Whole-Cell Voltage Clamp Recording

The voltage clamp is one of the most powerful techniques available for studying
functional aspects of voltage-gated channels. Stepwise changes in voltage produced by
this technique cause channels to interconvert between different states, and these transi-
tions are monitored as changes in membrane current. The time course of this redistribution
of states contains a great deal of information about the mechanism of channel gating.
Furthermore, the voltage clamp can be used to activate different populations of channels
selectively. In this way, a specific channel targeted by biological or pharmacological
manipulations can often be identified and studied in detail. This protocol will focus on
using the whole-cell voltage clamp to study voltage-gated channels, but it should be borne
in mind that this technique is readily adapted to the study of ligand-gated channels,
synaptic potentials, and exocytosis.

The voltage clamp measures current through a cell membrane while controlling the
voltage. For the study of voltage-gated channels, voltage control has the obvious advan-
tage of defining an important experimental condition that determines the functional state
of a channel. Even with ligand-gated channels, which are nominally voltage independent,
voltage dependence is often seen and electrical measurements are much easier to interpret
if the voltage is held constant. Furthermore, for both voltage-gated and ligand-gated
channels, the voltage sets the driving force for current through the membrane, so that
when the voltage is fixed, the current reflects the number of open channels. In the absence
of voltage control, the current flowing across the membrane changes the voltage by
charging the membrane capacitance, and when this happens it is considerably more
difficult to relate an electrical measurement to the functional state of a channel.

The whole-cell voltage clamp was an offshoot of the patch-clamp technique, which
originally was designed for measuring current through single channels. In the early uses
of the patch clamp, the voltage across a small patch of membrane on the surface of a cell
was clamped by a glass micropipet with a tip of ~1 pm in diameter; hence the term patch
electrode (Hamill et al., 1981). Subsequently, it was found that the patch of membrane
under the electrode tip could be removed, and once this happened the electrode attained
direct electrical contact with the cell interior. As a result, the voltage across the entire cell
membrane was clamped instead of the voltage across the tiny patch (Fig. 6.6.1). This is
how the technique came to be known as the whole-cell voltage or patch clamp. Because
the technique depends on the ability to form a tight seal between the electrode tip and the
plasma membrane of a cell targeted for study, it is also often called the tight-seal voltage
clamp. These seals have an electrical resistance in the range of gigaohms (10° ), and are
therefore known as “gigaseals.” In the whole-cell voltage clamp, the patch electrode
interior is in direct contact with the cell interior, providing a means of experimentally
controlling the intracellular milieu (Fig. 6.6.1). This extends the utility of this technique
considerably.

Other methods for voltage clamping cells had been devised prior to the development of
the whole-cell method. These methods, which will not be discussed here, include the
classical two-electrode voltage clamp, the intermittent or switching single-electrode
voltage clamp, and the sucrose gap. They are generally applied to large cells, whereas the
whole-cell voltage clamp performs better on relatively small cells (see Strategic Planning,
discussion of the preparation). This is because any voltage clamp must perform two basic
electrical functions: it must (1) control voltage and (2) measure current. The whole-cell
voltage clamp uses a single electrode for both of these functions (Fig. 6.6.1), and because
current flow creates a voltage drop across the electrode, large currents compromise
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Figure 6.6.1 A sketch of a cell under whole-cell voltage clamp. A single cell is shown with a patch
electrode and amplifier. The bathing solution superfuses the preparation while the pipet filling
solution perfuses the cell interior. Because the patch-clamp amplifier circuitry maintains the same
voltage at the two inputs, the command potential, V., will be applied to the cell. The amplifier output
is a voltage proportional to the membrane current, and is designated /.

voltage control. Smaller cells generally have smaller membrane currents so that voltage
control and current measurement with the same electrode is less of a problem. Despite
the constraint of cell size, the whole-cell patch clamp is very versatile, and can be used
in an extraordinarily diverse range of biological preparations.

The whole-cell patch clamp employs several other protocols from this chapter, including
those dealing with various aspects of cell preparation (UNITS 6.4 & 6.5), instrumentation
(UNITS 6.1 & 6.2), and electrode fabrication (uniT 6.3). The method described here may also
be useful in implementing other techniques, including capacitance measurement, patch
clamp recording in brain slices, and analysis of synaptic potentials. The composition of
solutions is an especially important consideration in voltage clamping the current through
specific channels, and considerations relevant to different types of channels will be
discussed. The mechanical steps of obtaining a whole-cell recording are enumerated:
setting up the electrode and positioning it to make contact with the cell; obtaining a
gigaseal; breaking in; making various electrical adjustments; taking actual measurements;
and analyzing data. This is followed by a discussion of instrumental adjustments and
refinements, as well as conceptual underpinnings.

STRATEGIC PLANNING

Itis very important to optimize the patch clamp setup prior to experiments. The electronics
should be tested on a model cell, the software installed and tested, the microscope optics
adjusted, and the vibration isolation table tested for good isolation. Noise from the
electronics should be minimized and 60-Hz line interference eliminated. The microma-
nipulator should be arranged to allow for easy electrode installation and positioning of
the electrode tip within the full range of the field of view under the microscope. Cables
should be connected between the amplifier, computer interface, and software; cables
leading to the amplifier head stage and micromanipulators should be well secured to
prevent vibrations. Time spent on these tasks will save a great deal of time later and greatly
improve the success rate of experiments.

Electrophysiology Setup

As detailed in UniT6.1, a setup must be equipped with a microscope, oscilloscope, vibration
isolation table, micromanipulator, and additional items as mentioned below. The micro-
scope must be of sufficient quality to permit the user not only to see cells but also to make
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out as much detail as possible on the cell surface, in order to locate regions where optimal
contact can be realized between the electrode tip and the cell membrane. The microma-
nipulator must have sufficient resolution (<1 pm) to position the electrode tip accurately,
and must have little drift (<1 pwm), so that position does not change during recordings. In
general, the demands on these visualization and positioning instruments are greater when
cells are smaller or are located in brain slices.

Amplifier

Voltage is controlled and current measured with a patch clamp amplifier. Excellent patch
clamp amplifiers are commercially available from Axon Instruments, Instrutech, and ALA
Scientific Instruments (see suppPLIERS APPENDIX for contact information on all suppliers
mentioned in this unit). For whole-cell voltage-clamp experiments, an amplifier should
have a low-noise current-to-voltage converter, and a capability for summation of holding
potential and stimulus input. The amplifier should also have transient cancellation
circuitry to provide a means of nulling the capacitative transient that accompanies any
voltage change. Series resistance (R,) compensation is a desirable feature when large
currents are anticipated or when rapid settling times are needed. Additional parameters
are discussed in UNIT6.2.

Computer, Interface, and Software

A computer and computer interface have become standard parts of a voltage-clamp
experiment. The computer uses an interface to acquire data through analog-to-digital
converters and apply voltage command signals through digital-to-analog converters. Only
a single channel of input (membrane current) and a single channel of output (command
potential) are essential. The voltage monitor signal from a patch-clamp amplifier is not a
true intracellular voltage reading and therefore has no more information about the cell
than the voltage command signal from the computer. It can be viewed on an oscilloscope
for various checking purposes, but it need not be saved as a separate channel of data. (This
situation is quite different from the two-electrode voltage clamp, where the separate
voltage electrode provides a true voltage measurement that can be used to evaluate the
effectiveness of the clamp). The use of computers in patch clamping has become so
standard that one commercially available patch-clamp amplifier, the EPC-9 (Instrutech
or ALA Scientific Instruments), is under complete digital control. It has a built-in interface
and cannot be used without a computer.

The computer, interface, and software replace several components of earlier voltage-
clamp experiments, including the low-pass filter, pulse generator, and tape recorder.
Although the computer system performs many of the functions previously left to an
oscilloscope, it is still advisable to display signals on an oscilloscope for routine checking
of the performance of the system. An inexpensive oscilloscope can perform this task.

A number of excellent software packages have been developed to run voltage-clamp
experiments. These include the pClamp package (Axon Instruments) and Pulse (In-
strutech). pClamp was originally developed for the PC; Pulse was originally developed
for the Atari and now runs on Macintosh and PC. Axon Instruments and Instrutech also
sell interfaces that allow the patch-clamp amplifier and other devices to be controlled by
this software. An excellent program for voltage-clamp experiments with Macintosh
computers has been developed as a PulseControl extension of the relatively inexpensive
computer program IGOR (Wavemetrics). PulseControl can be down-loaded free of charge
from the web site http.//chroma.med.miami.edu/cap (Herrington and Bookman, 1994).
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Electrode Holder

An electrode holder fitted with a silver chloride—coated silver wire connects the patch
electrode to the amplifier head stage. This electrode holder must have a fitting to connect
to a flexible plastic tube for the application of suction and pressure during certain steps
in the experiment. Such electrode holders are available from the manufacturers of the
patch clamp amplifiers mentioned above, as well as from E. W. Wright and World
Precision Instruments. It is helpful but not necessary to have a pressure meter of some
form to monitor and gauge the pressure. A particularly convenient system can be built
with a digital voltage display and a pressure transducer from Sensym.

Patch Electrodes

Patch electrodes must be fabricated, coated, and fire-polished (see uniT6.3). Because dirt
accumulates on the glass surface of the electrode and prevents sealing, electrodes should
be used the same day. A key characteristic of an electrode is its resistance when filled with
the patch-electrode filling solution. The resistance provides a useful indicator of the
electrode tip size (UNIT 6.3; Sakmann and Neher, 1995a). Electrodes with resistances <1
MQ are rarely used for whole-cell patch clamping because their tips are too large to obtain
gigaseals reliably. With very small cells (<10 \wm) it may be necessary to use small-tipped
patch electrodes with resistances of 210 MQ (Zhang et al., 1994). However, small-tipped,
high-resistance electrodes generally lead to a higher R, value, thus augmenting the R error
(see Anticipated Results, section on point clamp effectiveness and R, errors). To reduce
resistances and keep tip sizes small, sharply tapered electrodes can be fabricated from
thin-walled glass, although working with this kind of glass tends to be more difficult. To
avoid the modifications of channel gating caused by ions released from soft glass (Cota
and Armstrong, 1988), patch electrodes should be fabricated from hard glass.

Reducing electrode capacitance by applying a coating of low-dielectric material is very
important. Without such a coating, the current transient that results from charging the
electrode capacitance is large and difficult to separate from that which results from
charging the cell. Without a clear separation of these two transients, cell capacitance and
R, cannot be measured and these key parameters of the recording will be indeterminate.
Coating the electrodes can also lower the noise level to improve the signal-to-noise ratio,
especially when recordings are made from small cells (<10 pwm). This noise reduction
often makes it possible to see single-channel steps in the whole-cell current (Fenwick et
al., 1982; Zhang et al., 1994).

The most popular coating for patch electrodes is Sylgard (184 silicone elastomer, Dow
Corning). When this material is used, the fire-polishing step must be performed after
coating to burn off residue at the electrode tip that can interfere with seal formation.
Sylgard is generally recognized as having the best electrical properties for coating patch
electrodes, but other materials with a low dielectric constant such as Q-dope (GC
Electronics), dental wax, or boat varnish have also been used. For some of these coatings
time must be allowed for drying. The coating material should be transparent so one can
see whether air bubbles are lodged near the electrode tip after filling. The coating should
be applied with the aid of a small glass or plastic tool under a dissecting microscope, and
cured immediately with an electric heating wire. For whole-cell voltage clamping it is not
critical to cover the glass near the tip because this region has a small area; coating to
within 100 to 200 wm is adequate. The coating must be applied high enough up the barrel
to prevent any water contact with the glass walls of the electrode. This is important because
the capillary action of water at the glass surface can turn the entire electrode wall into a
large capacitative surface. The layer of coating is usually about as thick as the glass where
the coating is applied. Refer to uniT 6.3 for additional information on coating electrodes.
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Preparation

A biological preparation of cells or slices must be selected (see Chapter 3 and UNITS 6.4 &
6.5). In making this selection, one must consider the accessibility of the cell surface and
the size and morphology of the cells. The accessibility of the cell surface is of prime
importance because the formation of a gigaseal requires direct contact between the
electrode tip and the plasma membrane. Gigaseals are thought to result from a direct
molecular interaction between these two surfaces. To obtain a gigaseal, cells must have
naked surfaces to provide free access for the patch electrode tip. Special conditions,
treatments, and manipulations may be necessary to expose the cell surface and facilitate
gigaseal formation.

Cell size is a consideration because the high capacitance of a large cell makes the settling
time longer (see Anticipated Results, section on equivalent circuit and clamp settling
time). Larger cells also tend to have large currents, and large currents lead to greater R
errors (see Anticipated Results, section on point clamp effectiveness and R, errors). The
ideal cell for whole-cell voltage clamping is therefore small, on the order of 10 to 20 um
in diameter. Cells smaller than 10 um can be patch clamped, but as the cells get smaller
they pose a greater challenge to the manual dexterity of the experimenter. Even small cells
can have currents that are large enough to cause significant errors in voltage control, but
these problems can often be dealt with effectively by using low-resistance patch electrodes
and R, compensation.

Cell morphology is a consideration because long processes and elaborate morphologies
cause space-clamp errors (see Anticipated Results, section on space-clamp effectiveness
and cable analysis). There are few remedies for these errors, so where possible, morpho-
logical simplicity is a major advantage. There is often an enormous trade-off between
technical ease of measurement and physiological relevance.

Physiological Bathing Solution

A bathing solution is needed for constant superfusion over the preparation (Fig. 6.6.1).
This solution may be used while experiments are in progress or in the initial stages of the
experiment prior to switching to a solution designed to enhance a particular component
of ionic current (see Experimental Solutions, below, and see Critical Parameters and
Troubleshooting, section on current separation). Physiological bathing solutions appro-
priate for various preparations can be found in the relevant journal articles.

Experimental Solutions

The compositions of the bathing solution and pipet filling solution are very important in
the whole-cell voltage clamp. In formulating solutions, one must consider the ease of seal
formation, the health of the preparation, and the specific objectives of an experiment.
Because small amounts of dirt and debris can prevent gigaseal formation, the patch-elec-
trode filling solution should be filtered with a 0.22-pum filter. This solution perfuses the
inside of the cell (Fig. 6.6.1), providing a major technical advantage in isolating specific
ionic components of current (see Critical Parameters and Troubleshooting, section on
current separation). For each type of current to be studied it is necessary to provide the
appropriate permeant ion, and it may also be necessary to block currents through other
channels. It is not possible to provide recipes of solutions for each type of current because
the requirements vary so widely between different types of cells and channels. It is
therefore important to consult references dealing with a particular current in the relevant
preparation. For references to exemplary studies of different channel types, see Back-
ground Information; for guidelines for solution design, see Critical Parameters and
Troubleshooting.
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One important general objective in the design of a patch pipet solution is to mimic the
intracellular milieu. A key consideration in this regard is Ca** content. Although it is
generally recognized that the free Ca** concentration is low inside cells, there is no general
rule for how to adjust Ca** in a patch pipet solution. EGTA is the most widely used Ca**
buffer. It is common to add 10 mM EGTA and 1 mM CaCl,, which give a calculated free
Ca’* concentration of ~25 nM at pH 7.2, based on the relevant stability constants.
However, free Ca’* depends on other components of the solution and is quite sensitive to
the purity of the EGTA. The EGTA concentration need not be as high as 10 mM. Lowering
EGTA to <1 mM is common; removing it entirely does not always make recordings
impossible, but recordings with low EGTA are generally more difficult to obtain and less
stable. Another chelator, BAPTA, binds Ca** much more rapidly than EGTA, and this
compound is often used when especially tight control of intracellular Ca** is desired.
Some researchers suspect that BAPTA is unstable, and that it causes an increase in R
(Bean, 1992). For these reasons, BAPTA-containing solutions should be prepared with a
fresh supply of BAPTA less than ~2 weeks prior to use. It is generally not possible to
obtain whole-cell patch-clamp recordings with solutions containing added Ca** and no
chelator. Patch pipet filling solutions are generally stored frozen in 1-ml aliquots.

As K* is the major monovalent cation of cytoplasm, K* salts should be used in the absence
of a good reason to do otherwise. When K* is replaced, the choice is often Cs* or
N-methylglucamine, although N-methylglucamine has been reported to alter the behavior
of Ca®* channels (Malécot et al., 1988). Cytoplasmic CI~ concentration varies among cell
types, and can range from 5 to 40 mM. Although CI™ is often used as the major anion of
patch-pipet filling solutions, it is considered more physiological to replace most of the
CI” with an organic anion, such as gluconate, aspartate, MOPS, acetate, citrate, or
methanesulfonate. F~ is sometimes used to replace CI~ when the goal is to poison all
metabolic processes within a cell and free channels from modulatory influences. In most
experiments, the patch pipet solution is buffered at a pH between 7.1 and 7.3 (usually
with 10 mM HEPES). However, the pH can be varied to address questions regarding
intracellular pH and membrane function. Titration of the buffer during solution prepara-
tion should be done with an acid or base of one of the major ions of the solution (e.g., a
CsCl solution should be titrated with CsOH).

The activity of many channels depends on the addition of 1 to 10 mM ATP (Mg?** salt).
Even with ATP, rundown of Ca* current is difficult to avoid (Kostyuk, 1988), and a
number of reagents have been added to patch-pipet filling solutions to prevent this. An
ATP-regenerating system consisting of creatine phosphate and creatine phosphokinase
has been reported to reduce rundown of Ca** currents (Forscher and Oxford, 1985). To
maintain membrane currents dependent on G-proteins, 100 to 300 uM GTP is commonly
added. More exotic additives may be used to test a hypothesis for regulation of channel
function by a protein or signaling molecule. In such experiments, the time required for
diffusional exchange between the pipet solution and cell interior should be considered.
Exchange is roughly exponential in time, with a time constant T (in seconds) that can be
approximated by the following expression (Pusch and Neher, 1988):

t1=0.042RM"C,

Equation 1

where M is the molecular weight in Daltons (Da) of the substance in question, R, is in
megaohms, and C, is the cell capacitance in picofarads. For R, =5 MQ and C, = 20 pF,
this expression suggests that a 1000-Da molecule will exchange with the cell interior in
42 sec. Such exchange times are typical for whole-cell voltage-clamp recordings.
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PATCH-CLAMP TECHNIQUE SETUP

Prior to an experiment several patch electrodes are fabricated and coated. The cells or
slices should be ready. The instruments and computer are turned on and the software
loaded. This protocol describes the establishment of a whole-cell voltage clamp and the
verification of its efficacy.

Materials

Cells or tissue slice (see Chapter 3; and UNITS 6.4 & 6.5)

Patch electrode buffer (dependent upon experimental design; see Strategic
Planning; see Critical Parameters and Troubleshooting)

Bathing solution (dependent upon experimental design; see Strategic Planning; see
Critical Parameters and Troubleshooting)

Coated patch electrodes (see Strategic Planning and uniT 6.3)

Electrophysiology setup (see Strategic Planning and uniTs 6.1 & 6.2)

Set up and position electrode
1. Fire polish and fill a patch electrode with solution. Mount the electrode in the
electrode holder, which has been plugged into the amplifier head stage.

Filling is easier if the tip is dipped in the solution for a few seconds and then filled from
the back by inserting a thin tube.

2. Apply gentle positive pressure to the patch electrode interior through a tube connected
to the electrode holder. With the pressure on, immerse the electrode tip by passing it
through the surface of the bathing solution.

Applying pressure while moving the electrode tip through the aqueous surface is important

because dirt tends to accumulate at the air-water interface, and if this dirt gets on the
electrode tip it can prevent gigaseal formation.

3. As soon as the tip is immersed, calculate the patch electrode resistance by applying
a test pulse (typically 5 to 10 msec at 10 mV), reading the current, and using Ohm’s
law to calculate the resistance (Fig. 6.6.2A).

For example, a 5-nA current with a 10-mV test pulse yields an electrode resistance of 2

MQ. A low gain setting of the amplifier (1 mV/pA) is used in this step because the test pulse
current is large. Typical starting resistances range from 1 to 10 MCQ.

The resistance of the patch electrode should be monitored regularly during electrode
positioning; increases in resistance prior to contact with a cell means the electrode tip has
clogged and will be less likely to form a gigaseal.

4. Null the junction potential at the tip of the electrode with the appropriate control on
the patch clamp amplifier (labeled Vp-offset on the EPC-7 and manual junction null
on the Axopatch-1C).

The junction potential between the bathing solution and the patch electrode solution should

be measured in a separate experiment and used to correct voltages during data analysis
according to Neher (1992).

5. With the course control of the micromanipulator, bring the electrode tip into the field
of view containing a cell targeted for study (typical time: 1 min).

Establish gigaseal formation
6. Use the fine control of the micromanipulator to gently touch the electrode tip against
the cell surface, check that the resistance has increased, and release the positive
pressure (Fig. 6.6.2B).

Sometimes the resistance increase will be small or imperceptible. Usually a slight depres-
sion of the cell surface is visible as the tip is pressed against the cell.
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7. Using resistance and appearance as cues for contact between the cell surface and
patch electrode tip, apply gentle suction to the patch pipet interior. The resistance
should climb to >1 GQ to produce a gigaseal (typical time: several seconds to several
minutes).

The large rise in resistance results in a virtual flattening of the DC part of the test pulse
current (i.e., the current following the transient; Fig. 6.6.2C). With a high gain setting for
the amplifier (50 to 100 mV/pA), the DC current response will no longer appear flat but
will show a small current on the order of 1 pA; a 10-mV test pulse to a 10-GQ seal will
give a current of 1 pA. Formation of a gigaseal may occur gradually, but sudden increases

= T e

Figure 6.6.2 Test pulses produce different current responses as one proceeds through the
establishment of a whole-cell voltage clamp recording. The physical relationship between the patch
electrode and the cell is illustrated schematically on the left. The size of the current change produced
by the test pulse goes down as the resistance across the patch electrode tip goes up. Thus, a
reduction in test-pulse current indicates closer contact between the electrode tip and the cell. (A)
The electrode is just above the cell, not in direct contact, so the resistance is low (1 to 10 MQ) and
the test pulse current is large. (B) The electrode touches the cell surface, the resistance goes up
slightly, and the test pulse current gets smaller. (C) A gigaseal has formed as the result of gentle
suction, which pulls a small patch of membrane up into the electrode tip. The resistance is high (>1
GQ), so except for the transients, the test pulse current is virtually flat. (D) The electrode capacitance
transient is nulled. (E) Break-in is achieved by strong suction that removes the patch of membrane
in the electrode tip, but leaves the seal and cell intact. The resistance goes down and large
capacitance transients are seen. Perfusion of the cell interior begins. (F) The whole-cell capacitance
transient is nulled. Since steps D and F are purely electrical adjustments, the diagram of the cell
and patch pipet is the same as in C and E, respectively.
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in resistance are regarded as more auspicious. This step can be difficult; the suction
strength necessary to achieve a gigaseal is highly variable. Seals with a resistance >5 GS)
are generally more likely to lead to a successful whole-cell recording. Sometimes a gigaseal
simply fails to form even under optimal conditions. However, several failures in a row
usually mean that there is a problem with some aspect of the preparation or solutions. For
further discussion, see Critical Parameters and Troubleshooting, section on gigaseal
Sformation.

Null the electrode transients
8. After achieving a gigaseal, verify that the test-pulse current is nearly flat except for
transient spikes in opposite directions at the beginning and the end of the test pulse
(Fig. 6.6.2C).

These spikes reflect charging of the electrode capacitance, along with the much smaller
capacitance of the membrane patch.

9. Null the transient by adjusting the appropriate patch-clamp amplifier controls to give
a test-pulse response resembling that shown in Figure 6.6.2D. On an EPC-7, these
controls are marked C-fast and t-fast. The Axopatch 200 can null two electrode-
charging transients with amplitude (MAG) and time constant (T) controls (typical
time: 15 to 30 sec).

Ifthese controls cannot be adjusted to null the electrode transients, then either the electrode
has not been well coated with Sylgard or the solution level is high enough that the electrode
glass above the coating has made contact with the bathing solution. As a result, the
electrode capacitance is too high to be compensated with the amplifier circuitry. Although
Sylgard coating very close to the electrode tip is not critical to reducing the electrode
capacitance in whole-cell voltage clamping, the Sylgard should go as far back up the barrel
of the electrode as the level of the bathing solution so that bare glass at the barrel does not
touch water. If water touches the barrel it will rise up the outer walls by capillary action
to form a thin film. This can add considerably to the electrode capacitance and defeat the
purpose of the Sylgard coating. The height of the Sylgard coating needed on the barrel will
vary depending on the angle at which the electrode is held and the depth of the bathing
solution.

It is important to maintain a constant depth of bathing solution during perfusion of the
recording chamber, because changes in height will change the electrode capacitance (even
with good Sylgard coating). It is common for perfusion systems to produce unsteady
solution levels, and one can readily see the capacitance spikes wax and wane as the solution
level rises and falls.

Perform break-in

10. Adjust the holding potential to the anticipated resting potential of the cell to avoid a
large change in membrane potential upon break-in. Rupture the membrane patch
under the electrode top by applying suction while watching the test pulse current.
Increase the suction gradually, and stop immediately upon observing a sudden
appearance of large spikes at the beginning and the end of the test pulse (Fig. 6.6.2E;
typical time: 15 sec to several minutes).

The large spikes indicate that break-in has taken place, as the test pulse then charges the
cell interior and not just the patch electrode walls. The resistance also decreases upon
break-in, allowing more DC current to be seen in the test pulse (Fig. 6.6.2E and F). Like
gigaseal formation, this step can be quite difficult, and the suction strength required for
break-in can be highly variable. Generally, stronger suction is needed to break in than to
obtain a gigaseal. It is very important to stop the suction as soon as break-in is successful,
because continued strong suction destroys the cell. This requires a very quick reaction. It
is important that the test pulse be applied at a repetition rate >5/sec in order to see when
break-in has occurred and react quickly. Sometimes break-in can be anticipated by subtle
changes in the test pulse response, and these changes can be very helpful in permitting the
experimenter to react quickly and stop suction. Recordings are often lost during this step.
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Sometimes break-in occurs spontaneously, so steps 8 and 9 should be performed quickly,
and the transient should be checked for changes prior to the application of strong suction.

Null the whole-cell transients

11. After break-in the test-pulse response reflects the passive charging of the cell. With
the holding potential adjusted to a value of —80 to —100 mV (voltage-dependent
channels are less active in this range), null the whole-cell charging transient by
adjusting the appropriate amplifier controls, much as the electrode charging transient
was nulled after gigaseal formation (typical time: 1 min).

This adjustment eliminates the charging transient to give the test-pulse response, an
appearance resembling Figure 6.6.2F. In recordings from cells with complex geometries
only the fastest component of the whole-cell charging transient can be nulled. No effort
should be made to remove the portion of the slower components associated with process
charging, as this would lead to overcompensation of the cell body—charging transient and
produce incorrect readings of R, and cell-body capacitance (see Anticipated Results,
section on space-clamp effectiveness and cable analysis).

On the EPC-7 the controls are labeled C-slow and G-series. On the Axopatch 200 they are
Whole Sell Capacitance and Series Resistance. The controls used to null the electrode
transient often need not be touched during this step, but when the slow whole-cell
adjustments fail to remove the transient completely it may be necessary to go back and
forth between the fast and slow adjustments until the transient has been eliminated.

Note R, and cell capacitance

12. Write down the cell capacitance, C, and R, off the dials of the controls used to cancel
the whole-cell transient. Calculate the clamp settling time, which is equal to R,.C, (see
Anticipated Results, section on equivalent circuit and clamp setting time). Calculate
the cell resistance, R,, from the amplitude of the test-pulse current using Ohm’s law
(Fig. 6.6.2F; typical time: 30 sec).

Some computer programs can determine these parameters on line and save them automat-
ically. The experimenter can also save a test pulse without canceling the transient to
determine the parameters later during analysis off-line.

Note that the G-series control on the EPC-7 actually gives the series conductance rather
than resistance and this can be converted (R = 1/G; 1 uS gives 1 MQ). For cells with
complex geometries the capacitance is that of the cell body, not that of the cell body plus
a portion of the cell’s processes (Jackson, 1992).

C, indicates the size of the cell or cell body. These numbers should always be noted down,
as they are important parameters of the recording (see Anticipated Results, section on
equivalent circuit and clamp setting time). The value of R, is an extremely important
indicator of the quality of the recording and of voltage control. It is generally advisable to
choose a minimum acceptable value for R and discard recordings with higher values. Thus,
the experiment often stops at this step and a new attempt must be initiated with another
cell. The decision to discard should actually not be made until after attempting R,
compensation (step 13), as this may bring R_ into an acceptable range. The maximum
acceptable R will vary depending on many factors. The discussions of the equivalent circuit
and R errors (see Anticipated Results) provide some guidelines for setting a cutoff that is
realistic and suitable for the goals of a particular study. Cutoffs can be <5 M when large
fast currents are being measured, or as high as 15 MCQ when the demands are less stringent.
It is rare that a recording with an R, >20 MC can be used for much in the study of
voltage-gated channels. R. also reflects the quality of a recording, with low values
indicating leaky and often unhealthy cells. Thus, a minimum acceptable R can also be
stipulated as appropriate for the cell type and experimental goals.

C, R, and R, can change during the course of a recording, so they should be checked
periodically. Because C, reflects membrane area, it can go up or down as a result of
membrane trafficking in either direction, or because of excess hydrostatic pressure in the
patch electrode. Drifts in whole-cell current are often accompanied by drifts in C,
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indicating that the membrane that is gained or lost contains channels of interest. R_ tends
only to go up, and this is thought to be due to physical obstruction of the patch electrode
tip by cellular material. R. goes down when the health of the cell deteriorates. The time
that R, and R, remain below and above their respective cutoffs will determine how long
the recording provides useful data.

13. Apply R, compensation (optional): Slowly adjust the R, compensation knob to
increase the percent compensation while watching the test-pulse response. Record
the R, compensation setting for later correction of the R, value noted in step 12
(typical time: 15 to 30 sec).

As in step 10, a high repetition rate (5/sec) for the test pulse is helpful.

R, compensation is provided by most patch-clamp amplifiers. Because it is equivalent to
reducing R, this feature can be very helpful in improving the time response and reducing
R errors associated with large currents.

R, compensation is applied through controls on the patch-clamp amplifier that allow one
to adjust the percent compensation and select a time-scale range. As R, compensation is
increased the small residual charging transients will get faster and larger and the noise
will increase. A ringing of the charging transient will then appear and further increases in
R, compensation past a critical instability threshold will produce large rapid oscillations
that are detrimental to the cell. Oscillations should be avoided, and the R; compensation
should be reduced immediately if oscillations start.

The amount of R, compensation that can be applied without causing oscillations varies
greatly depending on the specific values of the circuit elements (Sigworth, 1995). A typical
level of compensation might be 67%, and this would reduce the effective R_ by a factor of
three.

If R, compensation is left very near the critical threshold for oscillation, small changes in
R or C_(step 12, final annotation) could cause the critical threshold for oscillations to be
reached. When this happens the voltage will start to oscillate without warning and the cell
will be destroyed. Therefore, a 10% to 20% safety margin should be allowed between the
level of R, compensation and the instability threshold.

14. Proceed to data acquisition and measurement of pulse sequences (see Basic Proto-
col 2).

DATA ACQUISITION AND PULSE SEQUENCES

Following the establishment of the whole-cell voltage clamp (see Basic Protocol 1),
measurements can begin. In the study of voltage-gated channels, experiments usually
involve application of some form of voltage step, generally in a carefully planned
sequence. These pulses are almost always applied by a computer through an analog output
connected to the stimulus input of the amplifier. The software packages presently available
for voltage-clamp applications provide convenient user interfaces for designing pulse
protocols. The software is also used to specify the digitization frequency for data
acquisition and the bandwidth of a digital filter. The inverse of the filter corner frequency
should be shorter than the time for the fastest channel gating transitions of interest, and
the sampling frequency should be two or more times faster than the filter frequency. There
is no point in filtering or sampling much faster than the time constant determined by R,C,,
because the clamp is incapable of following more rapid processes (see Anticipated
Results, section on equivalent circuit and clamp setting time). For further discussion of
data acquisition, see Heinemann (1995).

Pulse Sequences

In most experiments, the holding potential and voltage of the test pulse are selected to
change the channels from a closed state to an open one. The specific sequence of pulses
will depend entirely on the question at hand. Examples of standard pulse sequences are
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shown in Figure 6.6.3. To study the voltage dependence of channel activation, a series of
steps are applied from a negative holding potential to a series of progressively more
positive voltages producing progressively greater activation. Steps should be of sufficient
duration to allow current to reach a desired endpoint, and are typically separated by
intervals of 10 mV (Fig. 6.6.3A). To study the voltage dependence of inactivation, the
holding potential prior to a depolarizing pulse is varied (Fig. 6.6.3B). This is often referred
to as an h-infinity sequence because it determines the level of inactivation after equilib-
rium has been reached (from the h-infinity parameter of Hodgkin and Huxley, 1952b). If
a channel is inactivated at positive voltages, then each step to an increasingly positive
potential will be followed by less current activation during the subsequent test pulse to
30 mV (Fig. 6.6.3B).

A 30 B 30
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Figure 6.6.3 Pulse sequences for voltage-clamp experiments. Sequences such as these can be
designed with software commonly used for whole-cell voltage clamping. (A) One of the simplest
pulse sequences is a series of steps from the holding potential (<75 mV in this case) to —60, —50,
..., and 30 mV. More positive voltage steps generally open more channels, but the voltage range
where this occurs will vary depending on the type of channel under study. (B) A sequence of
prepulses (1) varies the potential prior to a step to 30 mV. The step to 30 mV (2) activates channels
that were not inactivated during the preceding pulse. Thus, the current evoked by the 30-mV pulse
provides an assay for the extent of inactivation during the prepulse. (C) The voltage is varied after
a 30-mV pulse to study the voltage dependence of tail currents. The pulse to 30 mV (1) activates
the channels. The closing process can then by followed during the subsequent step to voltages
ranging from —100 to —30 mV (2). For a K* channel with E, = -80 mV, this sequence would move
the voltage through E, and reverse the tail currents. (D) Pulses presented in pairs separated by
different time intervals are designed to study the kinetics of recovery from inactivation. Four pairs
of pulses are indicated. The first pulse of the pair to 30 mV (1) is the same each time and inactivates
most of the channels. The voltage is then returned to —75 mV (2) for variable amounts of time to
allow variable amounts of recovery. Subsequent pulses to 30 mV (3a-3d) elicit currents that reflect
the amount of recovery that has occurred in the intervening interval.
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Figure 6.6.3C shows a pulse sequence designed to investigate how tail currents vary with
voltage. After a positive test pulse to activate current, returning to a negative potential will
close the channels. The decaying current after such a pulse is called a tail current. Reversal
potentials of tail currents can be determined with a sequence like that in Figure 6.6.3C,
and the reversal potential will be that of the channels that are open at the end of the
immediately preceding voltage step. Thus, tail-current reversal potentials can be used to
characterize the ion selectivity of the channel under study. Tail currents are also very
useful in studying the kinetics of channel closure or deactivation.

In some voltage-clamp experiments the voltage is varied linearly rather than stepwise, to
produce a voltage ramp. For noninactivating or slowly inactivating channels this method
has the advantage of rapidly providing an indication of the voltage range in which a
channel activates.

To study the kinetics of recovery from inactivation, the interval between the first
inactivating pulse and the second test pulse can be varied (see Fig. 6.6.2D). To study the
voltage dependence of recovery from inactivation one would use a similar sequence but
with different voltages applied during the recovery interval.

The literature contains many inspiring examples of ingenious pulse protocols, some of
which can be found in the references provided in Background Information. For example,
one can hold the voltage positive to inactivate channels, then briefly jump to a negative
voltage to produce a controlled amount of recovery from inactivation, and finally return
to a positive voltage to reactivate channels and produce a current that reflects the
distribution of channels initially in closed conformations lying along the pathway from
the inactivated to the closed states (Oxford, 1981). The pulse sequence is generally the
heart of a study of voltage-gated channels, and it is sound practice to attend carefully its
design before starting an experiment. Designing a pulse sequence is often a creative
process that can lead to the resolution of current through closely related channels and to
the discovery of novel channel properties.

Leak Subtraction

Currents measured during a voltage-clamp experiment are a sum of channel current and
leak current. Every membrane passes some current by leakage through voltage- and
time-independent pathways. This current may reflect ion permeation through lipid
bilayers or through poorly defined pathways involving unspecified membrane proteins.
Leak current can be determined with voltage pulses applied in a range where the
voltage-dependent channels are closed. The leak pulse sequence should be applied shortly
before the experimental pulse sequence to avoid the problems from a slow change in
membrane properties.

Leak subtraction is based on the assumption that leak current is linear so that it can be
scaled to match the voltage change used to gate channels, and then subtracted from the
current activated by a test pulse. This results in what may be considered a more pure
channel current. Quite often the leak pulses are applied at a more negative voltage, say
—120 to —140 mV. The design of a leak subtraction protocol is best made after examining
the voltage dependence of membrane conductances in the cell under study to locate a
window of voltage where nothing happens, i.e., where the voltage-gated channels remain
closed. This will insure that the leak pulses do in fact measure leak current and not
voltage-gated channel current. The amplitudes of the leak pulses are a small fraction, say
20%, of the amplitudes of pulses used to gate channels. Because leak current is often
small, it is common to average several leak pulses. One of the most common leak
subtraction protocols is called the P/4 procedure, where current evoked by four successive
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pulses at one-fourth the amplitude of a test pulse are added together and then subtracted
from the test-pulse response. P/N more generally refers to a procedure where the test
pulses are divided by an integer N and applied N times to determine the leak current.
Because leak subtraction is acommon correction in voltage clamping, some commercially
available voltage clamp software (e.g., Pulse from Instrutech or ALA Scientific Instru-
ments and pClamp from Axon Instruments) includes an easily implemented leak subtrac-
tion feature, which can be performed on-line.

In addition to providing a more accurate measure of channel current, leak subtraction also
produces a cosmetic improvement in the appearance of current traces by removing
unsightly capacitance artifacts that remain despite adjustment of the transient cancellation
circuitry of the patch-clamp amplifier (step 9). However, the smooth appearance of the
current onset after leak subtraction must be viewed with caution. In such cases the current
onset may simply reflect the clamp settling time, and therefore will provide little
information about channel activation kinetics (Jones, 1990).

ANALYSIS OF PATCH CLAMP DATA

Analysis is an essential part of a voltage clamp study, and the computer programs used
for controlling a voltage-clamp experiment have considerable analysis capability, or come
with a separate analysis program.

Standard Analysis

The most common first step of analysis is plotting current versus voltage (perhaps from
data obtained with a pulse sequence of the form in Fig. 6.6.3A). These current-voltage
(I-V) plots generally reveal the voltage range that activates the channel. Further, when the
I-V plot exhibits a reversal potential, the permeant ion can also be identified. Thus, such
a plot provides an indication of the success of a current separation strategy (see Critical
Parameters and Troubleshooting). Although I-V plots come in a bewildering variety of
forms and shapes, the confusion is reduced considerably when one realizes that these plots
are usually a product of two very simple functions, single-channel current and channel
open probability (see Anticipated Results, section on current-voltage plots). Interpretation
of an I-V plot in terms of these basic membrane properties is an essential first step in
establishing the basic properties of a channel under study.

Once the permeant ion is known, the current can be divided by the driving force (the
voltage minus the reversal potential) to give the conductance, which is directly related to
the fraction of channels that are open. A plot of conductance versus voltage provides a
direct view of the voltage-induced gating of the channel. These plots are generally
interpreted in terms of specific models. The Boltzmann equation derives from a simple
model for voltage gating based on the assumption that a channel undergoes a voltage-de-
pendent transition between two states (see Anticipated Results, section on the Boltzmann
equation). Current can also be fitted to the Boltzmann equation in the analysis of
steady-state inactivation using a pulse sequence such as that shown in Figure 6.6.3B. Here
the driving force is the same for each pulse, so changes in current will reflect changes in
conductance.

In kinetic studies of membrane current, voltage-clamp data is analyzed by fitting a plot
of current versus time to one or more exponentials. These fits generally yield time
constants for the underlying kinetic processes (see Anticipated Results, section on
exponential relaxations in channels). Quite often current through different types of
channels can be resolved as distinct exponential components of current in a complex
multiexponential process. It was found by Hodgkin and Huxley (1952b) that currents
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activate with sigmoidal kinetics. Nearly all voltage-gated channels exhibit similar behav-
ior, with a time course that is best represented by an exponential raised to an integral
power (see Anticipated Results, section on exponential relaxations in channels). The
exponents that characterize this sigmoidicity are also regarded as important parameters
reflecting the molecular properties of the channel under study. For further discussion of
analysis, see Heinemann (1995).

Cable Analysis (optional)

In cells with processes, cable analysis can be useful either in the characterization of cell
morphology or in the evaluation of space-clamp efficacy (see Anticipated Results). The
procedure for cable analysis described here is based on the assumption that the processes
of the cell behave as a single cylinder with a sealed distal end and an electrotonic length
equal to L. A current response is recorded to a 5 to 10 mV test pulse of 20 msec in duration.
Because the slow components of the transient (which contain the most information about
the process) are small in amplitude, it is generally advisable to average responses to as
many as 50 pulses to reduce noise. The pulses can be applied at short intervals so that the
entire recording can be completed in <10 sec. The software should make it possible to
perform the averaging on-line. The test pulses should be applied in a voltage range where
voltage-dependent currents are not active (typically more negative than —80 mV). To
check that the response is purely passive, the decays at the onset and the end of the pulse
should be compared. The averaged current is then fitted to a sum of as many exponentials
as necessary (usually three or four, not including the rapid cell body—charging component
balanced out in step 5). L and T, (the membrane time constant) can then be calculated
from the slowest time constant, T;, and second slowest time constant, T,, with the following
formulae.

Equation 2

T, =T 1+ [3_75]2
m 1 oL
Equation 3

The uses and interpretations of these parameters are discussed below (see Anticipated
Results, section on space-clamp effectiveness and cable analysis), along with tests for the
validity of the equivalent cylinder representation.

COMMENTARY

Background Information

Investigators have been using the voltage
clamp for nearly 50 years (Cole, 1949; Mar-
mont, 1949), during which an immense wealth
of literature has developed. It is important to
consult research articles for further experimen-
tal details on voltage-clamp techniques appro-
priate for specific channel and cell types. The
classical papers in this field have great instruc-
tional value. The seminal work of Hodgkin and

Current Protocols in Neuroscience

Huxley (1952a,b) in the squid axon employed
a two-electrode configuration, and this work
provides an excellent example of how the volt-
age clamp separates currents through different
channels and quantifies underlying kinetic
processes. Reports by Hamill et al. (1981) and
Fenwick et al. (1982) served as the original
expositions of whole-cell voltage-clamp meth-
odology, and these works remain definitive.
Excellent later discussions of voltage-clamp
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methodology can be found in Smith et al. (1985),
Jones (1990), and Sakmann and Neher (1995b).

Study of exemplary applications to specific
types of channels is also recommended. The
whole-cell voltage clamp has been used to
study Na* channels in chromaffin cells (Fen-
wick et al., 1982), bull-frog sympathetic neu-
rons (Jones, 1987), dorsal root ganglion neu-
rons (Carbone and Lux, 1986), Schwann cells
(Howe and Ritchie, 1992), and clonal pituitary
cells (Cota and Armstrong, 1992). Repre-
sentative studies of K* channels can be found
for chromaffin cells (Marty and Neher, 1985),
Drosophila muscle (Zagotta and Aldrich,
1990), GH3 cells (Oxford and Wagoner, 1989),
peptidergic nerve terminals (Bielefeldt et al.,
1992), and neurons from hippocampus (Nu-
mann et al., 1987), piriform cortex (Banks et
al., 1996), and nucleus basalis (Yamaguchi et
al., 1990). CaZ* channels have been studied in
chromaffin cells (Fenwick et al., 1982; Hoshi
etal., 1984), intermediate pituitary cells (Cota,
1986), and neurons from hippocampus (Kay
and Wong, 1987), thalamic reticular nucleus
(Huguenard and Prince, 1992), bull-frog sym-
pathetic ganglion (Jones and Marks, 1989), and
dorsal root ganglion (Forscher and Oxford,
1985; Carbone and Lux, 1987; Fox etal., 1987;
Swandulla and Armstrong, 1988).

Critical Parameters and
Troubleshooting

Gigaseal formation

Difficulty in forming a gigaseal can be
caused by any of the following. (1) Poorly
exposed cell membrane: connective tissue,
basement membrane, or flat, poorly visible
cells can obstruct contact between the electrode
tip and the target cell. (2) Dirt on the tip of the
patch electrode: this can result from using older
electrodes or from a failure to maintain positive
pressure while passing the patch electrode tip
through the surface of the bathing solution. (3)
Incompletely cured Sylgard: during electrode
fabrication, Sylgard should be cured immedi-
ately after application and prior to fire polish-
ing. (4) Dirt inside the patch electrode: this can
come from unfiltered solutions, dirt on the inner
walls of the glass used for electrode fabrication,
or a soiled silver wire in the electrode holder.

Many investigators have found empirically
that adjusting the holding potential to anegative
voltage (e.g.,—80 mV) makes sealing faster and
improves the success rate. No one really knows
why this works, but it is probably related to the
surface potential of the membrane. This attests

to the extremely close contact that must exist
between the electrode tip and cell membrane in
order to form a gigaseal.

Current separation

The voltage clamp is often used to study one
type of channel among the many present in a
given cell. When this is the case, some proce-
dure must be developed for separating the cur-
rent through the channel of interest from the
currents through any other channels. Current
separation strategies fall into several broad
categories, as summarized below.

Ionic dependence. The easiest form of cur-
rent separation is isolation on the basis of per-
meant ion. The general strategy is to provide
the ion of interest and eliminate the unwanted
ions; thus, the technical ability to manipulate
the solutions on both sides of the membrane
provides a significant advantage. When elimi-
nation of unwanted ions is not possible, a lim-
ited isolation can be achieved by pulsing the
voltage to the reversal potential of an unwanted
ion. The current seen under these conditions
reflects current through the channels that re-
verse at other voltages. Of course, this method
does not lend itself to the study of voltage
dependence, but important issues can often be
addressed by this approach. It is better to design
a solution that gives effective separation at all
voltages. The following general guidelines will
help in designing and modifying solutions for
specific experiments (see also Swandulla and
Chow, 1992, for additional details).

Na* currents. The bathing solution must
contain Na*, although an Na* channel-per-
meant ion such as Li* or ammonium can also
be used. For all but very positive voltages, this
provides a conducting ion to carry current
through Na* channels into cells. Although in-
tracellular Na* is not necessary to record an
inward Na* current, a patch-pipet filling solu-
tion with a physiological concentration of Na*
(=10 mM) has the advantage of defining the
Na* Nernst potential and thus setting the driv-
ing force.

Itis usually important to block K* channels,
and K* current can be greatly reduced by using
Cs* as the major cation in the patch-pipet solu-
tion. Further inhibition of K* currents can be
achieved by adding any of a wide variety of
blockers, such as a mixture of tetraethylam-
monium and 4-aminopyridine, to both the bath-
ing solution and the patch-electrode solution.
As the objective is to eliminate K* current,
selectivity for different K* channel types is
irrelevant and broad-spectrum channel block-
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ers are preferred. An adequate block can gen-
erally be achieved with 10 to 20 mM tetraethy-
lammonium and 1 to 5 mM 4-aminopyridine.
Nat currents activate very rapidly to produce
an early component of inward current before
many K* channels open. This provides a way
of checking that the K* channel blockers have
no gross effects on Na* channels. Blockade of
Ca?* current is often not necessary when study-
ing Na* current because Ca?* currents are usu-
ally small; however, Ca?* current can be
blocked when necessary by adding 100 to 200
uM Cd?* to the bathing solution.

K* currents. K* should be the major cation
in the patch-pipet solution. For all but very
negative voltages, this provides a conducting
ion to carry outward current through K* chan-
nels. Blockade of Na* channels is usually an
easy matter thanks to the potent and selective
Na* channel blocker tetrodotoxin. Many Na*
channels are blocked by 100 nM tetrodo-
toxin, but blockade of so-called tetrodotoxin-
resistant Na* channels may require 1 UM tetro-
dotoxin. As with Na* current, the small magni-
tude of Ca* current in most cells relative to K+
current usually makes blockade of Ca%* chan-
nels unnecessary, but Cd** can be added if
needed.

Ca?* currents. Because most cells have Ca?*
currents that are smaller than K* and Na* cur-
rents, it is very important to block these other
channels. To illustrate why, consider that a cell
may have a peak K* current of 5 nA and a peak
Ca?* current of 100 pA (e.g., at =10 mV). This
means that a 99% block of K* current will still
leave 50 pA of unblocked K* current. Since
these currents are opposite in sign, the apparent
Ca?* current will appear to be only 50 pA, or
half of the true Ca?* current. Thus, minute
amounts of unblocked K* current will produce
large errors in Ca?* current. Likewise, un-
blocked Na* current will produce artificially
large measurements of Ca?* current. Na* chan-
nels can be blocked with tetrodotoxin as men-
tioned above (see K* currents). Blockade of K*
current is one of the greatest challenges to
obtaining Ca* current recordings of high qual-
ity. The K* channel blocking procedures men-
tioned above (see Nat currents) also apply to
the measurement of Ca?* current. Cs* addition
to the pipet solution reduces K* current sub-
stantially, but often not completely. Further-
more, Cs* weakly permeates Ca?* channels to
produce significant outward currents (Bean,
1992). These issues require special attention on
a case-by-case basis.
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Increasing the extracellular [Ca?*] and sub-
stituting Ba?* for Ca?* are common measures
for improving the quality of Ca®* current re-
cordings. When extracellular [Ca?*] is in-
creased, phosphate mustbe reduced or removed
because of the low solubility of Caz(PO,),. Ba%*
often permeates Ca?* channels more easily than
Ca?* itself (thus producing a larger current).
Ba?* has the additional advantage of blocking
K* channels, but if Ba2* is used it must be borne
in mind that Ba?* usually alters Ca?* channel
properties such as voltage dependence and in-
activation kinetics.

Other currents. Notevery channel of interest
is a Na*, K*, or Ca?* channel. Channels gated
by neurotransmitters are often broadly selective
for cations or anions, and the solutions must be
designed accordingly. The study of a channel
with a novel ion-permeability profile will re-
quire the design of bathing and patch-electrode
solutions that optimize current through that
channel.

Verification. It is important to verify any
strategy for separation of different ionic com-
ponents of current. One of the most powerful
arguments that can be made for successful sepa-
ration is to check that a current reverses at the
Nernst potential for the permeant ion. When
possible, the Nernst potential should be altered
by changing the intracellular and extracellular
concentrations of the permeant ion to see that
the reversal potential moves accordingly.

Voltage dependence

A plot of current or conductance versus
voltage will quite often show two or more
distinct components of current activation, re-
flecting a difference in the voltage dependence
of different channel types. The voltage of a
pulse can then be strategically selected to acti-
vate one type of channel or another. Channels
inactivate at different voltages as well, so that
the holding potential can be chosen to inactivate
one type of channel but not another. In particu-
lar, T-type Ca®* channels are well known for
their requirement of a holding potential more
negative than approximately —70 mV. Thus, a
depolarizing pulse from a more positive hold-
ing potential will activate other types of Ca?*
channels, but not T-type. Likewise with K*
channels, the A-current is inactivated at more
positive potentials so that the holding potential
can be adjusted to eliminate this current. A
current eliminated by this strategy can also be
isolated. Subtracting the current evoked by a
pulse preceded by an inactivating holding po-
tential from the current evoked by a pulse to the
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same voltage preceded by a noninactivating
holding potential yields the inactivating cur-
rent.

Kinetics

Currents can also be resolved on the basis
of kinetic properties. In the squid giant axon,
the current seen 1 msec after a voltage step is
almost entirely through Na* channels, whereas
the current seen 10 msec later is almost entirely
through K* channels (Hodgkin and Huxley,
1952b). The time course of current relaxation
at a given voltage may have complex multiex-
ponential kinetics, and sometimes current
through different channels can be assigned to
different exponential components. There are
many such examples, not only in activation
kinetics, but in tail-current decay and inactiva-
tion kinetics as well. However, because a chan-
nel can exhibit multiexponential kinetics, as-
signing different exponential components of
current to different channel types is very risky
without some form of corroborating evidence
based on another separation strategy.

Pharmacology

Even when channels are remarkably similar
in biophysical characteristics, they can be sepa-
rated very cleanly if the right drug is available.
The use of tetrodotoxin was mentioned earlier
for eliminating Na* channels. In recent years a
number of naturally occurring toxins have been
isolated from the venoms of exotic creatures.
Some of these toxins exhibit extraordinary se-
lectivity for specific types of channels. In cases
where high selectivity is achieved, these re-
agents can eliminate current through a single
channel type so that subsequent subtraction
from the control current provides an isolated
current through the blocked channel. A recent
compilation of neurotoxins by Trends in
Neurosciences (Adams and Swanson, 1996)
can be used as a reference in the selection of
toxins with actions at specific types of ion
channels. Catalogs from companies such as
Alexis, Alomone Labs, Bachem Bioscience,
Biomol, Calbiochem, LC Laboratories, and
Research Biochemicals International provide
up-to-date information on available toxins with
references often included. New toxins continue
to be discovered and characterized at a rapid
pace. Using toxins and drugs to isolate current
through different channel types can work well,
but it is advisable to verify selectivity in the
particular cell type under study. Any actions at
other channels, including partial block or modi-

fication of properties, can produce very mis-
leading results.

Intracellular manipulations

A current separation strategy can exploit
different dependencies of channels on cytoplas-
mic factors. Current through Ca?+-activated K*
channels can often be eliminated by adding 10
mM BAPTA to the patch pipet filling solution.
Current through channels that depend on intra-
cellular ATP or GTP can be eliminated by
omitting these substances. Knowledge of the
detailed cellular and metabolic requirements of
different channel types can be of great value in
developing strategies along these lines.

Additional considerations

The various methods of current separation
discussed above (based on ionic dependence,
voltage dependence, kinetic behavior, drug sen-
sitivity, and cellular requirements) can form a
powerful combination in the isolation of cur-
rent through a selected channel. However, the
process of current separation has many pitfalls:
drugs may lack specificity, and the voltage
dependence and kinetic properties of channels
can be exceedingly complex. Furthermore, it is
not uncommon for a cell to have ten or more
distinct types of ion channels. A cell may have
five types of K* channels, and voltage-clamp
techniques alone are unlikely to resolve all of
them. In such situations it may simply not be
possible to decide whether the results are more
consistent with a certain number of channel
types with simple properties or a smaller num-
ber of channel types with more complex behav-
ior. In these situations combining the voltage
clamp with other techniques may be necessary.
Single-channel recording is especially useful in
these situations because the single-channel cur-
rent can be used as a defining property. A few
single-channel recordings often provide a clear
resolution of an issue in which voltage-clamp
data alone is ambiguous. Sensitive molecular
techniques such as single-cell PCR (Monyer
and Jonas, 1995) and immunoblotting (see crmB
UNIT10.8 and APPENDIX 14 in this manual) may also
help in determining which channel types are
present in a particular cell.

Equivalent circuit and clamp settling time
To understand the passive electrical re-
sponse of a clamped cell to a voltage change,
consider the equivalent circuit shown in Figure
6.6.4. The cell is represented by a resistor and
capacitor in parallel, represented by their resis-
tance R. and capacitance C,, respectively. The
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Figure 6.6.4 The equivalent circuit
of a whole-cell voltage-clamp
recording. A patch electrode is
shown with access to the cell interior.
The series resistance, Rs, is shown
through the tip of the patch electrode
connecting the patch-clamp amplifier
command potential, V¢, with the
potential inside the cell, Vi. The
resistance and capacitance of the
cell are represented by Rc and Cg,
respectively.

patch electrode is represented by the series
resistance (R,), so-called because it is in series
with the circuit elements representing the cell.
(Because this resistance is also in the access
pathway to the cell interior, it is sometimes
referred to as access resistance.) When the com-
mand potential applied by the amplifier to this
circuit is abruptly changed from zero to V., the
current changes with the time course

1 —t/T Vc
R+R K Ry

Equation 4

where

CCRCRS ~
+R,

RC.

Equation 5

The approximation on the right side of
Equation 5 is based on R, being much larger
than R;. This time constant is a basic index of
the speed of the clamp. Channel gating proc-
esses faster than this cannot be measured accu-
rately without special approaches, such as R
compensation (see discussion of point-clamp
effectiveness and Ry errors). After the clamp
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settles, the voltage in the cell is related to the
command voltage by the expression
__ VR

(I

(R +R.)

Equation 6

and again the condition that R. >> R is useful
because it leads to the expression

V=V,
Equation 7

Equation 6 makes the point that the circuit
behaves as a simple voltage divider between R,
and R, and when R >> R, most of the voltage
drop occurs across R. to give Equation 7. Im-
mediately after a voltage pulse, the current
starts off at V/R;, because before any current
has flowed the voltage drop is entirely across
the patch electrode R,. The current then relaxes
exponentially with a time constant of =R,C, to
a final value of =V /R.. This relaxation can
readily be seen in a whole-cell voltage-clamp
recording by turning the whole-cell transient
cancellation circuitry off while looking at the
test-pulse response. The transient cancellation
circuitry of the amplifier simply removes this
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transient from the output signal, but the charg-
ing of the cell follows this time course regard-
less of whether the transient cancellation cir-
cuitry is on or off. In fact, the whole-cell voltage
clamp provides no direct measure of V;, but only
sets V.. This means that the experimenter must
understand the relationship between these two
voltages and be prepared to evaluate and correct
discrepancies.

This analysis makes clear the advantages of
alow R,. A low R, shortens the settling time to
permit the study of faster channel-gating proc-
esses. Voltage errors after clamp settling are
caused by large currents or low values of R,
and these errors are also reduced. In summary,
a low R, improves both the speed and fidelity
of the voltage clamp.

Point-clamp effectiveness and Rs errors

The preceding section made the point that
the voltage in the cell, Vj, is approximately
equal to the voltage applied to the patch elec-
trode, V., as long as R is much greater than R;.
The effectiveness of the voltage clamp just
beyond the tip of the patch electrode depends
on the validity of the approximation V; = V..
This defines a basic index of performance of
the voltage clamp, often referred to as point
clamp. For any of a number of reasons the gap
between R and R, may fall, compromising the
effectiveness of point clamp. For example,
when channels in the cell membrane open, R,
can become small so that V; will deviate from
V. even when Rq is very low. For a membrane
current equal to I;,, Ohm’s law gives the devia-
tion as I,R,. For Ry = 10 MQ, a 1-nA current
produces a 10-mV Rq error. Larger values of
both current and R are common and result in a
larger error. The problem is compounded by the
voltage dependence of the channels them-
selves. If the error changes the voltage in such
a way as to make more channels open, the
increase in inward current through the mem-
brane will increase the error. This positive feed-
back can make the voltage dependence of chan-
nel activation appear to be much steeper than it
actually is (Armstrong and Gilly, 1992; Marty
and Neher, 1995). The opposite distortion is
seen with outward currents. As channels open,
the increasing error will move the voltage away
from voltages which gate the channels, and this
will make channel activation appear as a less
steeply rising function of voltage. R also slows
the settling time of the clamp (Equation 5) to
make the kinetics of rapidly gated channels
appear slower.

Two basic strategies are available for reduc-
tion of R, errors. The first is to lower the resis-
tance of the patch electrode, as Ry is approxi-
mately two- to three-fold higher than the elec-
trode resistance prior to patching. Electrodes
with large-diameter tips and wide tapers can be
fabricated to obtain resistances on the order of
1 MQ. Patch-pipet filling solutions with inor-
ganic instead of organic ions (i.e., using CI~
instead of gluconate) reduce both the initial
patch-electrode resistance and R, because in-
organic ions have higher mobilities.

The second strategy for reducing R, error is
an electronic procedure known as Ry compen-
sation. This is implemented with a circuit that
uses the current together with the setting of Ry
adjusted by the experimenter, and electroni-
cally computes a correction that is added to the
command potential. In this way a specified
percentage of the Ry is corrected for (see Sig-
worth, 1995, for a discussion of Ry compensa-
tion). For all intents and purposes, the behavior
of a compensated R is electrically indistin-
guishable from a lower R,. The charging time
and voltage in the cell are described by Equations
5 and 6, respectively, with the compensated value
in place of the true value of R,. Even with regard
to cable properties (see discussion of cable analy-
sis), the effect of R, compensation is perfectly
modeled by a reduction in the value of R.

Space-clamp effectiveness and cable analysis

The discussion in the preceding two sections
on the dynamics and errors of the whole-cell
voltage clamp was based on the simple equiva-
lent circuit shown in Figure 6.6.4. This equiva-
lent circuit is valid for cells with simple shapes,
but neurons usually have extensive axonal and
dendritic processes. Just as current flowing
across the R; of the patch electrode will cause
the voltage at the tip of the electrode to deviate
from the command voltage, current flowing
across the cytoplasmic resistance inside a proc-
ess will cause the voltage in distal parts of the
cell to deviate from the voltage in the cell body.
This can lead to large errors even when the
point-clamp performance is perfect. If a process
is very long, the voltage across the membrane
in distant segments may be completely unaf-
fected by the voltage clamp. In general, the
membrane potential will deviate from the com-
mand potential to a degree that varies with the
distance from the patch electrode.

This aspect of the performance of a voltage
clamp is known as space clamp. Space-clamp
errors have made it virtually impossible to use
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the whole-cell voltage clamp to characterize
Na*and Ca?* currents in neurons in brain slices.
As a result, the best studies of these channels
in neurons have been undertaken in dissociated
cells, where processes are relatively short, or in
excised patches, where space clamp is not an
issue. Poor space clamp is a more difficult
problem to deal with than poor point clamp.
Unlike R, errors, most space-clamp errors can-
not be reduced by better electronics or elec-
trodes. Therefore, the discussion here will fo-
cus on evaluating the errors so that the experi-
menter will at least understand the limitations
imposed by this problem.

One of the first clues that space clamp is poor
is the appearance of characteristic artifacts in
the recorded current. Because poor space clamp
often coincides with good point clamp, one
often sees well-clamped currents superim-
posed upon delayed currents which appear to
have R errors. Even when well-clamped cur-
rents flow through the membrane of the cell
body, distal portions of membrane under weak
voltage control will often be depolarized
enough to gate channels, and if these channels
can produce inward current, the inward current
will further depolarize the membrane to pro-
duce an action potential. This will be seen by the
voltage-clamp amplifier as an inward current that
follows the time course of an action potential.
Even if the control of voltage is good enough to
suppress an action potential, the tug-of-war
between the channels and the voltage clamp for
control of the voltage across distal portions of
membrane will narrow therange of V. over which
channel activation is seen, and the resulting error
will be similar to that produced by a high R;.
Because the voltage change takes more time to
spread to distal processes, a poorly clamped
inward current may appear well after the onset
of the current through the well clamped mem-
brane near the patch electrode. This superposi-
tion may produce conspicuous notches in a
current record; however, if the error is less
severe, a kinetic process will be temporally
“smeared,” making the problem more difficult to
recognize.

Because K+ channels do not produce action
potentials, the problems with space clamp are
less conspicuous and often less severe than they
are for Na* and Ca?* channels. K* channels at
the spatial limits of the clamp tend to halt the
spread of voltage so that poorly clamped mem-
brane does not produce much current. Thus, K+
currents recorded from neurons in brain slices
often qualitatively resemble K* currents re-
corded from cells without processes. However,
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the resemblance may be deceptive. Poor space
clamp can still distort the time course, particu-
larly when channel gating is rapid, and this
should be checked on a case-by-case basis.
Furthermore, determination of the current den-
sity is more difficult because the area through
which the measured current flows is unknown.
Distortions can be checked by comparing
whole-cell currents with channel current in
cell-attached (Bielefeldt et al., 1992) or excised
patches (Jackson and Zhang, 1995). Alterna-
tively, quantitative representations of channel
kinetics (Hodgkin and Huxley, 1952b) can be
fed back into a computer model that simulates
the behavior of a cell with a complex geometry.
If the cell morphology is known either from
cable analysis or cell labeling, then simulations
of voltage-clamp experiments with different
channel distributions can evaluate the possi-
bility that poor space clamp distorts the data.
A good computer program for performing such
simulations is Nodus (De Schutter, 1989), and
this method has been used to evaluate the
effect of cell geometry on K* channel proper-
ties in cortical pyramidal cells (Banks et al.,
1996).

To evaluate space-clamp errors quantita-
tively, one must abandon the equivalent circuit
of Figure 6.6.4 and develop amodel that reflects
the geometrical complexity of the cell under
study. Because neuronal processes often have
a cable-like shape, the development of such
models falls under the heading of cable theory.
In contrast to the single exponential response
of a simple cell (see section on the equivalent
circuit and clamp setting time, above), in a
geometrically complex cell the response to a
voltage pulse is a sum of two or more exponen-
tials. Some neurons, such as Purkinje cells, can
be adequately represented by two compart-
ments (rather than a cable), and the cell charg-
ing current is then a sum of two exponentials
(Marty and Neher, 1995). The charging of both
of these compartments is a function of Ry, so Ry
compensation can reduce the time for charging
the distal compartment in Purkinje cells. This
is a rare case where the space-clamp error can
be partially corrected instrumentally.

Unfortunately, the two-compartment case
seen in Purkinje cells is exceptional; most neu-
rons exhibit more complex electrotonic behav-
ior. Dendrites often have extensive branches,
and it was shown by Rall (1959) that under
special conditions of branching, a dendritic
arbor will exhibit passive electrical responses
(electrotonic behavior) identical to that of a
single equivalent cylinder. This has made the
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patch pipet

cell body

process of length L

Figure 6.6.5 The equivalent circuit of a whole-cell voltage clamp recording from a cell with a
cylindrical process. Symbols are as in Figure 6.6.4, except that the resistance and capacitance of
the cell body are labeled R, and C,. The patch electrode is in contact with the cell body; the
process of length L projects to the right. In cells with a complex morphology an elaborately branched
dendritic tree is modeled as a single cylindrical process such as that shown here.

equivalent cylinder representation a popular
model for cable analysis of neurons despite the
fact that Rall’s branching rules are usually not
obeyed well by real dendrites.

Analysis of the Rall model is based on a
modification of the equivalent circuit of Figure
6.6.4 to include a cylindrical process (Fig. 6.6.5).
The mathematical solution to this problem pre-
dicts that the current response to a voltage step
will be a sum of many exponentials (Rall and
Segev, 1985). A single rapid exponential com-
ponent of current is associated with the charg-
ing of the cell body, and a sum of several slower
exponential components is associated with the
charging of the process (Jackson, 1992). For-
tunately, the rapid component of the current still
has a time constant of R,C,; however, Cg, is
now the capacitance of the cell body rather than
the whole cell. The fact that the rapid component
of charging has this form allows one to determine
R, in the same manner as for cells with simple
geometries. When using the transient cancella-
tion circuitry on a cell with a complex shape, it
is important to remember that during step 9 (see
Basic Protocol 1) it is not possible to adjust the
controls to remove the entire transient. No ef-

fort should be made to remove the slower com-
ponents of the transient by overcompensating
the fast component (Fig. 6.6.6). The slower
process-charging components of current intro-
duce an error in the determination of Ry and Cy,
which is related to the ratio of their summed
amplitudes to the amplitude of the fast cell
body—charging component. This error can be
corrected as described elsewhere (Jackson, 1992).

In order to evaluate the space clamp prob-
lem, it is often helpful to think in terms of a
quantity known as the length constant, A, which
has the form

—

‘R.d

A= |
\ 4R,

Equation 8

where R, is the resistance of a unit area of
membrane (typically ranging from 10,000 to
>100,000 Qcm?), R; is the cytoplasmic resistiv-
ity (typically 100 to 200 Qcm), and d is the
process diameter in centimeters (Rall, 1977). A
has units of length and gives the distance for an
e-fold decay of voltage in an infinite cylindrical
cable. If A and the process length are known,
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/no compensation

correct compensation

\overcompensation

Figure 6.6.6 Examples of different degrees of compensation of the cell capacitance in a whole-cell
voltage clamp recording from a cell with a process (as in Fig. 6.6.5). As in Figure 6.6.2E and F, the
controls of the patch clamp amplifier are adjusted to remove the charging transient, but because
the transient has several exponential components, complete cancellation cannot be achieved. With
no compensation the large spike can be clearly seen. With overcompensation the current at the
start of the pulse is brought back to zero in a misguided effort to compensate slower components

of the transient.

the voltage along a process can be computed as
a function of distance from the cell body. The
function is an exponential only when the cable
is infinite. For a cable of finite length, the
function is a hyperbolic sine when the distal
end is open,

sinh(L — X)
ViX)y=——
sinh(L)
Equation 9

and a hyperbolic cosine when the distal end is
sealed,

V(X) = cosh(L — X)
cosh(L)
Equation 10

where X is length in units of A and L is the value
of X at the end of the process (Rall, 1977).
The parameter L thus provides an important
index for the effectiveness of space clamp. As
explained in Basic Protocol 3 (cable analysis),
L can be determined using current responses to
small voltage steps and mathematical formulas
based on cable theory (Rall, 1969, 1977; Rall
and Segev, 1985; Jackson, 1992). One can also
estimate L directly from morphological data,
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but this requires some idea of the value of A. A
is shorter for narrower, finer processes, but is
on the order of hundreds of microns even for
very fine axons, so appreciable spatial variation
in steady-state voltage requires fairly long
processes.

A shortelectrotoniclength (e.g., <0.3) might
mean that a cell is electrically compact so that
the voltage is more uniform. According to
Equation 10, the voltage at the end will then be
V/cosh(0.3) = 0.96 V,, suggesting that the
deviation from V; will be only 4%. However,
this calculation is valid only for a steady state
in which voltage is not changing. The effective
range over which voltage control is achieved
will be more limited when the voltage is chang-
ing or channels are gating rapidly. Thus, even
when channels are a short electrotonic distance
from the patch electrode there can be a serious
space-clamp problem. This has been well docu-
mented for synaptic potentials using simulation
methods. Synaptic inputs to dendrites at elec-
trotonic distances of only 0.1 can be subjected
to substantial distortions (Johnston and Brown,
1983; Rall and Segev, 1985; Spruston et al.,
1994).

Because the steady-state solutions (Equa-
tions 9 and 10) are inadequate with rapidly
changing voltage and conductance, the time-
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Figure 6.6.7 Plots of Equation 11 (truncated to 10 terms) show the settling of voltage at the end
of a cylindrical process (such as that shown in Fig. 6.6.5) for a voltage pulse applied to the soma.
The final voltage is the first term of Equation 11 (Equation 10), after the exponential decays are
complete. The time axis is in units of the membrane time constant so even for L = 0.2, the settling
time can be ~400 pusec (for a typical value of t,, = 20 msec). For the plots with longer L, the voltage
at the end of the process can take several msec to settle to a steady state that differs significantly

from V..

dependent solution of the cable equation should
be considered. When point clamp is perfect, the
response of a cable to a voltage step of ampli-
tude V}yis described by the following expression
(Rall and Segev, 1985):

V(X,1) cosh(L-X)
Vo ~ cosh(L)

_gi o, Sin(()(nX) e*(lﬂxﬁ )t/tm
L

2
o 1+

Equation 11

where o, = (2n — 1)mt/2L. With knowledge of L
and T,,, estimated as described in Basic Proto-
col 3 (cable analysis), this expression can be
plotted to see how the voltage will be expected
to change at various electrotonic distances. The
greatest space-clamp error will be at the end of
the process, where X = L. Figure 6.6.7 shows
the time course predicted by Equation 11 for
voltage at the cable end (X = L) for processes
of length L = 0.2, 0.5, and 1.0. This plot shows
that even for a short process (L = 0.2), the
voltage at the distal end requires ~0.02 mem-
brane time constants to settle. For a typical
value for t,,, of 20 msec, this would be 400 psec.
Equation 11 is easy to plot and can give some

insight into what kinds of channel-gating proc-
esses can be resolved in cells with processes.

An alternative strategy for evaluating the
dynamics of space clamp can be developed with
the aid of the length constant for a sinusoidally
varying command voltage. The length constant
is then reduced according to the expression

Mo

}"(f)z T —_——————
1+ (ty f12m)

\ 2

Equation 12

where A is the zero-frequency length constant
from Equation 8 and f is the frequency for a
sinusoidal voltage input signal (Traub and
Miles, 1991). This equation shows that high-
frequency signals spread less effectively than
low-frequency signals. Because the dynamic
response of a voltage clamp to a conductance
change is similar to the dynamic response of a
voltage clamp to voltage change (Finkel and
Gage, 1985), we might expect Equation 12 to
provide a length constant relevant to a voltage
clamp’s ability to follow conductance changes
occurring in a dendrite. If we use the time
constant for a given channel-gating process to
replace 2r/f in Equation 12, we can obtain a
rough estimate of the extent of voltage control
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specifically relevant to that process. Because
T 18 typically >20 msec and we are often
interested in channel-gating processes with
time constants of 1 msec, we can approximate
and simplify Equation 12 to give

}\.(T) = }\.0 f_T

Equation 13

For a gating process with a time constant ten
times faster than the membrane time constant,
the length constant will decrease by a factor of
2.3 so that an apparent L will be that much
greater than an estimate based on steady-state
theory. When a gating process is fifty times
faster than T, the electrotonic length will be
five times greater. Thus, channels 0.1 length
constant away will behave as though they are
0.5 length constants away for a channel-gating
process of this speed. For a process with L =
0.3 in the steady state, L becomes 1.5 for fast
conductance changes, and the voltage at the end
of the process becomes 0.42 V., (from Equation
10) instead of 0.96 V,, as mentioned above.
This large error illustrates that cells are far less
compact than the steady-state expressions
would suggest when voltage or membrane con-
ductance change rapidly.

As another way to evaluate the space-clamp
error, L and T, can be measured in cells (see
Basic Protocol 3, cable analysis). Equation 12
or Equation 13 can then be used to obtain the
factor by which the length constant will be
reduced for a kinetic process with aknown time
constant. L can then be multiplied by this factor
to obtain a value L’ that is relevant to the kinetic
process under study. The voltage error at the
end of the process can then be estimated for a
sealed cable (Equation 10) as 1/cosh(L).

These methods of evaluating space clamp
are based on the validity of the equivalent
cylinder representation for the processes of the
cell under study. It is important to test this
hypothesis in each case, and cable analysis
provides some methods for doing so. Note that
L in Equation 2 cannot be computed for /1, >
9. If this happens, the transient has no equiva-
lent cylinder representation. However, the con-
verse is not true; 7,/T, < 9 does not prove that
the process has a valid equivalent cylinder rep-
resentation. Other more stringent criteria can
be used to test this hypothesis (Jackson, 1992).
If the tests are not satisfied, the process may not
have a simple equivalent geometry, and cable
analysis could then be very difficult. Additional
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practical guides and application examples for
cable analysis with the whole-cell voltage
clamp can be found in Jackson (1992), with
applications of cable theory to more compli-
cated branching structures in Major et al.
(1993) and applications to an axon with a distal
swelling in Jackson (1993).

Anticipated Results

Current-voltage plots

When interpreting current-voltage (I-V)
plots obtained from voltage-clamp data one
assumes that for a given type of channel the
total current is equal to the number of channels,
N, times the average current per channel. The
average current per channel in turn is equal to
the single-channel current, i, times the prob-
ability that a channel is open, P,. To a first
approximation an open channel behaves like a
simple linear resistor with a reversal potential
that depends on the ion selectivity of the chan-
nel. This gives i = g(V — V,) where g is the
single-channel conductance and V; is the rever-
sal potential. Total current is then

1= NV -1,)

Equation 14

When all the channels are open, P, = 1 and
the conductance is maximum. We can thus
consolidate two variables into the maximum
conductance as G,x = Ng to obtain

I= Ponax(V_Vr)

Equation 15

In general, P, increases smoothly from zero
to one as voltage is varied, while the rest of the
expression for current, G, (V — V), is simply
a line with slope G, and intercept V;. By
allowing P, to increase over various voltage
ranges relative to V,, a variety of I-V plots can
be generated. If P, increases as one moves
toward V; from the left (i.e., negative to V,), the
current will become increasingly negative even
as the driving force for the ion in question
decreases. This gives the I-V plot a negative
slope. On the other hand, when P, increases as
one moves away from V; to the right (positive
to V}), a nearly flat line starts to curve upward
to reach a limiting slope of NG,,x. In this way
arich variety of behaviors can be obtained. For
further discussion of I-V plots and voltage
dependent channels see Hille (1992).
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The Boltzmann equation

Interpretation of voltage clamp data often
entails fitting the voltage dependence of the
state of a channel (P, in discussion of I-V plots)
to a physical model for voltage gating, and the
starting point for such models is the Boltzmann
equation. Representing channel gating as a
transition between an open state and a closed
state, we have

Equation 16

where o is the opening rate, B is the closing
rate, and the equilibrium constant between the
two conformations is o/f. At equilibrium, the
ratio of the number of channels in the open state
to the number of channels in the closed state is
obtained from the free energy difference, AG, as

N, /N, = o ~AG/RT

Equation 17

where R is the gas constant and 7' is the tem-
perature. If during the transition between the
open and closed states a charged group that is
part of the protein moves within the electric
field across the membrane, then the movement
of this charge will make a contribution to AG
equal to zF3V, where z is the valence of the
charge, F is Faraday’s constant, and d is the
fraction of the transmembrane potential traversed
as the charge moves during the interconversion.
This allows AG to be separated into voltage-in-
dependent and voltage-dependent terms

AG = AGO + VFZBiZi
Equation 18

where the second term on the right represents
the summed contributions to the voltage de-
pendence of many charges moving through
different fractions of the membrane potential
during gating. Substituting Equation 18 into
Equation 17, and then rearranging to obtain the
fraction of channels in the open state, we obtain

» N, 1
o~ N, +N, B AG, +VFZ3;z;
l+e RT
Equation 19

This is the Boltzmann equation. It shows
how the probability of being open varies from
0 to 1 as voltage is changed. It is more com-
monly used in the form

1
P=—
° 1+e(V—VO)/K

Equation 20

where -V /x replaces AG,/RT and 1/x replaces
FX 6,z/RT. Equation 20 can be used in place of
P,. For analyzing real conductance data one
often uses a more general expression:

. Gmax - Gmin
min _
1+e(v Vo)l

Equation 21

G=G

where G,;, is the minimum conductance. This
equation is plotted in Figure 6.6.8 to illustrate
the significance of the various parameters. G,
reflects the presence of a voltage-independent
channel-gating transition or membrane leak. V,,
and x are generally considered to be important
characteristics of a voltage-gated channel that
reflect its molecular properties. Equation 21
can be fitted to voltage-clamp data by varying
the parameters V, and k (and possibly G,;, and
Grax as well). V, is the midpoint of the transi-
tion, or the voltage when half of the channels
are open (Fig. 6.6.8). kis called the “steepness”
or “slope” factor, and provides a rough index
of how much charge moves during the gating
transition. See Hille (1992) for further discus-
sion of the relevance of the Boltzmann equation
to voltage-dependent channel gating. For an
excellent example of the application of these
concepts to a K* channel, see Schoppa et al.
(1992).

Exponential relaxations in channels

Channel gating often follows exponential
kinetics. With the two-state gating scheme as
in the preceeding section, we can obtain a
differential equation for the change in the num-
ber of open channels with time

dN,
—= (XNC - BNO
dt
Equation 22

Solving this equation and converting chan-
nel number to current (Equation 11) gives

I=(1 - If)(l —e’/T)+ I;
Equation 23

Fitting this expression to current versus time
then gives the time constant, = 1/(o + B). The
initial and final currents, /; and I}, reflect the
equilibrium open probabilities in Equation 20
for the voltage before and after the step, respec-
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Figure 6.6.8 Plots of the Boltzmann equation (Equation 21) illustrate how the probability of
channel opening can change with voltage. The parameter V, influences the voltage midpoint as
shown. The parameter k influences the steepness. The conductance varies from Gpin 10 Gpax-

tively. More complex gating schemes can be
developed by incorporating additional closed
and open states into a model. Such models can
be shown to exhibit multiexponential kinetics
(Colquhoun and Hawkes, 1977).

A particularly important extension of the
two-state gating scheme arises from combining
a small number of independent voltage sensing
elements (protein subunits), and coupling them
to one channel. If channel opening is assumed
to require the gating of all of the subunits, then
the probability of channel opening will be the
probability of a single subunit having under-
gone the voltage-gated transition, raised to the
power of the number of subunits. For n
subunits, it is easy to see that Equation 23 then
becomes

1= -1)1-¢") + 1y
Equation 24
Such expressions were used to model cur-
rent activation kinetics in the squid axon by

Hodgkin and Huxley (1952b), who found n =
3 for Na* current and n = 4 for K* current.
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Time Considerations

Electrode fabrication will require ~10 min
(see uniT 6.3) prior to beginning the recording.
Positioning the electrode and running test cur-
rents requires ~1 min. Forming an adequate
gigaseal can take up to several minutes, as can
breaking into the cell. Recording capacitance
and adjusting R; compensation take <1 min.
Time required for data acquisition from one cell
varies from ~5 min to 1 to 2 hr. Time required
for data analysis can be as little as 1 hr, but if
many traces have been collected and analysis
involves fitting to complex models, consider-
ably more time will be needed.
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ning, section on Computer, interface, and software).
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