter manipulates the pipette to the cell surface and gently pushes against the
membrane of the cell using the z-drive of micromanipulator, until the resistance of
the seal Rgcal Teaches the user-defined multiple of the Rpipette- The recording state
is now “On cell” (Fig. 1C). From now on, the membrane patch located below the
pipette tip is pulled inside the pipette by applying a negative pressure to the pipette
(and negative holding voltage if required), until a “Gigaseal” state is reached. The
“Gigaseal” state is defined as the state with Rgea1 above the user-defined minimum
value (Fig. 1D). The pipette pressure can be released to allow the seal to stabilize
and to set the resting potential for the given cell prior to rupturing the membrane
patch by small pulses of negative pressure or by voltage pulses (zapping) applied
to the pipette. Rupture of the membrane patch forms a direct electrical contact of
the pipette with the internal space of the cell. This “Whole-cell” state is indicated
by the appearance of exponentially decaying current response (Fig. 1E).

Current responses can be analyzed using various built-in tools and routines
of any commercially available data acquisition and analysis software. However, the
selection of a proper analysis tool along with a proper voltage stimulus ampli-
tude, duration, and holding level, required for the recording state of interest, is left
upon the experimenter, since the software itself keeps no information about the
recording state. A system for automatic recognition of the recording state would
greatly reduce interactions of the user with the software. Additionally, it will allow
automatic analysis and automatic control of external devices used during experi-
ments.

Principle of automatic recording state recognition

When ignoring the parasite capacitance, there are only two types of current re-
sponses throughout the whole process of making the whole-cell configuration —
the square wave responses with amplitudes ranging from several nA to virtually
zero, and the exponentially decaying current responses. Therefore the basic task
of the automatic recognition system is to distinguish between the square wave
and exponential wave responses. In principle, the type of current response can be
estimated by several methods, for example, by comparing the peak and steady
state current values or by approximating the current response by an exponen-
tial function. However, most of these approaches would led to serious problems
in practical applications, for instance due to random spikes, aliasing, divergence
of exponential fit, computation efficiency etc. We solved this problem by devel-
oping a robust and straightforward procedure insensitive to current variations in
experiment.
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Figure 2. The principle of automatic recognition.
When a square wave voltage stimulus of amplitude
U superimposed on the holding potential Uy and of
period Ts (A) is applied to the patch-pipette, the
current response has a form of a square waves (C)
before, and the form of an exponential waves (B) af-
ter formation of the whole-cell configuration. These
two types of the responses can be distinguished very
simply by comparing the charges Qf, Q7 and Q;‘,
@, obtained by integration of the current response
within the time segments of 75/4 duration, indi-
cated by vertical dotted and dashed lines. Obvi-
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Assuming a bipolar square wave voltage stimulus with amplitude of +U and
period Tg (Fig. 2A), the ideal exponential and square wave responses can be dis-
tinguished simply by evaluating the ratio F' (fraction):

_ 9
Q@

where ()1 and () are charges calculated from integration of the current response
i(t) within segments of Ts/4 duration (Fig. 2B):
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Ideally, the ratio F' is 1 for the square wave, and greater than 1 for exponential
response. In practice, a small number of samples just after the onset of the current
response containing the fast transient due to uncompensated parasite capacitance
Cp (typically 60-70 us at 10 kHz low-pass filtering) have to be excluded from
the calculation of @)1 and Q)2 to prevent the “Gigaseal” or “In air” states from
being misinterpreted as the “Whole-cell” configuration. Even then there’s a risk
of confusion between “Gigaseal” and “Whole-cell” due to noise and hum in the
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current response, which in combination with very low values of @)1 and ()2 in the
“Gigaseal” may result in the ratio F' reaching values larger than 1. Therefore, we
defined a minimal value of the ratio F' > 3 and the minimal value of the membrane
charge Q1 — @2 > 50 fC to safely acknowledge estimation of the current response
as the exponential decay type, i.e., of the true “Whole-cell” state.

Egs. (1-3) serve for basic differentiation between the final “Whole-cell” state
with exponential response and all preceding states exhibiting square wave response.
Precise identification of individual states prior to the final “Whole-cell” is based
on the knowledge of the correct sequence of states and on the estimation of the
resistive part Rx of their equivalent circuits (where X stands for pipette, seal or
air, Fig. 1A-D):

Ry — U5 (a)
2(Q1+Q2)

The knowledge of the correct sequence helps in identifying states with similar values
of Rx, as for example the “Gigaseal” and “In air”. If the current value of Rx is
of the order of GQ2 and the previous state was “On cell”, than the current state
cannot be “In air”, but “Gigaseal”.

Setting the stimulus period for optimal exponential response recognition

Successful identification of exponential response according to the algorithm de-
scribed above depends on the stimulus period Ts. When the stimulus period is too
long compared to the time constant of the whole-cell configuration 7, the charge
accumulated on the membrane (Q; — @)2) is low compared to charge Q2 and the
ratio F' is low. On the other hand, when the stimulus period Ts is too short com-
pared to the time constant 7, then the difference between the Q2 and )1 decreases,
resulting again in low ratio F'. That means, that there is a certain range of time
constants (Tmin, Tmax) for which the described algorithm will work when given a
fixed stimulus period 75 and minimal ratio F,. Solving the equivalent circuit
of the whole-cell configuration (Fig. 1E), an exact relation for the ratio F' can be
derived and after rearranging the expression for the minimal and maximal value of
the time constant is obtained:

TS (Fmin - 1) RS

Ty = 5)
Ts
Tmax = p ) Ty (6)

where Ry and Rg are the membrane and series resistances (Fig. 1). Assuming
Ts = 20 ms, Fiin = 3 and Ry;/Rs = 100, the algorithm should be able to success-
fully identify the exponential response with a time constant raging from 50 us to
3.6 ms. This range should cover a wide variety of cell types from small chromaffin
cells to large myocytes. Using Egs. (5) and (6), the range of time constants can be
shifted and narrowed to be suitable for any specific type of cells.
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A state machine for automated whole-cell patch-clamp

Combining the theoretical analysis described above with practical experience from
real patch-clamp experiments on rat ventricular myocytes, we designed a finite state
machine that may serve for assistance or automation of individual tasks related to
formation of the whole-cell configuration. The function of the state machine is de-
scribed by the state diagram in Fig. 3. The machine may exist in five operating
states (“In air”, “In bath”, “On cell”, “Gigaseal” and “Whole-cell”), three error
states (“Lost seal”, “Lost cell” and “Broken pipette”) and one temporary state
“Measure Rpipette” that is in fact a sub-state of “In bath”. The starting state is
“In air”. Transitions between individual states are defined by the type of current
response (exponential decay or square wave) determined using Eqs. (1-3) and val-
ues of the air, pipette or seal resistance (Eq. (4)). Once the system gets into any
of the three error states, it stays there until the user-operated restart to allow,

Rpipe(te < Rpmin

Measure
Rpipctte

onedidg

wwdyy <

Sqr_wave

)
Rseal > RairB Rseal < rnB-Rpipette v

Figure 3. The state diagram of the finite state machine for automated whole-cell patch-
clamp. Circles illustrate all possible states in which the state machine may exist. Transi-
tions between the states may occur only in direction indicated by arrows and only when
conditions stated near the arrows are fulfilled. Parameters defining in these conditions are
explained in Table 1 together with their default values for experiments on rat ventricular
myocytes. Required type of current response for each transition is indicated as Sqr-wave
(square wave response) or Exp_wave (exponential wave response).
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for instance, unlimited time for replacement of the patch-pipette and/or exchange
of the cell suspension. Critical values of parameters defining transitions between
states summarized in Table 1 were determined empirically and verified in more
than 50 patch-clamp experiments on rat ventricular myocytes. To suppress the in-
fluence of experimental noise, every transition condition has to be fulfilled in at least
five consecutive measurement cycles before it is accepted. For substantially differ-
ent cell type, patch pipette construction or experimental conditions, the relevant
parameters of the state machine should be set properly. Representations of the op-
erating and error states and definitions of state transitions were designed primarily
with the “whole-cell” recording mode as the target configuration. The patch-clamp
technique offers another three recording modes: the “cell-attached” mode, which is
equivalent to the “Gigaseal” state, and the “inside-out” and “outside-out” modes,
which are similar to the “Gigaseal” state. Depending on the value of seal resistance
after inadvertent detaching of the pipette from the cell the state machine remains
in the “Gigaseal” state or switches to “Lost seal” state. In case that correct identifi-
cation of “inside-out” and “outside-out” modes was required, it would be necessary
to define a new state “Cell-free patch”, which can be connected to the “Lost seal”
state or the “Lost cell” state if the seal resistance Rseal > Raigar (see Table 1),
and a square wave current response was detected (not presented).

The state machine was implemented and tested with the Digidata 1320A acqui-
sition system on IBM PC running MS Windows (Figs. 4, 5). This implementation
assisted the experimenter by issuing different sound alerts at different states of
the experiment and by automatic setting of proper values of the holding potential
and amplitude of the square wavestimulus generated by the software, while letting

Table 1. Parameters determining transitions of the state machine

Parameter Description Default value

Rairr threshold value required for acceptance of transition to 20 MQ
“In bath” state

RairB threshold value required for acceptance of transition back 700 M2
to “In air” state

Rpmin required minimal value of Rpipette 1 MQ

qB coefficient for identification of “Broken pipette” state 0.75

mr coefficient for acceptance of transition to “On cell” state 2

ms coefficient for acceptance of transition back to “In bath” 1.5
state

Raigar minimal Rsea value for acceptance of transition to “Gi- 700 MQ

gaseal” state

Raigan minimal Rsea value required to stay in “Gigaseal” state 350 MQ
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Figure 4. The main dialog window of the software. Current recording state automatically
identified by the state machine is indicated in the “Status” box. Electrical parameters of
the current recording state such as the pipette resistance, seal resistance, etc. are displayed
below, in the “Parameters” box. Basic controls of the state machine for automated patch-
clamp useful during the experiment are enclosed in the “Patch-clamp Assistant” box.
The user has a possibility to manually proceed to the next or previous recording state, or
directly switch to “In the bath” or “Whole-cell” state. Configuration of the “Patch-clamp
Assistant” can be modified upon pushing the button “Configure” (see Fig. 5).

him free to concentrate on micromanipulations or other maneuvers occupying his
attention. The experimenter has a possibility to manually proceed to the next or
previous state or directly jump to the “Whole-cell” or “In bath” states in case of
erroneous recognition of the state by the state machine (Fig. 4). Finally, the binary
state of digital outputs of the Digidata 1320A can be set for every single record-
ing state separately to allow automated control of external devices (Fig. 5). For
example, three digital outputs can be assigned to a system for automated control
of pipette pressure such as the one described by Heyward and Shipley (2003) and
the fourth digital output can be used for switching off the z-drive of an electronic
micromanipulator when the pipette touches the membrane surface (“On the cell”
state) or the bottom of measuring chamber (“Broken pipette” state) (Fig. 5). Al-
though the system was designed for the Digidata 132X (Axon Instruments Inc.,
Union City, CA) acquisition systems, the state machine itself was written as a self-
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Figure 5. Dialog window with configuration parameters of the “Patch-clamp Assistant”.
All transition parameters of the state-machine for automated patch-clamp can be modi-
fied to better suit for any cell and experiment type. It is possible to set required stimulus
amplitude and holding potential levels, which are automatically applied upon successful
recognition of the relevant recording state. Every recording state can be assigned a par-
ticular 4-bit binary combination available at the four digital outputs on the front panel
of the Digidata 132X for automated control of external devices. In the given example,
switching on the output 0 connects pipette interior to a source of positive pressure, the
output 1 to a source of negative pressure and the output 2 to a source of atmospheric
pressure. Switching the output 3 blocks the z-drive of an electronic micromanipulator.

standing C*T class “CPatchClampAssistant” independent of current acquisition
system. Basically, only the sampled current response in a form of binary data ar-
ray, together with the stimulus amplitude, stimulus period, current output scaling
and sampling frequency is required to run the software state machine properly. The
source code of the “CPatchClampAssistant” is available on request.

Discussion

According to our knowledge, this is the first report describing details of automated
control of making the conventional glass pipette-based whole-cell patch-clamp. Pre-
vious reports of automated patch-clamp were oriented mostly to systems for high-
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throughput drug development research using special planar electrodes (Fertig et
al. 2002; Klemic et al. 2002; Stett et al. 2003; Asmild et al. 2003) that due to their
high cost are not very suitable for basic patch-clamp research. We describe here
the state machine that provides automation of and assistance with formation of
the whole-cell patch-clamp configuration, designed with consideration of a typical
patch-clamp setup of basic-research oriented laboratories. The procedure of forma-
tion of the whole-cell configuration was decomposed into several operating and error
states according to specific tasks required during the procedure. Transition between
individual virtual states of the state machine may serve for generation of control
signals for specific tasks, such as changing the direction of internal pipette pressure,
stopping the z-drive of an electronic micromanipulator, changing the holding po-
tential, changing the amplitude of the square wave voltage stimulus, etc. All these
tasks are usually performed by the experimenter using several specialized devices
— the micromanipulator, the pressure system, the patch-clamp amplifier and the
digital data acquisition system. Our state machine running on a PC with a suitable
A/D and D/A interface is able to support or even to substitute to a large extent
the controlling role of the experimenter and to concentrate all operations at the
same location — the monitor of a PC — provided that all specialized devices offer
some external control. The state machine described here could be a perfect com-
panion to the recently published device for automated control of internal pipette
pressure (Heyward and Shipley 2003). With just a little effort this device for pres-
sure control can be controlled by external electrical signals generated by our state
machine. Even if devices used for patch-clamp do not offer external control, our
state machine may assist in the course of formation of the whole-cell configuration
by generating sound alerts indicating events such as the pipette immersed in the
bath, pipette touching the cell, or rupturing of the patch, and so freeing the exper-
imenter from frequent checking of the shape of current response and the value of
seal resistance. The state machine described here would be greatly appreciated by
newcomers in the field mastering the whole-cell patch-clamp technique.
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