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About this Manual

This manual should help to setup and use the TURBO TEC-03X system correctly and to
perform reliable experiments.

The manual is divided into 13 chapters. Chapter 1 contains important information about
safety regulations. Chapter 2 gives a brief introduction to the amplifier. Chapter 3 lists the
components and (optional) accessories of the TEC-03X. In chapter 4 a general description of
the TEC-03X system is given and the control elements of front- and rear panel are explained.
Chapter 5 is about the headstages and in chapter 6 the basic connections are described.
Chapter 7 deals with the passive cell model and its connection to the amplifier. Several test
and tuning procedures are outlined in chapter 8 including hints for optimizing the clamp.
Chapter 9 shows how to optimize the clamp properties by correct electrode positioning and
chapter 10 describes a basic voltage clamp experiment. Chapter 11 gives hints in case of
trouble and chapter 12 deals with theoretical aspects of closed loop circuits, voltage clamp
control and optimization methods. Chapter 13 contains references and technical data are listed
in chapter 14.

If you are not familiar with the use of instruments for two electrode voltage clamping of cells
please read the manual completely. The experienced user should read at least chapters 4, 5, 8
and 12.

Important: Please read chapter 1 carefully! It contains general information about safety
regulations and how to handle highly sensitive electronic instruments.

Signs and conventions

In this manual all elements of the front panel are written in capital letters as they appear on
the front panel.

System components that are shipped in the standard configuration are marked with v,
optional components with =>. In some chapters the user is guided step by step through a
certain procedure. These steps are marked with (.

Important information, hints and specia precautions are highlighted in gray.

Abbreviations

Tcm:  time constant of the cell membrane
Ai:  anaog input

BW: bandwidth

CeL:  current electrode

Cm:  cell membrane capacity

DAC: analog output

Do: digital output

GND: ground

Imax:  maximal current

K: proportional gain

PeL:  potential electrode

PreL:  potential at the potential electrode
Prer:  potential at the reference electrode
RceL: current electrode resistance

Rm:  cell membrane resistance
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RpeL:
RRer:
Rs:
Te:
Te:
Ti:
Tm:
Te:

Ts:

potential electrode resistance
reference electrode resistance
seriesresistance

“equivalent” time constant

time constant of the current electrode
“small” time constant

“large time constant

time until the membrane potential reaches 100% of the command pulse for the first

time
time to reach a steady state within atolerance of 2%
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1. Safety Regulations

VERY IMPORTANT: Instruments and components supplied by npi electronic are NOT
intended for clinical use or medical purposes (e.g. for diagnosis or treatment of
humans), or for any other life-supporting system. npi electronic disclaims any
warranties for such purpose. Equipment supplied by npi electronic must operated only
by selected, trained and adequately instructed personnel. For details please consult the
GENERAL TERMS OF DELIVERY AND CONDITIONS OF BUSINESS of npi
electronic, D-71732 Tamm, Ger many.

1) GENERAL: This system is designed for use in scientific laboratories and should be
operated by trained staff only. General safety regulations for operating electrical devices
should be followed.

2) AC MAINS CONNECTION: While working with the npi systems, always adhere to the
appropriate safety measures for handling electronic devices. Before using any device
please read manuals and instructions carefully.

The device is to be operated only at 115/230 V 60/50 Hz AC. Please check for
appropriate line voltage before connecting any system to mains.

Always use a three-wire line cord and a mains power-plug with a protection contact
connected to ground (protective earth).

Before opening the cabinet, unplug the instrument.

Unplug the instrument when replacing the fuse or changing line voltage. Replace fuse
only with an appropriate specified type.

3) STATIC ELECTRICITY: Electronic equipment is sensitive to static discharges. Some
devices such as sensor inputs are equipped with very sensitive FET amplifiers, which can
be damaged by el ectrostatic charge and must therefore be handled with care. Electrostatic
discharges can be avoided by touching a grounded metal surface when changing or
adjusting sensors. Always turn power off when adding or removing modules,
connecting or disconnecting sensors, headstages or other components from the
instrument or 19" cabinet.

4) TEMPERATURE DRIFT / WARM-UP TIME: All anaog electronic systems are
sensitive to temperature changes. Therefore, all electronic instruments containing analog
circuits should be used only in awarmed-up condition (i.e. after internal temperature has
reached steady-state values). In most cases a warm-up period of 20-30 minutes is
sufficient.

50 CURRENT INJECTION HIGH VOLTAGE HEADSTAGE The current injection
headstage has a £150 V output compliance. In addition, some TEC headstages are
equipped with a driven shield electrode connector. After turning on the instrument do not
touch the interior contact and the shield of the electrode plug and of the cable that is
connected to this plug. 1n_addition, it is extremely important that the instrument is
turned off when changing or adjusting the electrodes.

6) HANDLING: Please protect the device from moisture, heat, radiation and corrosive
chemicals.
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2. Introduction

This instruction manual describes the most important functions and operation modes of the
TURBO TEC-03X Voltage/Current Clamp amplifier. A short introduction to the theory and
practice of the voltage clamp and current clamp technique is aso included, as far as it is
necessary for understanding the operation of this instrument. Many books and articles are
available on these techniques. A selection of this literature is given at the end of this manual
(see chapter 13).

The TURBO TEC-03X is an accurate and extremely fast voltage and current clamp (V/C)
amplifier for studying large membrane currents. It is based on the standard two electrode
approach and is an ideal system for recording from oocytes.

A significant improvement over other two electrode clamp amplifiers is that the TURBO
TEC-03X fully compensates the current injecting microelectrode and needs no virtual ground
for recording membrane currents. In addition, a powerful Pl (proportional-integral) voltage
clamp controller and an improved series resistance compensation unit allow recording of very
large voltage activated currents and even gating currents from whole oocytes (Greeff et a.,
2000).

The TURBO TEC-03X can be operated with a reduced bandwidth of 10 Hz to alow
simultaneous single-channel recordings with patch-clamp amplifiers.

An excellent introduction into recording techniques, preparation of oocytes etc. can be
found in " Methods in Enzymology”, Vol. 207, 1992 and also in the chapter by Stuehmer
et. al. in “Practical Electrophysiological Methods. The basics of microelectrode
techniques and voltage clamp principles are described comprehensively in the
“Plymouth Workshop Handbook” (Ogden, 1994).

version 4.8 page 7



TURBO TEC-03X User Manua

3. TURBO TEC-03X Components

The following items are shipped with the TURBO TEC-03X system:

TURBO TEC-03X amplifier

Potential headstage

Current headstage

GND connectors for headstage (2.6 mm)
Connectors for current- and reference electrode
Power cord

User manual

NENENENENENEN

Note: If an electrode holder set (TEC EH-SET) is ordered the connector for the current
electrode is not supplied.

Optional accessories:

Electrode adapter

Electrode holder

Electrode holder set

Passive cell model (see chapter 7)
Active cell model

L L L LD

Options:

Interface for CellWorks

Four-pole Bessel current filter

15V or 45V or 225V output compliance
Current headstage with four ranges

L L LD

4, TURBO TEC-03X System

This manual refers to the standard configuration of the TURBO TEC-03X system, consisting
of astandard headstage and standard calibrations, as written on the front panel.

Other configurations are available (see Optional accessories and Options in chapter 3). For
details contact npi.

4.1. System Description

The TURBO TEC-03X instrument is a voltage/current clamp system that operates according
to the classic dua-microelectrode method. This method uses one microelectrode for the
registration of membrane potential and one for current injection. The equivalent circuit of a
TURBO TEC-03X system and the associated block diagram in VC mode are shown in Figure
1 and Figure 2.

The TURBO TEC-03X system is based on modern state-of-the-art electronic circuits. Its
advanced design makes it superior to other amplifiers. Some of the special features of
TURBO TEC-03X system are: differential potential registration and high-voltage current
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source output, both to eliminate artifacts induced by the use of microelectrodes, full
compensation of the current injecting electrode and no need of virtual ground for recording
membrane currents. The TURBO TEC-03X has an automated electrode resistance test mode
which can be used even with the electrodes impaled in a cell (see Stihmer, 1992, in Methods
in Enzymology, Vol. 207). In addition, a unique oscillation shutoff circuit prevents the cell
from damage if oscillations occur.

The TURBO TEC-03X system can be operated with various software packages. It provides
specia features such as electronic (remote) selection of modes of operation and monitor
(telegraph) signals for the setting of current gain and filters. If the CellWorks software is
used, some of the functions of the TURBO TEC-03X can be controlled directly by the
computer.

Since the voltage and current clamp techniques are standard techniques of electrophysiology
(for reviews see: Methods in Enzymology, Vol. 207, Smith et al., 1985, Standen et al., 1987,
Kettenmann and Grantyn, 1992, Ogden, 1994), only a short procedural description follows.
This description is based on the diagrams of Figure 1 and Figure 2. Terms and abbreviations
in capital lettersin the text correspond with the labels at the front panel.

CIR._source CURRENT OUTPUT
CUR. MONITOR Oscillation ﬂtoff
N,
e POT. MONITOR
Cel Pel
7] =y vone
W C{ }) SELECT
g T R [ Co 4 uC ERROR SronaL e e
CONTROLLER
Rs REF
HOLD
_I_L COMMAND INPUT
COMMAND

Figure 1: equivalent circuit of TEC amplifiers

Potential Measurement

For membrane potential measurement, all TEC amplifiers use a differential electrode
arrangement to record the membrane potential as accurately as possible (see Figure 1), i.e. the
membrane potential Vm is measured according to: Vm = PreL - Prer with PreL = potential at
the potential electrode and Prer = potential at the reference electrode. A description of the
potential headstage is given in chapter 5.1.

In order to determine whether both electrodes are inserted into the same cell, the potential of
the current injecting microelectrode is recorded by a buffer amplifier in the current headstage.
Both potential recording units can be compensated for offsets.
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The frequency response of the potential electrode (low-pass characteristic due to stray
capacities) is compensated for by a feedback circuit ("negative capacity” compensation,
CAPACITY COMPENSATION) and a "driven-shield" arrangement (for an overview see
Ogden, 1994). Since in most oocyte experiments microel ectrode resistances are usually in the
one MQ range or below, it is not necessary to use CAPACITY COMPENSATION.

Current Injection and Measurement

The current injection is performed by means of a glass microelectrode that is connected to the
current headstage (Cev). A description of the current headstage is given in chapter 5.2.

The unique advantage of the instruments in the Turbo TEC series is the voltage-controlled
current source output (V/C or V/I converter) for electrical compensation of the disturbances
from the microelectrode during current injection (i.e. high resistance and stray capacity, see
Polder, 1984; Polder and Swandulla, 1990; Polder and Swandulla, 2001). This current source
is built into the current headstage.

The use of a current source output allows measurement of the current en route to the
electrode. This is an improvement in accuracy over the "virtual ground’ method and also an
improvement in ease of use, since it does not require an additional headstage. In addition, the
current source method provides an improved frequency response of the voltage clamp control
circuit.

On al TEC systems for oocyte recordings, the bandwidth of the current injection electronics
can be limited to approximately 10 Hz by means of a switch (BANDW.) on the current
headstage (see Figure 9 and Figure 10). This enables simultaneous macrocurrent recording
with the TEC system and single channel recording with the patch amplifier, without
degradation of the patch amplifier signals from the TEC operation.

Current Clamp Mode (CC)

In the current clamp mode the cell's response to current injections is measured. Current
injection is performed by means of a current source connected to the current injecting
microelectrode, regardless of the electrode resistance (see Figure 1). Therefore only a current
input conditioning unit is necessary for the adequate shaping of the current input signal
(COMMAND INPUT). In addition, the TEC-03X is equipped with a HOLD unit for applying
a constant holding current. The polarity is controlled by a switch.

Voltage Clamp Mode (VC)

The voltage clamp mode is based on a closed loop control (see Figure 2). In voltage clamp
mode, the membrane potential is forced by a controller to maintain a certain value or to
follow an external command. That allows measurement of ion fluxes across the cell
membrane separate from capacitive currents. This is the most complex mode of operation
with the TEC-03X. Special precautions must be taken while tuning the control circuit in order
avoid stability problems (see chapters 8.6 and 12).

I mportant: Although in VC mode one is primarily interested in recording the current flowing
across the membrane, the clamp circuit primarily controls the membrane potential. The better
the potential is controlled, i.e. the smaller the VC error signa (command voltage minus
membrane potential), the more accurate is the recording of membrane currents.
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CELL ACTIVITY

FEEDBACK
CONTROLLER CUR. INJECTION CELL >
SIGNAL

L] A

POT. DISPLAY CUR. DISPLAY

POT. RECORDING j<

Figure 2: block diagram of VC mode

The COMMAND INPUT is used for the COMMAND signal, and as in the CC mode, the
HOLD unit can apply a constant holding voltage.

Note: If no external command signal is connected to the COMMAND INPUT, make sure that
an appropriate HOLDING potential in voltage clamp mode is selected (preferable close to the
resting membrane potential of the cell).

Without any holding potential, the cell will be clamped to 0 mV if the amplifier is switched to
V C mode and that may unintentionally stimulate or damage the cell.

Control CircuitinVC

A detailed description of the basic principals of voltage clamp controls can be found in the
literature (e.g. Methods in Enzymology, Smith et a., 1987, Ogden 1994).

In the control circuit (see Figure 1 and Figure 2) the command signal and recorded potential
are subtracted to give the VC error signal. This signal is applied to an amplifier with
externally controlled variable gain (= proportional gain, set with the GAIN control). The
amplified error signal is fed into the current source which injects the necessary amount of
current into the cell to compensate for the ionic fluxes across the cell membrane (labeled
“active” in Figure 1 and “Céll activity” in Figure 2) and as a result, to keep the membrane
potential as close as possible to the command signal. The injected current is recorded by a
differential amplifier in the current headstage and is — under stable conditions - a direct
measurement of the ion movements across the cell membrane.

Note: To keep the VC error signal as small as possible it is desirable to use high GAIN
settings. But if the GAIN is set too high, the system becomes unstable and begins to oscillate.
Therefore, the OSCILLATION SHUT-OFF unit should be activated when setting the GAIN.

Control Modes of VC

The control circuit of the TEC-03X systems is operated with two 10-turn controls and a mode
select switch. One of three modes can be sel ected:

version 4.8 page 11



TURBO TEC-03X User Manua

NORMAL (Gain only)
SLOW (Integrator)
FAST (Series resistance compensation)

In the NORMAL mode, only the proportional gain described above is active. The gain is set
by the GAIN potentiometer.

In the SLOW mode the controller is converted to a Pl (proportional-integral) system. The
added integrator improves control performance for slow signals. The SLOW mode is
designed for recording ligand-gated currents which, in general, are slower than voltage-
activated currents.

In the FAST mode the integrator is switched off and a series resistance compensation circuit
is activated. The amount of compensation is set by a ten-turn control. Series resistance
compensation improves the performance of the clamp system, especialy if fast voltage
activated currents are recorded.

Pl-Controller (SLOW Mode)

The TEC-03X system is equipped with Proportional-Integral (PI) control loops. The VC error
signal (command minus recorded signal) is amplified by the GAIN amplifier and applied in
addition to an integrator with variable time constant. Consequently, amplification becomes
very large for signals with frequencies below the corner frequency of the integrator
(reciprocal to the time constant) and this improves the control process. Briefly, the integrator
can be understood as an automatic gain setting for slow signals improving clamp accuracy.

The adjustment of the Pl control loop is described in chapter 12 (see also Polder and
Swandulla, 2001).

Series Resistance Compensation (FAST Mode)

The differentia recording arrangement (see chapter 5.1, Figure 1 and Figure 10) suppresses
only series resistances outside the cell. In most cells there is also an internal series resistance
(e.g. the resistivity of the cytoplasm, of cell organelles, etc.). These series resistances could
cause a current-proportional potential error in the voltage clamp mode, i.e. an unwanted
change in the membrane potential during a current flow. This change can be partially
compensated by current-proportional amplification in the control circuit.

The series resistance compensation circuit compensates resistances in series with the cell
membrane by feeding a fraction of the recorded current signal back into the control loop. The
output signal is enhanced in a current proportional manner and the effect of the series
resistance is minimized. The integrator is switched off.

I mportant: Series resistance compensation is done by a positive feedback in the control
circuit, which has a tendency to oscillate. Thus, whenever possible, repositioning of the
electrodes is recommended to minimize series resistance effects. This compensation circuit
should be used only as alast resort and with OSCILLATION SHUTOFF unit activated.

I mprovement of the Control Properties

Control circuits with negative feedback tend to be unstable as a result of delays inherent to the
system (e.g. low-pass characteristics of the microelectrodes) or positive feedback caused by
capacitive couplings between the electrodes.
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In voltage clamp systems, the control properties can be substantially improved by shielding
the electrodes from each other. Often shielding of the current electrode suffices to reduce the
coupling capacity between the electrodes. This shield can be connected to GND of the current
headstage. The potential electrode can be shielded using a "driven shield" arrangement (see
Ogden, 1994).

Note: In experiments with oocytes shielding of the electrodes is usually not necessary!! If
shielding is required in specia experimental situations we recommend learning about this
technique from articles such as Ogden, 1994 and Smith, 1985.

The correct setting of the C-compensation increases the speed of response of the control loop,
but also increases the noise. The settings of the different parameters result in a compromise
between the stability, accuracy, noise and control speed. Adjustment criteria are discussed in
chapter 12 (also see Polder and Swandulla, 2001). Some practical hints are given in
sections 8.6 and 12.2).

4.2. Description of the Front Panel

The TURBO TEC-03X system is made up of a 19" basic system with a built-in power supply
and two headstages: a smaller one for potential recording and a bigger one for current
injection and recording.

In the following description, numbering of the items is based on the diagram in Figure 3. The
number is followed by the name (in uppercase letters) written on the front panel and the type
of the element (in lowercase letters). Then, a short description of the element is given. Some
elements are grouped in functional units (e.g. Current output unit) and are described as
units regardless of the order of numbers.

In general, the front panel of the TURBO TEC-03X is arranged so that elements concerning
current clamp mode of the amplifier are located at the right half of the front panel. Elements
related to voltage clamp mode are found on the left side of the front panel. Each control
element has a label and frequently a calibration (e.g. CURRENT OUTPUT SENSITIVITY,
V/IUA).
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Figure 3: TURBO TEC-03X front panel view (the numbers are related to those in the text
bel ow)
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(1) POWER switch

POWER

Switch to turn POWER on (switch pushed) or off (switch released).

OSCILLATION SHUTOFF unit

OSCILLATION
SHUTOFF

The OSCILLATION SHUTOFF unit consists of (2) DISABLED / RESET switch,
(3) OSCILLATION SHUTOFF LED and (34) THRESHOLD potentiometer. In
SHUTOFF condition the amplifier is set into CC mode and all outputs (including
holding current) and CAPACITY COMPENSATION are disabled. The inputs and
the ELECTRODE RESISTANCE test are activated.

(3) OSCILLATION SHUTOFF LED

Indicates whether the OSCILLATION SHUTOFF circuit is in SHUTOFF
condition (LED red) or not (LED green).

DSABLED
o
—

(34) THRESHOLD potentiometer

Control to set the activation THRESHOLD of the OSCILLATION SHUTOFF circuit
(potentiometer, linear clockwise, range: 0-1200 mV).

(2) DISABLED / RESET switch

Switch to DISABLE the OSCILLATION SHUTOFF unit or to RESET the circuit. A
RESET iscarried out if one wantsto reset the circuit after a previous SHUTOFF condition.
After resetting the OSCILLATION SHUT-OFF unit is active again.

Voltage clamp control unit

The voltage clamp control unit consists of (5) GAIN potentiometer, (4) PI-
CONTROLLER potentiometer and (6) control mode switch (see also
chapter 8.6).

(5) GAIN potentiometer

10-turn potentiometer to set amplification factor (GAIN) of the VC error signal (see also
chapter 4.1). To keep the VC error as small as possible it is necessary to use high GAIN
settings, but the system becomes unstable and begins to oscillate if the GAIN is set too
high. Thus, the OSCILLATION SHUT-OFF circuit (see above) should be activated when
setting this control.
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(4) PI-CONTROLLER potentiometer

10-turn potentiometer to set either the time constant of the integrator in SLOW mode, or
the amount of series resistance compensation in FAST mode (see also (6)).

(6) control mode switch
Switch to select the control mode. Three modes are possible:

- NORMAL. In this mode only the proportional gain (see above) is active. The gain is
set by (5).

- SLOW. In the SLOW mode the controller is converted into a Pl (proportional-integral)
system. The integrator improves control performance for slow signals, e.g. during
recording of ligand-gated currents. The time constant is set by (4).

- FAST. In the FAST mode the integrator is switched off and a SERIES RESISTANCE
COMPENSATION circuit is activated. SERIES RESISTANCE COMPENSATION
improves the performance of the clamp system, especialy if fast voltage-activated
currents are recorded. The amount of compensation is set by (4).

DISPLAY unit

(LECTRODE RESSIANCE

The DISPLAY unit consists of (7) electrode selector for
POTENTIAL, (8) mV LED, (9) CURRENT display, (10)
POTENTIAL / RESISTANCE display, (11) MQ LED and
(13) electrode selector for RESISTANCE.

(7) Electrode selector POTENTIAL

This switch selects whether the potential of CURRENT ELECTRODE or POTENTIAL
ELECTRODE is displayed (see (10) below).

(8 mV LED
When lit, indicates that POTENTIAL (mV) isrevealed in DISPLAY (10).

(9) CURRENT display

LC-Display for the CURRENT passed through the CURRENT electrode in pA
(XXX pA).

(10) POTENTIAL / RESISTANCE display

LC-Display for the POTENTIAL at the electrode tip in mV (XXX mV) or the electrode
RESISTANCE in MQ (XX.X MQ, i.e. 01.0 corresponds to 1.0 MQ). The electrode is
selected by electrode selector (7) for POTENTIAL measurement and by electrode selector
(13) for ELECTRODE RESISTANCE.

(12) MQ LED
When lit, indicates that RESISTANCE (MQ) isrevealed in DISPLAY (10).

(13) Electrode selector ELECTRODE RESISTANCE

Switch to select the electrode to measure the RESISTANCE from. Three position switch,
CURRENT ELECTRODE, off, POTENTIAL ELECTRODE. Switching to CURRENT- or
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POTENTIAL ELECTRODE tests the RESISTANCE by applying current pulses of £10 nA
to the respective electrode. In off position the ELECTRODE RESISTANCE test is
disabled.

HOLD unit

The HOLD unit consists of (12) HOLD current potentiometer and (25)
+/0/ - switch.

(12) HOLD current / potential potentiometer

10-turn digital control that presets a continuous command signa (HOLD potential
(XXX mV, maximum: 999 mV) for VC or HOLD current (X.XX pA, maximum 9.99 pA)
for CC). Polarity is set by switch (25).

(25) +/ 0/ - switch

Toggle switch to set the polarity of HOLD current / potential or to disable HOLD current /
potential. (+: positive HOLD current / potential, 0: HOLD current / potential turned off,
-: negative HOL D current / potential).

CURRENT OUTPUT conditioning unit

The CURRENT OUTPUT conditioning unit consists of (14)
CURRENT FILTER Hz, (15) V / pA CURRENT OUTPUT
SENSITIVITY, (21) +1V..+7V  CURRENT OUTPUT
SENSITIVITY MONITOR connector and (23) -1V..+7V
FREQUENCY MONITOR connector.

(14) CURRENT FILTER Hz switch

16-position switch to set the corner frequency of the Bessel filter. The setting is monitored
by (23).

(15) V / pyA CURRENT OUTPUT SENSITIVITY switch
7-position switch to set the CURRENT OUTPUT gain. The setting is monitored by (21).

(21) +1V...+7V CURRENT OUTPUT SENSITIVITY MONITOR connector

BNC output connector monitoring the setting of (15) V / pA CURRENT OUTPUT
SENSITIVITY switch. Resolution 1V / STEP (i.e. 3V indicate a GAIN of 0.5).
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(23) -8V...+7V CURRENT FILTER FREQUENCY MONITOR connector

BNC output connector monitoring the setting of (14) CURRENT FILTER Hz switch.
Resolution 1V / STEP (i.e. 5V indicate afilter frequency of 10 kHz).

(16) CURRENT ELECTRODE OFFSET potentiometer

Control to compensate the current electrode potential (ten-turn
potentiometer, symmetrical, i.e. 0 mV = 5 on the dial), range: +500 mV
(see chapter 8.2).

(17) CURRENT HEADSTAGE BIAS potentiometer

With this 10 turn potentiometer the output current of the CURRENT
HEADSTAGE (headstage BIAS current) can be tuned to O (see chapter 8.1).

(18) POTENTIAL ELECTRODE OFFSET potentiometer

Control to compensate the potential electrode potentia (ten-turn
potentiometer, symmetrical, i.e. 0 mV = 5 on the dial), range: £300 mV (see
chapter 8.2).

(19) CAPACITY COMPENSATION potentiometer

Control for the capacity compensation of the POTENTIAL electrode (ten
turn potentiometer, clockwise, range: 0-30 pF, see chapter 8.4). Usually not
used in oocyte experiments.

Caution: This circuit is based on a positive feedback circuit. Overcompensation leads to
oscillations that may damage the cell.

(20) POTENTIAL HEADSTAGE connector

The POTENTIAL HEADSTAGE is connected via a flexible cable and a 12-pole
connector to the mainframe (see aso chapter 5.1).

Caution: Please aways adhere to the appropriate safety regulations (see chapter 1). Please
turn power off when connecting or disconnecting the potential headstage from the
POTENTIAL HEADSTAGE connector!
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(22) CURRENT HEADSTAGE connector

n A The CURRENT HEADSTAGE is connected via a flexible cable and
a 15-pole connector to the mainframe (see also chapter 5.2).

]
CURRENT HEADSIAGE HGH VOUAGE

Caution: Please aways adhere to the appropriate safety regulations (see chapter 1). Please
turn power off when connecting or disconnecting the current headstage from the CURRENT
HEADSTAGE connector!

CURRENT OUTPUT unit

The CURRENT OUTPUT unit consists of (24) CURRENT
OUTPUT FROM HEADSTAGE connector and (26) CURRENT
OUTPUT connector.

(24) CURRENT OUTPUT FROM HEADSTAGE connector

BNC connector providing the CURRENT OUTPUT signa directly from the
CURRENT HEADSTAGE, sensitivity 0.1V / pA.

(26) CURRENT OUTPUT connector

BNC connector providing the CURRENT OUTPUT signal after passing the CURRENT
OUTPUT conditioning unit (see also CURRENT OUTPUT conditioning unit earlier
in this chapter).

(27) CC LED, (30) VC LED

cc LEDs indicating the selection of Current Clamp mode (27) or Voltage Clamp
mode (30).

(28) MODE OF OPERATION switch

Switch to select the MODE OF OPERATION:

\\ e VC: Voltage Clamp
OFF: In this position the amplifier isin current clamp mode, but does not
apply
oot o any current to the cell, i.e. only the membrane potential is recorded.
HERRR CC: Current Clamp
EXT.: EXTernal control; if this position is selected, the mode of operation can be set by a
TTL pulse applied to the MODE SELECT BNC (29). If CellWorks is used, some
functions can be controlled from CellWorks (TEC-03X-CW).
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(29) MODE SELECT connector

BNC connector for remote control of the MODE of operation. A TTL signal is
connected here to select the mode of operation remotely (HI = VC, LO = CC).

(31) COMMAND INPUT connector

@ ] BNC  connector for an externa COMMAND in VC mode (sensitivity:
+10 mV) or in CC mode (sensitivity: 1 HA / V).

i sl The voltage signal that is connected here is transformed to a proportiona

current at the electrode in CC mode or COMMAND voltage in VC mode. The signal form

remains unchanged. Two examples are given in Figure 4. The amplitude of the output current

or voltage signal (current / voltage stimulus) is determined by the amplitude of the input

voltage signal.

input voltage signal output current signal

i L L

Figure 4: input-output relation ussing COMMAND INPUT in CC mode

(32) POTENTIAL OUTPUT connector CeL

BNC connector monitoring the POTENTIAL at the tip of the CURRENT
electrode (CeL, sensitivity: x10 mV).

POTENTIAL OUTPUT

(33) POTENTIAL OUTPUT connector Pe.

POTENTIAL OUTPUT

BNC connector monitoring the POTENTIAL at the tip of the POTENTIAL
electrode (PeL, sensitivity: x10 mV).

(35) GROUND connector

Banana jack providing the internal GROUND (not connected to PROTECTIVE
EARTH).
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(36) AUDIO MONITOR potentiometer

a1 Volume control for the AUDIO MONITOR. The potential at the electrode selected
by switch (7) is monitored by a sound. The pitch of sound is related to the value of
the potential.

4.3. Description of the Rear Panel

i o

{ WCHICRIG CUTPLTS 5

b !

Figure 5: TURBO TEC-03X rear panel view (the numbers are related to those in the text
below)

(1) FUSE holder

Holder for the line fuse and line voltage selector. For changing the fuse or selecting line
voltage open the flap using a screw driver. The fuse is located below the voltage selector. Pull
out the holder (indicated by an arrow), in order to change the fuse. For selecting the line
voltage, rotate the selector drum until the proper voltage appears in the front.

(2) Mains connector
Plug socket for the mains power-plug.

Important: Check line voltage before connecting the TEC amplifier to power. Always use a
three-wire line cord and a mains power-plug with a protection contact connected to ground.
Disconnect mains power-plug when replacing the fuse or changing line voltage. Replace fuse
only by appropriate specified type. Before opening the cabinet unplug the instrument.

(3) PROTECTIVE EARTH connector
Banana plug providing mains ground (see below).

(4) INTERNAL GROUND connector
Banana plug providing internal ground (see below).

(5) CURRENT SENSITIVITY connector

BNC connector providing a voltage monitoring the position of the CURRENT OUTPUT
SENSITIVITY switch (+1V to +7 V, 1V/STEP). See also #21, Figure 3.
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(6) FILTER CURRENT connector

BNC connector providing a voltage monitoring the position of the CURRENT FILTER
switch (-7 V to +8 V, 1V/STEP). See also #23, Figure 3

Grounding

TEC instruments have two ground systems:

1. the internal ground (called INTERNAL GROUND) represents the zero level for the
recording electronics and is connected to the recording chamber and the BNC
input/output sockets

2. mains ground (PROTECTIVE EARTH) is connected to the 19" cabinet and through
the power cable to the protection contact of the power outlet.

GROUND outlets are located on both headstages and on the front panel. For both grounds
there is an outlet on the rear panel:

GROUND (black socket): internal system ground
PROTECTIVE EARTH: (green/yellow socket): mains ground, 19" cabinet

All TEC systems have a high quality toroid transformer to minimize stray fields. In spite of
this, noise problems could occur if other mains-operated instruments are used in the same
setup. The internal system ground (GROUND sockets) should be connected to only one point
on the measuring ground of the recording chamber (see Figure 10) and should originate from
the potential headstage. The enclosures of both headstages are grounded. Multiple grounding
should be avoided and all ground points should originate from a central point to avoid ground
loops.

The internal ground and mains ground (= PROTECTIVE EARTH) can be connected by a
wire using the ground plugs on the rear panel of the instrument. This connection can be
disrupted to avoid “ground loops’ (see Ogden, 1994). It is not possible to predict whether
measurements will be less or more noisy with the interna ground and mains ground
connected. We recommend that you try both arrangements to determine the best
configuration.
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TEC-03X-CW

In order to connect the amplifier directly to a computer with a National Instruments (NI) data
acquisition board of the E-Series, the TEC-03X-CW has additional connectors at the rear
panel (see Figure 6).
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Figure 6: breakout box connectors of the TEC-03X-CW

(1) BIDIRECTIONAL COMMUNICATION connector (option)

Optional 50-pole SCSI connector for BIDIRECTIONAL COMMUNICATION between
CellWorks and TEC-03X-CW. BIDIRECTIONAL COMMUNICATION is performed using
two digital ports of a PCI-6503 digital 1/0 board (NI) linked to this connector (see also
CellWorks Manual).

(2) Ai2 - Ai7 connectors
BNC input connectors for Ai2 — Ai7 of the National Instruments board.

Note: Ai0 and Ail are not available at the rear panel of the TEC-03X-CW. These channels are
used for recording current- (AiO) and voltage signals (Ail) from the amplifier and therefore,
these signals are internally connected to AiO (current) and Ail (voltage).

(3) TRIG OUT

Output BNC connector providing a TTL (+5 V) trigger if a pulse routine (or snapshot) in
CellWorks is activated (see Figure 7). This signal indicates that CellWorks is waiting for a
trigger signal before starting pulses and recording.
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Start Start
Data Acquisition Data Acquisition

Begin of Begin of
“Wait for Trigger” “Wait for Trigger”

v v l v

+5V

TRIG.
our —— —— — ~ ov

Figure 7: timing of the TRIG.OUT signal

(4) Ai8—Ai15
9 pole male SUBD connector providing Ai8 — Ail5 of the National Instruments board.

(5) POWER OUTPUT (12V, 0.5A)

9 pole female connector for devices controlled by digital pulses from CellWorks, e.g. valves
of a perfusion system. Specification: 12 V, 0.5 A, sufficient for most pinch valve manifolds,
e.g. ALA-VM8-PG.

(6) TRIG. IN (TTL)

Input BNC connector for triggering CellWorks. If the user has started a pulse (or snapshot)
protocol in CellWorks via double click and CellWorks is configured to wait for a trigger, a
TTL pulse applied to this input will cause CellWorks to start the protocol.

(7) TODATA ACQUISITION BOARD connector

68-pole SCSI connector for connecting a multi-function 1/0 board of the B, E or M-Series of
Nationa Instruments.

(8) Ao0 and Aol connectors
BNC output connectors providing DACO and DAC1 of the National Instruments board.

Important: These signals are generated from the NI board and AoO (DACO) is connected
additionally to the command input port of the amplifier. If the user unintentionally connects a
signal to COMMAND INPUT BNC at the front panel, this signal will be added to the value of
the command input signal for the TEC-03X-CW generated by CellWorks.

A procedure to test the data acquisition board from National Instruments is described in
chapter 8.7.
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5. Headstages

The TEC-03X comes with two standard headstages:. the POTENTIAL HEADSTAGE for
recording the membrane potential and the CURRENT HEADSTAGE for injecting current
into the cell.

5.1. Potential Headstage

The potential headstage is housed in a small box containing the buffer amplifiers to record the
membrane potential (see Figure 8). The enclosure of the headstage is linked to ground. A
metal bar is mounted to this box alowing direct attachment to a micromanipulator. The
headstage is connected to the 19” cabinet by a flexible shielded cable via the POTENTIAL
ELECTRODE connector. The recording microelectrode can be connected by using an
electrode holder with a BNC socket. The electrical connection between the electrolyte and the
headstage is established using a carefully chlorinated silver wire in the electrode holder.
Chlorinating of the silver wire is very important since contact of silver to the electrolyte leads
to electrochemical potentials, causing varying offset potentials at the electrode, deterioration
of the voltage measurement, etc. (for details see Kettenmann and Grantyn (1992)). For
optimal chlorinating of silver wires an automated chlorinating apparatus is available (ACI-01,
contact npi for details). GND and REF. are connected by flexible cables with appropriate
connectors.

potential headstage

2
1 = 4

| www.nplelectronic.com 4

R, AMPLIFIER HEADSTAGE -

. - i w

i skt iy |

electrode — 3

holder

Figure 8: potential headstage and electrode holder (optional)
Headstage Elements

BNC connector for the electrode holder (optional)
REF: reference electrode connector

GND: ground connector

Headstage cable to amplifier

A WN B

Two electrodes, an intracellular microelectrode (Pec = potentia electrode) and an
extracellular electrode (REF= reference electrode), are required for potential measurement.
Both are connected to high impedance buffers (input resistance higher than 10 Q) in the
potential headstage. In addition, the bath surrounding the cell must have a solid ground
connection (Ag-AgCl pellet or Agar bridge, see Figure 10) that can carry large membrane
currents flowing during voltage clamp experiments with oocytes.
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The optimal configuration for the headstage connections is shown in Figure 10. This
arrangement (differential-measurement arrangement) ensures the most accurate measurement
of the membrane potential. The reference electrode (REF) is placed near the membrane of the
oocyte and measures the bath potential (extracellular potential). The bath potentia is
subtracted from the intracellular potential recorded by the intracellular electrode (PeL).
Electrodes used for intracellular potential measurement in oocytes typically have resistances
of 700 kQ up to 1-2 MQ.

Important: The shield of the BNC connector is linked to the driven shield output and must
not be connected to ground.
If REF isnot used, it must be connected to ground.

Warning: This headstage contains amplifiers which may be damaged by static electricity.
This can be avoided by touching a grounded metal surface when changing or adjusting the
electrodes. If a headstage is not used the input should aways be connected to ground (either
using an appropriate connector or with aluminum foil wrapped around the headstage). In
addition, it is extremely important that the instrument is turned off when changing the
headstage.

5.2. Current Headstage

The current headstage (see Figure 9) contains the circuits for current injection and recording
as well as the preamplifier for potential measurement of the current electrode (see aso
chapter 8.2 and chapter 9). Since high voltage amplifiers are used it is rather large It is not
intended that the current headstage is attached directly to a micromanipulator. An electrode
holder adapter is used instead. The headstage is connected to the 19” cabinet by a flexible
shielded cable through the CURRENT HEADSTAGE connector.

current headstage

Figure 9: current headstage with (optional) electrode holder and (optional) electrode holder
adapter of the TEC-03X system
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The current headstage has the following elements:

1 CeL:  Connector for the current electrode, grounded shield

2 BANDWIDTH 10 Hz: switch for low bandwidth (10 Hz) operation
WIDEBAND = full bandwidth, 10 Hz = low noise (for simultaneous patch clamp
recording)

3 headstage cable to amplifier

Usually the current electrode is connected to the headstage via an electrode holder that fits
into the electrode adapter that is linked to the current electrode connector. The electrical
connection between the electrolyte and the headstage is established using a carefully
chlorinated silver wire in the electrode holder. Chlorinating of the silver wire is very
important since contact of silver to the electrolyte leads to electrochemical potentials causing
varying offset potentials at the electrode, deterioration of the voltage measurement and other
problems (for details see Kettenmann and Grantyn (1992)). For optimal chlorinating of silver
wires an automated apparatus is available (contact npi for details).

The electrode adapter can be mounted into a commercial micromanipulator near the bath
while the headstage is placed somewhere nearby. Electrodes used for current injection into
oocytes typically have resistances of 500 kQ to 1 MQ.

The unique advantage of the instruments in the Turbo TEC series is the voltage-controlled
current source output (V/C or V/I converter), for electrical compensation of the disturbances
from the microelectrode during current injection (i.e. high resistance and stray capacity, see
Polder, 1984, Polder and Swandulla, 1990). This current source is built into the current
headstage.

The use of the current source output allows that the current is measured en route to the
electrode. Thisis an improvement in ease of use compared to the "virtual ground”" method that
requires an additional headstage. Furthermore, the current source method also provides an
improved frequency response of the voltage clamp control circuit.

On al TEC systems for oocyte recordings, the bandwidth of the current injection electronics
can be limited to approximately 10 Hz by means of a switch (BANDW.) on the current
headstage (see Figure 9 and Figure 10). This allows the use of a patch clamp amplifier for
single channel recording ssimultaneously to recording macro-currents with the TEC system
without excessive noise from the two electrode clamp loop. In this mode the clamp circuit is
capable of following only slow changes, i.e. to keep the steady-state.

Important: The controller must be used in P-mode (INTEGRATOR = OFF) since parasitic
oscillations may occur due to the limited bandwidth of the current source (two integral
components in a closed loop form an oscillator, see Froehr, 1985 for details).

Warning: The current injection headstage has a £150 V output compliance. After turning on
the instrument, it must be ensured that the interior contact and the shield of the electrode plug
and of the cable that is connected to this plug cannot be touched.

In addition, it is extremely important that the instrument isturned off when changing or
adjusting the electrodes.
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CURRENT HEADSTAGE POTENTIAL HEADSTAGE
CAUTION
A GND PEL REF
HIGH VOLTAGE
©
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POTENTIAL
ELECTRODE
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ELECTRODE
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Figure 10: connections of the headstages

Options

The TEC-03X can be ordered with a current headstage providing four ranges:
x0.1, x1, x2 and x5.
The x1 position corresponds to the calibrations at the front panel.

In the x0.1 position all current input and output signals must be divided by 10 and the reading
of the current electrode resistance must be multiplied by 10.

In the x2 (x5) position the current signals have to be multiplied by 2 (by 5) while the reading
of the current electrode resistance must be divided by 2 (by 5). These modes are suitable for
recording very large currents (e.g. K-currents larger then 100pA) with current electrodes up
to ca. 500 k2 (200 k). The maximum current is ca. 300 pA (500 pA).

For measuring smaller currents another headstage with four rangesis available:

x0.1, x0.2, x0.5 and x1.
All current input and output signals have to be multiplied by the factor that is set at the 4-
position switch at the headstage, e.g. in the x0.1 position al current input and output signals
must be divided by 10 and the reading of the current electrode resistance must be multiplied
by 10.

Note: We recommend always measuring the electrode resistance in x1 position!

version 4.8 page 28



TURBO TEC-03X User Manua

6. Setting up the TEC-03X

The following steps should help you to set up the TEC-03X correctly. Always adhere to the
appropriate safety measures (see chapter 1). The headstages are very sensitive and may be
damaged by static electricity. This can be avoided by touching a grounded metal surface when
handling headstages. If a headstage is not used, the input should always be connected to
ground (either using an appropriate connector or with aluminum foil wrapped around the
headstage).

After unpacking, the TEC-03X is attached to the setup by assembling the electrical
connections. It is assumed that a passive cell model will be attached. The connection of the
Ag-AgCl pellet or the agar-bridge for grounding the bath is described in chapter 9.

All numbers are related to those in Figure 3.

@ Electrical connections
4 Turn POWER off.
1 Plug the instrument into a grounded outlet.

(d Connect the potential headstage to the POTENTIAL HEADSTAGE connector (#20) at
the TEC-03X.

(d Connect the current headstage to the CURRENT HEADSTAGE connector (#22) at the
TEC-03X.

Q Connect a cell model (see chapter 7.2). Connect a digital/analog timing unit or a
stimulation device to COMMAND INPUT (#31).

[ Connect a storage oscilloscope or a data recording device (i.e. a computer with data
acquisition card) to the POTENTIAL OUTPUT Pe. and to the CURRENT OUTPUT
triggered from the stimulation device. We recommend always using an oscilloscope in
addition to the computer system. Set the desired gain at the CURRENT OUTPUT
SENSITIVITY switch (#15) and set the CURRENT FILTER (#14) to 20k.

r
=] |
L

l

Current I Potential
Headstage Headstage

ADC [ Oscilloscope

DAC / Stimulation device

Figure 11: basic electrical connections
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Before using the TEC-03X always make the basic settings to avoid oscillations.
@ Basic settings

(1 Turn all controls to low values (less than 1) and each symmetrical offset adjustment,
i.e. C. HEADSTAGE BIAS CURRENT, CURRENT ELECTRODE OFFSET and
POTENTIAL OFFSET potentiometers, in the range of 5 (zero position, see chapter
4.2). Set the CAPACITY COMPENSATION (#19) to 0.

Disable the HOLD unit by setting the +/ 0/ - switch (#25) to O.
Set the MODE OF OPERATION (#28) to CC.

Set the display to POTENTIAL ELECTRODE using switch #7.
Turn POWER switch on.

I I W

Now the TEC-03X isready for an initial check with the cell model.

7. Passive Cell Model

The TEC-03X can be ordered with a passive TEC (Two Electrode Clamp amplifier) cell
model as an optional accessory. An active cell model is aso available on request (for
reference see Draguhn et al. (1997)).

The passive cell model is designed for use with TEC amplifiers to check the function of the
instrument in the following circumstances:

1. just after unpacking to see whether the instrument has been damaged during transport or

2. totrain personnel in using the instrument or

3. in case of trouble (see also chapter 11) to check which part of the setup does not work
correctly, e.g. to find out whether the amplifier or headstages are damaged or something is
wrong with the electrodes or holders etc.

The passive cell model consists only of passive elements i.e. resistors that simulate the
resistance of the cell membrane and the electrodes and a capacity simulating the capacity of
the cell membrane (see Figure 12 and Figure 13). A switch alows simulation of two different
membrane resistances. 10 kQ and 100 kQ. A second switch permits grounding the current
electrode (see also chapter 8.1).
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7.1. Cell Model Description

BNC jack
SUBCLICK
connector P, = TMQ
REF B
O Ground
REF. GND jack
TEC
CELL MODEL
T~ npi
10 KQ
CELL membrane RM
switch
100 KQ
CM: 100nF
Switch fo ON
ground Cg GND
CEL= TMQ
SUBCLICK
connector

CEL

Figure 12: TEC passive cell model

Pe. BNC: connector for the potential electrode, resistance: 1 MQ

REF SUBCLICK: subclick (SMB) connector for the reference electrode

GND: ground connector

Rwm: switch for the cell membrane representing a membrane resistance of either
10 kQ or 100 kQ

Cwm: cell membrane capacity, always 100 nF

ON / GND: switch to ground the current electrode, ON = CeL inside the cell, GND =
CeL connected to ground (see aso chapter 8.1)

CeL SUBCLICK: SMC connector for the current electrode, resistance: 1 MQ
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Figure 13: schematic diagram of the TEC passive cell model

7.2. Connections and Operation

Checking the Configuration with the Cell Model

1 Make the basic settings (see chapter 6).

[ Connect the Pe. BNC jack of the cell model to the BNC connector at the potential
headstage.

[ Connect the SUBCLICK connector REF. to the REF. connector at the potential headstage.

1 Connect the SUBCLICK connector CeL to the plug at the current headstage.

[ Switch the CELL membrane switch (see Figure 12) to the desired position.

(1 Set the GND switch (see Figure 12) to ON.

d Turn POWER switch of the amplifier on.

Now you can adjust the amplifier and apply test pulses to the cell model. Connection to the
BNC- and SUBCLICK connector, respectively, gives access to the cell via a potential and
current electrode with 1 MQ resistance. In the upper position the Rv switch simulates a cell
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membrane with a resistance of 10 kQ. In the lower position a cell membrane with 100 kQ is
simulated. The membrane capacity is always 100 nF (see also chapter 8.5).

8. Test and Tuning Procedures

I mportant: The TEC-03X should be used only in warmed-up condition, i.e. 20 to 30 minutes
after turning power on.

The following test and tuning procedures are necessary for optima recordings. It is
recommended first to connect a cell model to the amplifier to perform some basic adjustments
and to get familiar with these procedures. It is assumed that all connections are as described in
chapter 6. All numbers are related to those in Figure 3.

8.1. Current Headstage Bias Current Adjustment

Caution: It is important that this tuning procedure is performed ONLY after a warm-up
period of at least 30 minutes!

The tuning procedure must be performed regularly (at least once a month) with great care
since the bias current changes over time and it determines the accuracy of the TEC system.

The TEC-03X is equipped with a high-voltage current source that is connected to the current
injecting electrode and performs the current injection (see chapter 4.1). This current source
has a high-impedance floating output. Therefore the zero point (the zero of the bias current)
of the current source must be defined, i.e. without an input signal there should not be an
output current.

Since the high-voltage FET amplifiers that are used become warm from the internal heat
dissipation and their characteristics are strongly temperature dependent, the calibration
procedure has to be done periodically by the user.

The tuning procedure is done using the C. HEADSTAGE BIAS CURRENT control and one
resistance of a few kQ and one of a few MQ or a cell model. It is based on Ohm's Law
(U=R* ).

If the headstage generates an output current, this current will cause a voltage deflection at a
test resistor. If thistest resistor has alow resistance of only afew kQ this voltage deflection is
nearly zero, and a possible reading at the digital display originates only from a possible offset
of the electrode, which can be cancelled using the CURRENT ELECTRODE OFFSET (#16)
potentiometer. Replacing the low resistance resistor by one of a much higher resistance may
lead to another voltage reading at the digital display. This voltage deflection then originates
only from the BIAS output current and is proportiona to this output current according to
Ohm’s law. Using the CHEADSTAGE BIAS CURRENT control the monitored voltage can
be set to 0.
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The tuning procedure is performed using high-value resistors or a cell model. It cannot be
performed with an electrode, since there are aways unknown potentials involved (tip
potential, junction potentials etc.).

Warning: High voltage! Always turn power off when working directly on the current
headstage output (see Chapter 1).

(4 Put the holding current switch to position O (+ / 0/ - switch, #25). If you use a cell model,
only the Ce. and GND connectors must be connected.

1 Set the MODE OF OPERATION switch to OFF.

I mportant: The tuning procedure must not be done in VC mode!!

[ Connect the CURR.EL connector of the current headstage to ground. If parasitic
oscillations occur use a 10 kQ resistor for grounding. If you use a cell model set the ON /
GND switch to GND.

(d Switch the upper digital display (#10) to CURRENT ELECTRODE (potential output of
the current electrode) using the electrode selector POTENTIAL (#7). Set the reading of
the display to 0 using the potentiometer CURRENT ELECTRODE OFFSET (#16).

1 After tuning the current electrode potential OFFSET connect the cell model (see chapter
7.2). If you do not use a cell model simulate an electrode by replacing the 10 kQ resistor
with amuch larger resistor (min. 5-10 MQ).

1 The digital display (and the CURRENT ELECTRODE potential connector (CeL x10mV)
(#32)) now shows a voltage deflection that is related to the BIAS current of the headstage
according to Ohm's Law. Cancel this voltage by tuning the headstage C. HEADSTAGE
BIAS CURRENT potentiometer (#17). The current is O if the voltage deflection is 0.

Now all current outputs (CURRENT OUTPUT FROM HEADSTAGE(#24), CURRENT
OUTPUT (#26) and the CURRENT DISPLAY (#9) should also read .
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8.2. Offset Compensation

If an electrode is immersed into the bath solution an offset voltage will appear, even if no
current is passed. This offset potential is the sum of various effects at the tip of the electrode
filled with electrolyte (“tip potential”, junction potentia etc.). This offset voltage must be
compensated i.e. set to O carefully with the OFFSET controls (#16 and #18) before recording
from a cell. The OFFSET compensation is done in CC mode of the amplifier. When adjusting
the OFFSETs make sure that no current flows through the electrodes. Thus, it is
recommended to disconnect COMMAND INPUT (#31) and to disable the HOLD unit (see
chapter 4.2).

Potential Electrode

(d Switch the reading of the upper digital display (#10) to POTENTIAL ELECTRODE using
the electrode selector POTENTIAL (#7). The display (#10) shows the potential of the
potential electrodein XXX mV.

1 Compensate the OFFSET with the POTENTIAL OFFSET (#18) potentiometer.

Current Electrode

[ Switch the reading of the upper digital display (#10) to CURRENT ELECTRODE using
the electrode selector POTENTIAL (#7). The display (#10) shows the potential of the
current electrode in XXX mV.

(1 Compensate the OFFSET with the CURRENT ELECTRODE OFFSET (#16)
potentiometer.

Note: If a cell model is connected the OFFSET controls should read values around 5,
otherwise it is likely that the headstages or the amplifier are damaged. If microelectrodes are
used unusual high OFFSETs are a sign of badly chlorinated silver wires or unwanted
grounding of the bath.

8.3. Electrode Resistance Test

The electrode resistance is dependent on the tip diameter of the electrodes and may reveal
whether electrodes are broken or clogged. Therefore, a resistance measurement test for both
microelectrodes is included in the TEC-03X. The test operates independently of any other
adjustments, assuming that all microelectrodes are in contact with a grounded bath (zero
potential). The measured resistance is independent of tip potentials and is automatically
displayed on the upper digital display in MQ. Furthermore, the electrode resistance can be
tested even if the electrode isinside a cell!

The measurement is performed by applying square current pulses of £10 nA to the respective
microelectrode. The voltage deflection caused by this injection is recorded and processed to
give adirect reading in MQ on the digital display.
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Important: The electrode resistance test is also atest of the correct function of the respective
headstage.

The resistance test gives only a rough estimate of the electrode resistance. The value for the
current electrode is dependent on the calibration of the current headstage (see chapter 5.2) and
the reading is correct only in position x1.

Potential Electrode

(1 Set the ELECTRODE RESISTANCE (#13) switch to POTENTIAL ELECTRODE. The
display (#10) shows the resistance of the potential electrodein XX.X MQ.

Current Electrode

(1 Set the ELECTRODE RESISTANCE (#13) switch to CURRENT ELECTRODE. The
upper digital display (#10) shows the resistance of the current electrode in XX. X MQ.

I mportant: Since the amplitude of the current pulsesis relatively small (at least for oocytes)
the electrode resistance can be checked even if the electrode is inside the cell!

8.4. Capacity Compensation

The frequency response of the potential electrode (low-pass characteristic due to stray
capacities) is compensated for by a feedback circuit ("negative capacity” compensation,
CAPACITY COMPENSATION) and a "driven-shield" arrangement (for an overview see
Ogden 1994). Since in oocyte experiments microelectrodes are usualy in the one MQ range
or below for most experimentsit is not required to use the CAPACITY COMPENSATION.

The tuning of the capacity compensation control is performed using pulses applied to the
COMMAND INPUT or pulses provided by the electrode resistance test circuit. The TEC-03X
has to be in CC mode (see chapter 8.5).

With the cel model connected or the dectrode in the bath the CAPACITY
COMPENSATION control is turned clockwise until there is no artifact on the POTENTIAL
OUTPUT PeL.

Important: Capacity compensation is based on positive feedback. Therefore over-
compensation causes oscillations which can damage the preparation or the recording
electrodes. Therefore the control must be handled with care and before impaling a new cell it
must be set to 0.
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8.5. Testing Operation Modes

Current Clamp

The cell's response to current injections is measured in the current clamp (CC) mode. Current
injection is performed by means of a current source connected to the current injecting
microel ectrode.

Set the amplifier to CC mode using the MODE OF OPERATION switch (#28).

If not already done tune the BIAS current to O (see chapter 8.1).

Set the CURRENT OUTPUT SENSITIVITY (#15) to 1.

Compensate the offsets of the current- and voltage electrode (see chapter 8.2).

Set Rm at the cell model to 10k (see chapter 7).

Set the holding current to —1 pA using the HOLD potentiometer (#12) (setting: 100,
reading: -1.00 pA) and the HOLD current polarity switch (#25) (set to -).

Make sure that the potential switch (#7) is set to POTENTIAL electrode and the
ELECTRODE RESISTANCE test is not active.

The POTENTIAL display should read —10 mV (according to Ohm's law). The voltage
at PeL (#33) should be —100 mV.

O 0 doooddd

Remember: The voltage at PeL is the membrane potential multiplied by 10!

(1 Disable the holding current and apply atest pulse of 2 pA to the cell model by giving
a voltage step of 2 V to COMMAND INPUT (#31). The length of the test pulse
should be at least 50 ms.

[ You should see a potential step of 200 mV amplitude at PeL (#33). Due to the
membrane capacity the step is smoothed.

Note: If you expect the POTENTIAL display to show the value of the potential step (in this
case 20 mV amplitude) remember that the display is rather sluggish and may not display the
right value (depending on the length of the step). The sameistrue for the CURRENT display.

Voltage Clamp

In voltage clamp mode, the membrane potential is forced by a controller to maintain a certain
value or to follow an external command. That allows measurement of ion fluxes across the
cell membrane. This is the most complex mode of operation with the TEC-03X. Special
precautions must be taken while tuning the control circuit in order avoid stability problems.

d Make sure that the amplifier works correctly with the cell model in CC mode (see
above).

(1 Set the holding potential to -50 mV using the HOLD potentiometer (#12, setting: 050,
reading: 050 mV) and the HOL D potential polarity switch (#25, set to -).

Remember: The HOLDING potentiometer sets the holding current in CC mode and the
holding potential in VC mode.

0 Set the control mode switch (#6) to NORMAL, GAIN ONLY.
[ Set the CAPACITY COMPENSATION to 0 and the GAIN (#5) to 1.
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(d Enable the OSCILLATION SHUTOFF unit with a moderate THRESHOLD
(DISABLED / RESET switch (#2) in middle position, OSCILLATION SHUTOFF
LED green, THRESHOLD potentiometer set to a low value, but not to the most left
position)

Set the amplifier with the MODE OF OPERATION switch (#28) to VC mode.

The upper display should show the holding potential of =50 mV and the lower display
the holding current of -5 pA (according to Ohm's law).

It isvery likely that the display shows a holding potential of slightly less than =50 mV
because the controller is in NORMAL, GAIN ONLY mode (see adso Appendix,
chapter 12) and the GAIN is low. Increasing GAIN and setting the controller to
SLOW (Integrator) mode will enhance the control loop and therefore increase
accuracy.

(M

Hint: If the system oscillates as soon as you switch to VC mode switch back to CC mode and
check the settings. GAIN too high? CAPACITY COMPENSATION not 0? THRESHOLD
potentiometer of the OSCILLATION SHUTOFF unit at the most left position? Control mode
switch not to NORMAL, GAIN ONLY or SLOW (Integrator)?

(d Apply atest pulse of 20 mV to the cell model by giving a voltage step of 0.2 V to
COMMAND INPUT (#31). The length of the test pulse should be at least 30 ms.
(4 You should see apotential step of 200 mV amplitude at Pe. (#33).

Note: If you expect the POTENTIAL display to show the value of the potential step (in this
case +20 mV amplitude, i.e. =30 mV) remember that the display is rather sluggish and may
not display the right value (depending on the length of the step). The same is true for the
CURRENT display.

8.6. Tuning the VC mode

In VC mode there is the problem that the voltage step is often not strictly angular shaped. But,
for instance, increasing the clamp speed by tuning the CAPACITY COMPENSATION of the
potential electrode or increasing GAIN also increases noise. Therefore, the settings of the
different parameters result always in a compromise between the stability, accuracy, noise and
control speed. In this chapter we will give some practical hints, how to optimize the accuracy
and speed of the clamp. The theoretical background of adjustment criteria is discussed in
chapter 12 (see also Polder and Swandulla, 2001).

The main considerations are: Do | expect rapid or slow responses to voltage changes? How
much noise can | accept? Isit possible to use electrodes with low resistance?

General: The speed and accuracy of the voltage clamp control circuit is mainly determined by
the question how much current can be injected and how fast can this happen. Thus, the more
current the system can inject within a short time the better the quality of the clamp (see
chapter 12).

General Considerations
The key to accurate and fast recording is a properly built setup.

e Make sure that the internal system ground is connected to only one point on the
measuring ground and originates from the potential headstage. Multiple grounding
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should be avoided; all ground points should originate from a central point. The
electrode used for grounding the bath should have a low resistance so that it can pass
large currents.

Use electrodes with resistances as low as possible.

K eep cables short.

Use differential potential recording (see aso chapter 5.1 and Figure 10).

Check regularly whether cables and / or connections are broken.

Make sure that chloriding of silver wires for the electrodes is proper and that there are
no unwanted earth bridges, e.g. salt bridges originating from experimental solutions.
Only if no intracellular series resistance is considered TEC system can be tuned according to
one of three optimization methods (see also chapter 12):

1. the*“linear optimum” (LO) that provides only slow response to a command step and a
maximal accuracy of 90-97%.

2. the "absolute value optimum" (AVO) that provides the fastest response to a command
step with very little overshoot (maximum 4%) or

3. the "symmetrical optimum" (SO) has the best performance compensating intrinsic
disturbance signals but shows a considerable overshoot (maximum 43%) to a step
command.

Under consideration of an existing intracellular series resistance these methods cannot be
applied. Instead, a series resistance compensation can be introduced to optimize clamp
performance (see also chapter 12.2).

Three control modes are implemented to adapt the TEC-03X to the needs of the user:

1. NORMAL fits to many users. In this mode a good compromise between speed,
accuracy, noise and stability is achieved. The norma mode can be
optimized by the LO method (see above).

2. SLOW for relative slow recordings (e.g. ligand activated currents). In this mode
accuracy and stability are increased while speed is decreased.
Optimization is done according to the AV O- or SO method (see above).

3. FAST for very fast recordings (e.g. fast voltage activated currents). In this mode
speed and accuracy are increased but the system is very sensitive with a
higher noise level and tuning requires more experience. Optimization is
done by adjusting the amount of current proportional gain of the SERIES
RESISTANCE COMPENSATION and optimal positioning of the
electrodes (see chapter 9).

Important: First use a cell model for the tuning procedure. You will get familiar with the
different settings and the consequences for the system without any damage to cells or
electrodes.
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Tuning Procedure

(1 Before you switch to VC mode tune all parameters related to the recording electrodes
(offset, capacity compensation etc.) in CC mode, set GAIN to a low, save level and
the control mode switch to NORMAL, GAIN ONLY (see chapter 8.5). Activate the
OSCILLATION SHUTOFF unit!

1 Switch to VC mode and apply identical test pulses to the cell model.

4 The controller is now in P-mode (proportional only). Watch the potential output and

increase the GAIN so that no overshoot appears.

If you aworking on slow currents

[ Switch the control mode switch to SLOW, INTEGRATION to activate the integrator.
The controller is now in Pl-mode (proportiona-integral). Tune the GAIN again (see

above).

(d Watch the potential output and tune the time constant until the overshoot of the

desired tuning method appears (see also Figure 14).

Response to a
command variable
step

Response to a
disturbance
variable step

Linear optimum

(aperiodic
response)

P-Controller

]

slow response
no overshoot

N

slow response
large deviation

Absolute value
optimum
AVO

PI-Controller

|

fastest response
4% overshoot

P

slow response
slight deviation

Symmetrical
optimum
SO

Unsmoothed com-
mand variable
PI-Controller

Smoothed com-
mand variable

7

fast response
43% overshoot

slow response
8% overshoot

A

very fast response
slight deviation

LO

Only a P-Controller is used.
The response to a command
step is dow and has no
overshoot (potential output).
The response to a disturbance
e.g. an activating channel is
slow and has alarge deviation.

AVO

A PI-Controller is used. The
response to a command step is
very fast with 4% overshoot
(potential output). The response
to a disturbance eg. an
activating channel is slow and
has a slight deviation.

SO

A Pl-Controller is used. The
response to an unsmoothed
command step is fast with 43%
overshoot (potential output).
The response to a disturbance
e.g. an activating channel is
very fast and has a dight
deviation.

Figure 14: tuning VC according LO, AVO or SO. The potential output is shown.
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If you aworking on very fast currents

(d Lower the GAIN by approximately 10%.

O Switch the control mode switch to FAST, SERIES RESISTANCE
COMPENSATION to activate the series resistance compensation. Rise the amount of
SERIES RESISTANCE COMPENSATION and watch the current output. The
capacitive transient seen on the current trace should be mono-exponential. The critical
compensation is achieved when the slow tail of the transient disappears. If you see
ringing around the slow tail this a sign that the electrodes are not optimally positioned
(see also chapter 9).

Hint: SERIES RESISTANCE COMPENSATION is done by positive feedback in the control
circuit, which can lead very quickly to stability problems. Repositioning the electrodes is
recommended whenever possible instead of extensive use of SERIES RESISTANCE
COMPENSATION (see also chapter 9).

Note: With a standard cell model described in chapter 7 you cannot verify the advantages of
the FAST mode (because no series resistance is simulated). Ask npi for amodified cell model
with series resistance simulation.

Details of how to tune Pl controllers and some theoretical aspects are described in
chapter 12.2.
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8.7. Installing and Testing a Data Acquisition Board from National
Instruments

The following procedure is related to installation of E-series and B-sereies data acquisition
hardware using NI-DAQ 6.9.3. Newer DAQ versions and M-series boards have a dightly
different MAX user interface. Please contact npi electronic if you encounter problems in
installation data acquisition hardware with the TEC-03X-CW.

Basic Test of INT-20X and Data Acquisition board.

a Disconnect the INT-20X from all devices including multifunction 1/0 board from NI.

Q Test connection between digital ground and analog ground. Measure at the shields of the
respective BNCs (Ai and Do respectively) and at the banana plugs (AGND and DGND
respectively). The grounds should not be connected. The resistance between AGND and
the Ai channels should be around 1 MQ. The resistance between DGND and the Do
channels should be around 250 Q2.

a Connect the NI board to the INT-20X (but no other devices). Prove the ground
connections again. All BNC shields and ground plugs should now be connected and
should have connections to the ground at the computer. Check this by connecting AGND
to ametal screw of the computer housing.

a Check the resistance between Ai channels and AGND. The resistance must be 1 MQ. If
not check if thereis voltage at the Ai channel (normally there should be no voltage).

The TURBO TEC-03X-CW is designed to work with data acquisition boards from National
Instruments (NI).

The installation process of a data acquisition board from NI is carried out in two steps
(detailed information is given in the CellWorks “ Short_Manua_5.1" and in the User Manual
of the respective NI board). Briefly (for PC):

1. Softwareinstallation: This has to be performed prior to the hardware installation. The
setup routine from NI installs the driver for the data acquisition board and a program
called MAX (Measurement & Automation Explorer). Once the software is installed a
reboot is required and the computer has to be shut down to install the hardware.

2. Hardwareinstallation: Find afree PCI dot, install the NI board and start the operating
system. The NI board will be recognized automatically and the driver is configured
with the configuration dialog that starts. Now, the computer is ready to measure data
with CellWorks.

The NI program MAX is atool for configuring and testing data acquisition boards from NI.
The following steps can be carried out to test some basic functions of the NI board
independent of CellWorks and the TURBO TEC-03X-CW. Although the tests can be
performed also without a breakout box we recommend using a breakout box for the tests
because then you can really prove the in- and outputs.

Important: The NI board has to be configured in Unreferenced Single Ended mode with
bipolar output and £10 V range (see Figure 15).
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Configuring Device 1: PCI-6014

Spstem Al l.&D I .-‘-'«ccessury] apPC I Remote Access
Polanty / R ange: Select the default
— — analog input
00 - #1000 settings for the
device.

tode:

Maonreferenced Single Ended j

Ok, | Cancel ‘ |

Figure 15: standard configuration of E-series and B-series boards

Test using a Breakout Box

[ Connect the cable from the NI board directly to the breakout box. If you use a PCI-
1200 connect the NI board without the CellWorks trigger dongle. This is important
since otherwise the trigger dongle will interfere with the tests.

d Start MAX (there should be an icon of MAX on the Windows desktop).

( Click to “Devices and Interfaces in the left panel and select the board that you want
to test.

(d Launch the “ Test-Panel”.

The Test-Panel consists of four sub-panels where analog in- and outputs, counter 1/0O and
digital I/0 ports can be tested (see Figure 16). First, the sub panel “Analog Input” appears.

NATIONAL . Device Name Device Number
INSTRUMENTS FCI-6014 1
Analog Input l.-’-‘malog Dulput] Counter 1/0 ] Digital 1/0 ]
Channel:
. 10.00—
0 =i
Input Limitz
High: |10.0000
Lagt Error
Lows: |-10.0000 Igi
Fatal
’—_| Ermor
= 1000 . . . . Error Codes...
418 518
Data Mode
* Ship Chart Y Scale Mode Average Reading
" One Shat " Auto Scale 0.933369
" Continuous * Full Range
Cloze

Figure 16: “ Test-Panel” of MAX
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(N

]

)

Leave AiO at the breakout box open and watch the panel in MAX. You should see
some noise at the input.

Connect an external waveform to AiO of the breakout box and to an oscilloscope. The
voltage range of the waveform should not exceed +10 V. Select “Channel 0" and you
should see the external waveform on the screen. The waveform on the screen and the
oscilloscope should be identical.

Perform this test with al other analog inputs.

Go to “Analog Output” and connect an oscilloscope to DACO of the breakout box. As
“Output Mode” select “Sine Generator” and as “Channel Selection” select “0”. Start
the sine generator and watch the output at the oscilloscope.

Test analog out channel 1 (DAC1) in the same way.

Go to “Counter 1/0” and keep the default values. Start the test with “GPCTROQ”. The
green button in the field “ Counter-Status’ indicates that counter O works well.
Test counter 1 accordingly.

A

NATIONAL Device Mame Dervice Murnber
INSTRUMENTS' o f
Saffware i the fnstruet

nalnglnput] &nalog Dutput] Counter /0 Digital [/0 l

Line Direction Selection

| mpt: i - - i - i i i
Output; s o o o o s s s
Line Mumber 7 B 5 4 3 2 1 1] Lzl Eiig
0
Logic Level: v ~ ~ v ~ v v v Fatal
E
r: 0 OO OO OO O

Error Codes...

Close

Figure 17: testing digital 1/0 portsusing MAX

]

Launch “Digital 1/0” and activate all outputs by clicking “Output” for every channel.
You can switch the logical level, i.e. high or low, of every individua channel by
clicking “Logic Level”. In Figure 17 al channels are high. You can prove this by
connecting a digital multimeter or an oscilloscope to the digital outputs of the
breakout box.

Note: Every sub-panel shows on the right side of the window a field named “Last Error” and
a dot named “Fatal Error”. If the dot is red an error had occurred during the last test, and a
number appears in the field “Last Error”. Click the button “Error Codes’ to open a window
with explanations about this error code.
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Test without a Breakout Box

(4 Disconnect the NI board from all peripherals. This is important since otherwise the
peripherals may interfere with the tests.

1 Start MAX (there should be an icon of MAX on the Windows desktop).

(1 Click to “Devices and Interfaces “ and select the board you want to test.

(d Launch the “ Test-Panel”.

The Test-Panel consists of four sub-panels where analog in- and outputs, counter 1/O and
digital I/O ports can be tested (see Figure 16).

A Thetest panel in“Analog Input” should show some noise.
(d Go to al of the sub-panels and perform as many tests as possible. Watch the status
dots that prove the function of the respective task.

Note: Every sub-panel shows on the right side of the window a field named “Last Error” and
a dot named “Fatal Error”. If the dot is red an error had occurred during the last test, and a
number appears in the field “Last Error”. Click the button “Error Codes’ to open a window
with explanations about this error code.
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9. Positioning of Electrodes

The position of the electrodes plays an important role in tuning the clamp speed. The position
of the current electrode is especially crucial for homogeneous charging of the membrane
capacitance, one limiting factor of clamp speed. If the current electrode is placed just at the
edge of the oocyte, i.e. with a small penetration depth, the part of the membrane close to the
electrode will be charged more quickly than the membrane at the other side of the oocyte.
Thus, the voltage controlled by the clamp is different. Thisleads to a capacitive transient with
a slow tail (see Figure 18, right side). Placing the current electrode central in the oocytes i.e.
with a large penetration depth, leads to a homogeneous charging of the membrane. In this
case the capacitive transient can be kept short by critical compensating Rs (see Figure 18, |eft
side).

N Vin=d Vi =t
N, e~ iy
m .
. Im r Rg-comp
Critical Critical
Rg-comp. I Rg-comp.
m
More
Rg-comp.

Figure 18: penetration depth of the current electrode and consequences for the clamp

Current _ Voltage
| |

Figure 19: demonstration of electrode positioning

Figure 19 shows the side view of positioning the electrodes in a sequence of
microphotographs. A shows the tips coming from 45° from above just before touching the
oocyte and B the electrodes in their final position. The reconstruction in C gives the position
relative to the center of the oocyte.

Figures are kindly provided by Nikolaus G. Greeff (Greeff, 2000).
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10. Sample Experiment

In the following the basics of a simple experiment are described. It is assumed that all
connections are built as described in chapter 6. Before starting remove the cell model.

Again: It is of magor importance that the TEC-03X systems are used only in warmed-up
condition i.e. 20 to 30 minutes after turning power on.

o potential headstage

»

~._ potential
electrode

<4

fo current headstage /

current
electrode

Reer
cell ____——-l——— to potential headstage
reference
electrode
C m
m

Figure 20: model circuit for voltage clamp recording from acell, e.g. an oocyte using low-
resistance el ectrodes

Cm: membrane capacity, Rm: membrane resistance, RceL: current electrode resistance, RpeL:
potential electrode resistance, Rrer: reference electrode resistance, Rs: series resistance

Adjust BIAS CURRENT to 0 if necessary (see chapter 8.1).
Turn off the amplifier!
Reconnect the COMMAND INPUT.

Connect the Ag-AgCl pellet or the agar-bridge for grounding the bath with GND at the
potential headstage.

Connect the reference electrode to REF. at the potential headstage.

Insert potential- and current electrode into the electrode holders. Check if the silver wires
of both electrodes are well chlorided and in contact with the electrode solution, and
connect them to the respective headstages.

OO d o

L O

(M

Immerse both electrodes into the bath and make the basic settings (see chapter 6).

L

Turn on the amplifier.
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I

Compensate the potential offset (for both electrodes, see chapter 8.2), measure the
electrode resistance (for both electrodes, see chapter 8.3). The resistances should be
700 kQ2 to 1-2 MQ for the potential electrode and 500 kQ to 1 MQ for the current
electrode. As mentioned above, it is usually not necessary to compensate for the electrode
capacity (for the potential electrode, see chapter 8.4).

Set the upper display to POTENTIAL ELECTRODE.

Insert the potential electrode into the oocyte. The potential electrode is inside the cell if
you read a membrane potential of about -50 mV to -60 mV. It's a good idea to activate
the audio monitor. Then you can look through the microscope while hearing the
membrane potential.

Remember: The membrane potential of the oocyte is strongly dependent on the condition of
the oocyte (leaky or not), the experimental solutions and the membrane proteins
(channel g/transporters) that are expressed.

)

]

I

If your reference electrode can be moved place it near the cell membrane and the potential
electrode to optimize differential potential recording.

Insert the current electrode into the oocyte. There are two indications that the current
electrode isinside the cell:

If you apply atest current pulse to the cell, the potential read by the potential electrode
changes according to Ohm’s law.

If you switch the POTENTIAL display to CURRENT ELECTRODE (see chapter 8.2)
you read the same membrane potential as read by the potential electrode.

After penetration with both electrodes the voltage responses of the cell to the test pulsesin
CC mode should reflect the cell membrane resistance and time constant.

Start the experiment.

If you intend to work in VC mode tune the system in CC mode, then switch to VC mode
and adjust the clamp as described in chapter 8.6.
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11. Trouble Shooting

In the following section some common problems, possible reasons and their solutions are
described.

I mportant: Please note that the suggestions for solving the problems are only hints and may
not work. In a complex setup it isimpossible to analyze problems without knowing details. In
case of trouble aways contact an experienced electrophysiologist in your laboratory if
possible and connect a cell model to see whether the problem occurring with electrodes and
“real” cells persists with the cell model.

Problem 1:

After immersing an electrode into the bath there is an unusual high potential offset.
Possible reasons:

1. The Ag-AgCl coating of the silver wire in the electrode holder is damaged

2. The Ag-AgCl pellet or Ag-AgCl coating of the silver wire in the agar-bridge are damaged
3. Thereisan unwanted GND-bridge e.g. caused by aleaky bath

4. The headstage or the amplifier has an error

Solutions:

1. Chloridethesilver wire again

2. Exchange the pellet or chloride the silver wire in the agar-bridge

3. Try to find the GND-bridge and disconnect it e.g. by sealing the bath

4. Contact npi

Problem 2:

Evenif no stimulusis given a current flows through the current electrode
Possible reason:

1. TheBIAS current is not adjusted

Solution:

1. Adjust the BIAS current according the procedure described in chapter 8.1

Problem 3:

The system oscillates (see a so voltage clamp in chapter 8.5)

Possible reason:

1. The capacitance of the electrode is overcompensated

2. Thereistoo much series resistance compensation

Solution:

1. Turn the CAPACITY COMPENSATION potentiometer (#30, Figure 3) to the most |eft
position and compensate the input capacitance again

2. Turn the SERIES RESISTANCE COMPENSATION potentiometer (#4, Figure 3) to a
lower value

Problem 4:

With the cell model connected the ReL display does not show the correct value (within a
tolerance of 2%).

Possible reason:

1. The headstage has an error

Solution:

1. Contact npi
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12. Appendix

12.1. Theory of Operation

The standard configuration for voltage clamping oocytes is the two electrode voltage clamp
arrangement (Stihmer, 1992; Stihmer et al. 1992; Dietzel et al., 1992; Stihmer, 1998). In
contrast to previously described clamp systems (for review see Smith et al., 1985) the
amplifiers for oocyte clamping must meet special requirements since oocytes are very large
cells with a high membrane capacity (up to 100-500 nF) and large membrane currents (up to
100 pA and more).

Voltage clamp instruments are closed loop control systems with two inputs externa to the
control loop. An electronic feedback network is used to force the membrane potential of a cell
to follow a voltage command (setpoint input) as fast and as accurately as possible in the
presence of incoming disturbances (disturbance input, correlated with the activities of the cell
e.g. activation of ion channels). This is achieved by injecting an adequate amount of charge
into the cell. The current injected by the clamp instrument is a direct measure of the ionic
fluxes across the membrane (Ferreira et al., 1985; Jack et al., 1975; Ogden, 1994;Smith et al.,
1985).

The performance evaluation and optimal tuning of these systems can be done by considering
only the command input since the mathematical models (set point transfer function and the
disturbance transfer function, see Froehr, 1985; Polder; 1984; Polder and Swandulla, 1990;
Polder, 1993; Polder and Houamed, 1994; Polder and Swandulla, 2001) are closely related.
Modern control theory provides adequate solutions for the design and the optimal tuning of
feedback systems (Froehr, 1985).

Most voltage clamp systems are composed only of delay elements, i.e. elements which react
with a retardation to a change. This type of closed loop systems can be optimized easily by
adequate shaping of the "frequency characteristic magnitude" (/F(jw)/) of the associated
transfer function F(s) (output to input ratio in the frequency domain = LAPLACE transform
of the differential equation of the system, Polder and Swandulla, 2001).

Using controllers with a proportional-integral characteristic (Pl-controllers) it is possible to
force the magnitude of the frequency characteristic to be as close as possible to one over a
wide frequency range ("modulus hugging”, see Froehr, 1985; Polder; 1984; Polder and
Swandulla, 1990; Ploder, 1993; Polder and Houamed, 1994; Polder and Swandulla, 2001).
For voltage clamps this means that the controlled membrane potential rapidly reaches the
desired command value.

The Pl-controller yields an instantaneous fast response to changes (proportional gain) while
the integral part increases the accuracy by raising the gain below the corner frequency of the
integrator (i.e. for slow signals) to very high values (theoreticaly to infinite for DC signals,
I.e. an error of 0%) without affecting the noise level and stability. Since the integrator induces
a 0 in the transfer function, the clamp system will tend to overshoot if a step command is
used. Therefore the tuning of the controller is performed following optimization rules which
yield awell defined system performance (AV O and SO, see below).

The various components of the clamp feedback electronics can be described as first or second
order delay elements with time constants in the range of microseconds. The cell capacity can
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be treated as an integrating element with a time constant Tm which is always in the range of
hundreds of milliseconds.

Compared to this "physiological” time constant the "electronic" time constants of the
feedback loop can be considered as "small” and added to an equivalent time constant Te. The
ratio of the "small" and the "large" time constant determines the maximum gain which can be
achieved without oscillations and thus, the accuracy of the clamp. With the gain adjusted to
this level the integrator time constant and "small" time constant determine the speed of
response of the system.

The clamp performance can be increased considerably if the influence of the current injecting
electrode is excluded as far as possible from the clamp loop since the electrode resistance is
nonlinear. Thisis achieved if the output of the clamp system is a current source rather than a
voltage source. In this case the clamp transfer function has the magnitude of a conductance
(A/V). Other advantages of this arrangement are that the clamp current can be determined by
a differential amplifier (with no need of virtual ground, see Greeff and Polder, 1997; Polder
and Houamed, 1994) and that the bandwidth of the feedback system can be altered easily (e.g.
for noise suppression during simultaneous patch clamp recordings, see Stihmer, 1992;
Stihmer et al. 1992; Stihmer and Parekh, 1995).

This output circuit is equipped with large bandwidth high voltage operational amplifiers. To
avoid deterioration of clamp performance caused by electrode overload the output current has
to be limited by an electronic circuit to a safe level. With electrodes in the range of one MQ
and avoltage of +150 V, the maximum current will be 150 pA. With this current a cell with a
capacity of 100 nF can be depolarized by 100 mV in approximately 100 us, which comes
close to the theoretically possible speed of response, without any detectable deviations from
the command level. With an output compliance of 225 V and a x2 or x5 range current
injecting headstage, currents up to 500 pA can be injected (see Greeff and Polder, 1997,
Polder and Houamed, 1994).

The accuracy of atwo electrode clamp system and the speed of response is determined by the
cell capacity, the resistance of the current injecting microelectrode (that limits the maximum
amount of injected current) and the equivalent time constant and accuracy of the potential
recording and feedback electronic systems. Therefore, the design of the potential recording
site is very important. A differential potential registration with a reference electrode that
registers the bath potential minimizes errors due to resistances outside the cell in series with
the cell membrane. Driven shield and capacity compensation circuits are used to improve the
speed of response.

In some cases, a series resistance compensation circuit (for series resistance inside the cell)
which adds a current proportional gain can improve the clamp performance considerably
(Greeff and Polder, 1997; Greeff, 2000; Greeff and Kihn, 2000). The use of such a circuit
enhances the speed of response and improves the accuracy of the clamp system. But the noise
level is aso increased because both circuits are positive feedback |oops.

In addition to the elements of the clamp loop itself, this oocyte clamp amplifier has some
additional units that facilitate experiments such as electrode resistance test units, oscillation
shut-off unit, adequate output signal amplification, filtering and display units, facility for
compensating capacitive currents, etc.

version 4.8 page 51



TURBO TEC-03X User Manua

12.2. Tuning Procedures for VC Controllers

The initia settings (see voltage clamp in chapter 8.5) guarantee only a stable clamp that is not
very accurate and insufficiently rapid for certain types of experiments, e.g. investigation of
fast voltage-activated ion channels or gating currents. Thus, for successful and reliable
experiments, it is necessary to tune the clamp loop.

Only if no intracellular series resistance is considered tuning of the clamp is performed
according to optimization methods. It depends on the type of experiment to which method one
should follow (see below).

o “Linear Optimum” (LO)

with this method only the proportional part of the Pl controller is used. The response
to a command step is slow, but produces no overshoot. The response to a disturbance
is also slow with a large deviation of the membrane potential. Clamp accuracy is a
maximum of 90-97% (Finkel and Redman, 1985). Therefore, this method should only
be used only if it is very important to avoid overshoots of the membrane potential.

0 "Absolute Value Optimum" (AVO)

uses the PI controller and provides the fastest response to a command step with very
little overshoot (maximum 4%). The response to a disturbance is of moderate speed
and the amplitude of the deviation is only half the amplitude obtained with LO. It is
applied if maximum speed of response to a command step is desirable e.g. if large
voltage activated currents are investigated.

0 "Symmetrical Optimum" (SO)

uses aso the PI controller and has the best performance compensating intrinsic
disturbance signals. The response to a command step shows a very steep rise phase
followed by a considerable overshoot (maximum 43%). The response to a disturbance
Is fast and the amplitude of the deviation is in the same range as with the AVO
method. The overshoot can be reduced by adequate shaping of the command pulse by
adelay unit (Froehr, 1985; Polder and Swandulla, 1990; Polder and Swandulla, 2001).
This method is preferred for slowly activating currents, such as those evoked by
agonist application.

The upper speed limit for all optimization methods is determined by the maximum amount of
current which the clamp system can force through a given electrode (see chapter 12.3).

Practical Implications

In the following some practical implications of the theory discussed earlier in this chapter are
outlined. It is assumed that you have read at least chapters 6 to 8, 12.1 and 12.2, that all
connections are set up as described in chapter 6 and that the system isin VC mode with the
initial settings described in chapter 8.5.

Although most of the parameters of the control chain are not known during an experiment it is
possible to tune the clamp controller by optimizing the response to a test pulse applied to the
COMMAND INPUT. The main criterion of tuning is the overshoot seen at the potential
output. Since the SO method provides the tightest control it will be most sensitive to
parameter settings and requires much experience.
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Note: The transitions between the optimization methods are blurred and the tuning procedure
is adapted to the experimental requirements. Often, the adequate tuning of a clamp system can
be tested by specific test signals (e.g. stimulus evoked signals, etc.).

Very important: All parameters that influence clamp performance (microelectrode offsets,
capacity compensation, etc.) must be optimally tuned before starting the Pl controller tuning
procedure (see chapter 8). Always activate the OSCILLATION SHUTOFF unit.

The tuning procedure involves the following steps:
Again: The main criterion of tuning is the amount of overshoot seen at the potential output.

Tuning of the proportional gain

(1 Set the voltage clamp control mode switch to NORMAL, GAIN only.

(d Use the command input without smoothing and apply adequate, identical pulses to the
cell (e.g. small hyperpolarizing pulses).

(d The controller is in P-mode (proportional only). Watch the potential output and rise
the GAIN so that no overshoot appears (LO method). The response to a command step
is slow and has no overshoot (potential output). The response to a disturbance, e.g.
synaptic input or an activating channel, is slow and has alarge deviation.

Since the integral part of the controller is disconnected a steady state error in the range of a
few percents will be present.

Tuning theintegrator (SLOW mode)

(1 Reconnect the integrator to form the complete Pl controller by setting the voltage
clamp control mode switch to SLOW.

 Apply adequate test pulses without filtering.

(d Adjust the integrator time constant (#4, Figure 3) to achieve the overshoot of the
selected optimization method (4% with the AVO method and 43 % with the SO
method). With the AV O method the response to a command step is very fast with 4%
overshoot (potential output). The response to a disturbance, e.g. an activating channel
is slow and has a slight deviation. With the SO method the response to an unsmoothed
command step is fast with 43% overshoot (potential output). The response to a
disturbance, e.g. an activating channel, is very fast and has a slight deviation.

Now the steady-state error must disappear.

Note: If the SO is used, an external command input filter can be used to smooth the command
signal and consequently reduce the overshoot according to the requirements of the experiment
(see also Figure 14).

Tuning the seriesresistance compensation (FAST mode)

The optimization methods mentioned above cannot be applied if series resistance is present
and has to be considered.
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Generaly, the upper speed limit for all optimization methods is determined by the maximum
amount of current which the clamp system can force through a given electrode. In
experimental situations where very high clamp speed is desirable (e.g. recording of gating
currents), the clamp speed can be improved additionally by optimizing the position of the
electrodes and using SERIES RESISTANCE COMPENSATION (see also Greeff and Polder,
1998; Greeff and Kiihn, 2000).

Since SERIES RESISTANCE COMPENSATION is done by positive feedback in the control
circuit, its use can lead very quickly to stability problems. Therefore, the clamp speed should
be improved first through conventional methods.

The optimal positioning of the electrodes, especially of the current electrode is important for
best SERIES RESISTANCE COMPENSATION (see aso chapter 9). By placing the
electrode in the center of the oocyte, the membrane capacity is charged homogeneously. The
capacitive current transient is mono-exponential and the amplifier can be tuned without
ringing around the slow tail of the transient (Greeff, 2000).

(1 Before the experiment make sure that the electrodes are in optimal position (see
Figure 19). If you have a micromanipulator that can remember positions you can first
position the electrodes without the oocyte. Then the position is saved and the
electrodes are drawn back, the oocyte is placed and the electrodes are brought back
into the saved position.

(M

Set the voltage clamp control mode switch to FAST.

(]

Apply adequate test pulses without filtering.

Tune the amount of SERIES RESISTANCE COMPENSATION (#4, Figure 3), while
watching the current output. The capacitive transient of the current should show a
mono-exponential decay. Overcompensation is indicated by a ringing after the first
peak of the capacitive transient (see also Figure 18 in chapter 9, left side). Thisis aso
asign that electrode position is not optimal.

(]
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12.3. Speed of Response and Linearity of the Capacitive Transients

For the investigation of voltage activated channels with voltage clamp instruments, some
special techniques for eliminating the capacitive and leak currents have been introduced, such
as the P/4 or more general P/N protocol (see Rudy and Iverson, 1992 for overview). For these
protocols the speed and linearity of response of the clamp systemis of great importance.

As outlined in chapter 12.1 the TEC systems are designed following a control theory
procedure called "modulus hugging” (see Froehr, 1985; Polder, 1984;Polder and Swandulla,
1990, Polder and Swandulla, 2001). The procedure requires a Pl (proportional-integral)
controller. This procedure is applicable to control systems composed of an element with one
"large" time constant Tm and many "small" time constants Ti. These "small" time constants
can be added to an "equivalent” time constant Te.

In case of the TEC control chain the “large” time constant is formed by the time constant of
the cell membrane (several hundred of milliseconds) and the sum of “small” time constants
resulting from the microel ectrodes and the electronics (a few ten microseconds).

Note: Here only the proportional part of the Pl controller is considered. Possible improvement
of clamp performance due to series resistance compensation (see Ogden, 1994; Smith et al.,
1990, Greeff, 2000; Greeff and Kihn, 2000 for details) is not considered.

General Considerations

For the TEC systems the "small" time constants are at least two orders of magnitude below
the "large" time constant: The "large" time constant is the time constant of the membrane and
the equivalent time constant is composed of the time constants of the electrodes, amplifiers
etc.

Tm=Rm* Cm, Te=2Ti with

Tm = “large time constant

Rm = membrane resistance

Cm = membrane capacity
Te="equivalent” time constant
Ti =“small” time constant

The performance of a clamp system can be improved if a voltage controlled current source is
used for the current injecting electrode. In this case, the very large time constant (hundreds of
milliseconds) formed by the electrode resistance and the cell capacity can be ignored, because
the output of the clamp circuit is a current that flows regardiess of the resistance of the
injecting microelectrode (Smith et al., 1990). Thus, the performance of the clamp is no longer
dependent on the electrode resistance (as long as the current source is not saturated). In this
case the clamp gain has the magnitude of a conductance [A/V].
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The proportional gain of the clamp system can be calculated as follows (Froehr, 1985; Polder,
1984):

K=Cm/4* Te Linear optimum (LO), aperiodic response, no overshoot
K=Cm/2*Te Modulus optimum (MO or AVO, respectively), 4% overshoot, fastest
risetime

The optimal gain for a VC experiment is in between these two values. The overshoot can be
reduced by low-pass filtering of the command pulse.

The speed of response of the clamp in case of the modulus optimum can be calculated as:
Tr=47* Te, Ts=84* Te with

Tr - time until the membrane potential reaches for the first time 100% of the command pulse
Ts - time to reach steady state within a tolerance of 2%.

Ts is roughly the duration of the capacitive transient. For a system with dampened overshoot
Tr approaches Ts.

From these formulas, it is clear that the performance of the clamp is determined by Te. Teis
determined by the time constant of the current injecting electrode i.e. by the electrode
resistance, stray capacities, cable capacities etc. Shielded cables have capacities of 60 - 110
pF/ m, connectors and pipette holders add a few picofarads. The potential electrode is
equipped with a driven shield and a capacity compensation circuit. Therefore, this time
constant is always much smaller than the time constant associated with the current electrode.
The time constants of the operational amplifiers are small and can be neglected.

Example

A cable of 10 cm has a capacity of approximately 10 pF, with the stray capacities in the
headstage and an €electrode resistance of 1 MQ (cell model). This gives a time constant of 10
— 30 ps (corner frequencies of 5 — 15 kHz). With Cm = 100 nF and Te = 20 ps (8 kHz
bandwidth), the gain can be calculated as:

LO: K=125mA/V

MO: K=25mA/V

The standard TEC current source has a calibration of 10 pA / V. This means that the gain
stages related to the GAIN control on the front panel must provide a gain between 125-250. In
the TEC system the gain amplifier is composed of two stages: x10 (fix) and 1 - 100 (variable).
The maximum gain of the variable gain stage can be set with an internal trim potentiometer.

If acommand step of 150 mV is applied, the output of the first stageis 1.5V, while the second
stage goes into saturation if the gain values calculated above are used. Therefore, the
capacitive transients will have large nonlinear components.

A response with no saturation effects is obtainable only with command signals below
100 mV. With larger membrane capacities the saturation effects start even earlier, because a
higher gain is required. In this situation, systems with higher output compliance and / or
headstage with x2, x5 or x10 ranges must be used to improve clamp response. In this case the
saturation effect of the gain amplifier is avoided (Polder and Houamed, 1994; Greeff and
Polder, 1997; Polder et al., 1997).
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The speed of response (with x1 headstage and 150 V output) from the point of view of control
theory is:

Tr=94 pus
Ts=168 us

Maximum speed of response

The speed of an ideal VC system is limited only by the maximum current delivered by the
current source:

[dUm/dt] max = Umax / (Cm * REL)
[dUM/dt]max = 150 V / (0.1 pF * 1MQ) = 1500V / s=1.5mV / ps

It would last 100 psto reach 150 mV, provided that the clamp has an ideal characteristic.

Now the minimum bandwidth of a real clamp system necessary for "idea" behavior can be
calcul ated:

Ts=84* Te=100us givesTe=12us, BW=1/(2* n* Te) = 13kHz
with BW = bandwidth

If we assume that Te is determined by 70 - 80% by the time constant of the current electrode
(i.e. Ta = 10 psif Te= 12 pg) it is clear that with electrode resistances in the range of 500 kQ2
the total capacity related to the current injecting electrode can be maximum 20 pF. In this case
the maximum cable length is 15 - 20 cm.

A cable of 0.5 - 1.5 m has a capacity in the range of 50 - 200 pF. With such a capacity and an
electrode resistance of 1 MQ, Te is in the range of 50 - 200 ps and the speed of response
would bein arange of 0.5-2 mg!

Conclusions;

1. For adequate VC experiments a clamp gainof 1 - 5 mA / V (i.e. 100 - 500 internal
gain with a current source calibration of 10 pA / V) is necessary. Therefore, with
pulse amplitudes of 100 - 200 mV the operational amplifiersin the gain stages will be
saturated causing nonlinear components in the capacitive transients.

2. The maximum speed of response is determined by the cell capacity, the maximum
available current and the command amplitude.

3. The real speed of response is determined by the time constant associated with the
current injecting electrode. It is strongly dependent on the length of the cable that
connects the headstage with the electrode holder.

Important: The speed of response and the linearity of the capacitive transients can be
improved considerably if a current headstage with a steeper gain (x2 = 20 pA / V, x5 =
50 uA / V) is used especially in combination with a higher output voltage of +225 V (TEC
225 System) and an improved series resistance compensation (Dietzel et al., 1992; Polder and
Houamed, 1994; Greeff and Polder, 1997; Greeff and Kiihn, 2000).
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14. TURBO TEC-03X Specifications — Technical Data

o All following current signal related parameters are for the TEC-03X amplifier with
standard £150 V current headstage

o Parameters for the other systems or systems with selectable current ranges can be
calculated from these parameters

MODES OF OPERATION

CC: Current Clamp mode

VC: V oltage Clamp mode

OFF: Current- and Voltage Clamp disabled

EXTERN: External control mode; the mode of operation can beset by aTTL pulse

applied to the MODE SELECT BNC. If CellWorksis used, some
functions can be controlled from CellWorks (TEC-03X-CW)
MODE selection: toggle switch, LED indicators; remote selection by TTL pulse

HEADSTAGES

Potential headstage:

Differential input (for suppression of bath potentials), cmr > 80 dB; Input resistance: >10% Q;
operating voltage +15V

Electrode connector: BNC with driven shield; driven shield range: £15 V, output
impedance 250 Q

Reference connector (bath): gold-plated SUBCLIC, grounded shield

Ground connector: 2.3 mm connector or headstage enclosure

Size: 65x25x25 mm, headstage enclosure is connected to ground

Holding bar: diameter 8 mm, length 10 cm

Current headstage (standard voltage):
Operating voltage range: 150 V (standard)

I nput resistance: >10'? Q) (can beinternally trimmed)
Electrode connector:  gold-plated SMC connector, grounded shield
Size: 105x55x35 (150V)

Current range:

150 pA / 1 MQ (standard)
Current range switch (optional): x0.1, x1, x2, x5 (other ranges available)

Bandwidth and speed of response:
Full power bandwidth (Re. = 0): >100 kHz

Rise time (10-90%): <30 ps (current pulse of 100 pA applied to Re. =1 MQ)
Bandwidth switch: wide band or 10 Hz for simultaneous patch clamp
recordings

Current electrode parameter controls:

Offset compensation: ten-turn control, £500 mV
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Potential electrode parameter controls:

Capacity compensation: range 0-30 pF, ten turn control
Offset compensation: +300 mV, ten-turn control

POTENTIAL OUTPUTS

Potential electrode: sensitivity x10 mV, output impedance 50 Q; output voltage
range +15V

Current electrode: sensitivity x10 mV; output impedance 250 Q,
output voltage range 15V

DISPLAY (switch selected): XXX mV

AUDIO MONITOR:
Pitch correlated with potential signals

OSCILLATION SHUT-OFF:

Turns off current injection and capacity compensation, function indicated by red / green LED,
disabled / off / reset switch, threshold set with linear control (0-1200 mV)

ELECTRODE RESISTANCE TEST (both electrodes):

100 mV / MQ, obtained by application of square current pulses £10 nA, display XX.X MQ,
selected automatically

CURRENT OUTPUTS:

Uncompensated output signal:  sensitivity 0.1 VV/pA, output impedance 50 Q, output voltage
range +15V

Compensated /filtered output:  sensitivity: 0.1..10V /pA (0.1,0.2,05,1, 2,5, 10V / pA)
steps selected by rotary switch, with low-pass Bessel filter,
output impedance 50 O

Sensitivity monitor: +1...+7 Volt, 1V / switch position, output impedance 50 O

DISPLAY XXX HA

CURRENT OUTPUT FILTERS:

One-pole (standard version) or four-pole (TEC-03X-BF) low-pass Bessel filter

16 corner frequencies: 20, 50, 100, 200, 300 500, 700, 1k, 1.3k, 2k, 3k, 5k, 8k, 10k, 13Kk,
20k Hz.

Freguency monitor: -8...+7 V, 1 Volt / switch position, output impedance 50 O

CURRENT CLAMP (standard current headstage):

Inputs: INTVAWAY)

Input resistance: >100 kQ

HOLD: XXX HA, ten-turn digital control with -/0/+ switch, maximum 10 pA.
Noise:

Potential output: 100 pVv pp

Current output: 200 pA pp with 1 MQ resistance and 10 kHz bandwidth (internal four-

pole Bessel filters)
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Soeed of response:

(1% settling time; potential output signals after application of square pulses of 1V with 1 MQ
electrode resistance)

Potential electrode: <10 us

Current electrode: <50 ps

VOLTAGE CLAMP:

Input sensitivity: 10 mV

Input resistance >100 kQ

HOLD: XXX mV, ten-turn digital control with +/0/- switch,
maximum 1000 mV

RISETIMELIMIT: 0-0.2ms

GAIN: 10 pA/V - 10000 pA/V ten-turn linear control.

INTEGRATOR TIME CONSTANT: 200 ps- 2 ms, ten-turn control.

OUTPUT CURRENT LIMIT: 0-100% linear control.

NOISE (filters set to 10 kHz, other settings see below)

Potential output: <100 pV pp

Current output: <10 nA pp at 10 kHz, <2 nA at 500 Hz

SPEED of RESPONSE (VC Mode):

1% settling time: < 80 psfor 10 mV step and < 100 ps for 100 mV step applied to cell
model (Re. =1 MQ, Rm =100 kQ, Cm = 0.1 uF, standard headstage)

POWER REQUIREMENTS:
115/230 V AC, 60 W (1.25/ 0.63 A fuse, SLOW)

DIMENSIONS:
19" rackmount cabinet, 19" (483 mm) wide, 14" (355 mm) deep, 5.25"(132.5 mm) high

WEIGHT:  8kg

ACCESSORIES PROVIDED:

v Potential headstage, standard current headstage (other headstages may be substituted
on request with order)

Cable set and connectors for reference, current electrode and ground connectors
Power cable

User manual

SNENEN

OPTIONAL ACCESSORIES (ordered at additional cost):

= TEC-EH: Electrode holder and —adapter (two holders without ports, one adapter for
the current electrode holder)

= TEC-MOD: passive cell model

= TEC-MOD-A: active cell model

= Headstages with four current ranges
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