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1.1
Introduction

Xenopus oocytes have been widely used for studying ion channels in a controlled
in vivo environment since the system was initially developed for this purpose by
Miledi and coworkers [1, 2]. There have been at least five major types of studies
using oocytes to examine ion channel expression. The earliest use was to exam-
ine the properties of specific ion channels in a living cell free from other re-
sponses. The oocytes were injected with RNA isolated from whole brains, and
the responses were analyzed using the two-microelectrode whole cell voltage-
clamp [2, 3], the patch clamp [4], or a variety of biochemical techniques [5, 6].
Once the responses were isolated, Xenopus oocytes were then used in a second
type of study as an assay system to isolate cDNA clones encoding the proteins in-
volved. For example, cDNA clones encoding the 5-HT;c receptor were isolated
using electrophysiological assays, both by hybrid depletion [7] and by directly
transcribing RNA from a ¢cDNA library and injecting the transcripts into oocytes
[8]. These types of studies are much less commonly used now because of the
large number of available heterologous expression systems and cDNA clones en-
coding ion channels.

The third major type of study for which the Xenopus oocyte expression system
has been, and continues to be, particularly useful is the correlation of molecular
structure with electrophysiological function of a specific channel. The two basic
approaches have been to construct defined mutations whose effects are deter-
mined by expression in oocytes, and to construct chimeric molecules between two
closely related channels or receptors followed by expression in oocytes and electro-
physiological analysis. These types of approach are still commonly used but with
more sophisticated structural alterations and functional analyses.

The fourth general approach utilizing expression in oocytes is to determine the
functional effects of mutations that cause human diseases. These types of studies
are also performed using expression in other heterologous systems such as mam-
malian cells, and the advantages and disadvantages of each approach will be dis-
cussed in Section 1.5.3.
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The final approach that takes advantage of expression in Xenopus oocytes is to
screen potential drugs to determine their relative efficacies against specific types
of ion channels. These studies have been made feasible by the development of
automated voltage-clamp devices. Two such devices are the Roboocyte from Multi-
channel Systems and the OpusXpress from Axon Instruments, which is now part
of Molecular Devices. The features of these instruments are described in Section
1.4.3.

1.2
Advantages and Disadvantages of Xenopus Oocytes

While the Xenopus oocyte system is a valuable tool for the study of ion channel
function, there are a number of important factors to consider in deciding whether
oocytes are the most appropriate system to use. One of the primary advantages of
oocytes is that these cells do not express a large number of ion channels and re-
ceptors, so that the exogenous protein can be studied without contamination
from endogenous channels. This advantage is not true in all cases, however, as
oocytes do express some channels and receptors [9]. These responses are not
usually a problem for two reasons. First, only some oocytes express the channels,
so that it is frequently possible to obtain oocytes that do not have endogenous cur-
rent. Second, current from the injected RNA is usually much larger than that
through the endogenous channels, so that it is generally possible to record the ex-
pressed current without significant contamination from native oocyte currents.
In some cases, the presence of an endogenous response can be used to advantage
as a second messenger system that is coupled to the initial response that is being
studied.

Another advantage is that some channels can only be expressed in oocytes and
not in mammalian cells. It is not possible to predict which channels fall into this
category, and success using mammalian cells often depends very strongly on
choosing the appropriate cell type (see Chapter 4). Even when the channels can be
expressed in other systems, oocytes may still be advantageous for examination of
the roles of different subunits. Since expression in oocytes involves injection of
RNA, it is possible to adjust the ratio of RNA encoding each subunit and thus ex-
amine channels with a relatively well controlled composition. In contrast, it is
more difficult to control the ratios of different subunits expressed by transfection
in mammalian cells.

There are also some advantages to the use of oocytes with respect to electrophy-
siological recording. The oocyte system is particularly well suited for the study of
many different mutations because injection and two-electrode voltage-clamping
can be carried out rapidly and in a semi-automated fashion. In addition, studies
involving modulation by second messenger systems such as phosphorylation are
particularly well suited to oocytes because it is possible to express multiple pro-
teins in the same cell, and modulators can be injected while recording with the
two-electrode voltage-clamp. Finally, some analysis techniques are unique to oo-
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cytes. For example, the cut-open oocyte voltage-clamp was developed specifically
for high resolution electrophysiological recording from oocytes and it is particu-
larly well-suited for analyzing fast ionic and gating currents [10, 11].

There are a number of disadvantages to using oocytes for expression of ion
channels. First, as pointed out above, oocytes do express some endogenous chan-
nels and receptors. A second major disadvantage is that it has not been possible to
express every channel in oocytes. On the other hand, most channels that have not
been expressed in oocytes have not been expressed in other heterologous systems
either, so that this problem is not unique to the use of oocytes.

Another disadvantage of oocytes is that many pharmacological agents are less
potent on channels in oocytes compared to the channels in mammalian cells or
native tissues. This difference in potency most likely reflects decreased accessibil-
ity of the drug because of the large number of invaginations in the oocyte mem-
brane, the vitelline membrane surrounding the oocyte surface, or the follicle cells
around the oocyte. However, although the absolute concentration of drug that is
required for block is often higher than that required in native tissues, the relative
efficacies of drugs against different channels are generally representative of those
in native tissues. Other potential disadvantages with the use of oocytes include
the need for procedures and equipment beyond that usually found in a standard
research laboratory, occasional wide variations in quality due to seasonal and other
factors, and the fact that they are best maintained at ambient temperature which
may lead to altered synthesis and processing of mammalian channels compared
to physiological conditions.

The most serious disadvantage of using expression in oocytes as an assay sys-
tem is that the cells are not the native cells in which the channels are normally ex-
pressed. This can be reflected in two major ways. First, the functional properties
that are observed may not be identical to those characterized in native tissues,
although it is often difficult to make a direct comparison because the native cell
usually contains multiple different types of channels. In addition, the functional
properties may depend on the subunit composition, in which case the oocyte sys-
tem can be used to determine which subunits are required for properties similar
to those observed in vivo. The second consequence of oocytes not being the native
tissue is that cellular trafficking is different, particularly in comparison to neu-
rons. Because of this difference, some channels may not be expressed on the cell
surface in oocytes and the effects of mutations that affect trafficking cannot be
studied at all.

1.3
Procedures for Using Oocytes

The procedures for maintenance of Xenopus laevis, preparation of oocytes and in-
jection with mRNA have been previously described [12, 13]. In addition, details
concerning the maintenance of Xenopus laevis and the use of oocytes can be ob-
tained from the Xenopus Express website (http://www.xenopus.com/links.htm).
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A frog colony does not require elaborate equipment, although there are two im-
portant considerations. First, amphibians are sensitive to both chlorine and chlor-
amine, so the water must be purified to remove both compounds. Second,
although frogs can tolerate a wide range of temperature fluctuations, inconsistent
temperature, and particularly elevated temperatures above 20 °C, greatly diminish
oocyte viability.

Surgery to remove oocytes is a relatively simple procedure that can be carried
out on a bench top in a clean room. After preparation, the follicle cells are usually
removed by treatment with collagenase, although oocytes can be injected and vol-
tage-clamped with intact follicle cells around them. Some electrophysiological re-
sponses in oocytes either depend on the presence of follicle cells or occur in the
follicle cells, which would be a reason to maintain the cells. However, all proce-
dures are technically more difficult because the follicle cells are harder to pierce
and it is time-consuming to separate out individual oocytes, so it is usually best to
use defolliculated oocytes.

It is possible to obtain oocytes that have been surgically removed and prepared
for injection by commercial vendors. The advantages of this approach are that
there is no need to maintain a frog colony, an animal use protocol is not required
because no vertebrate animals will be used, and there is a considerable saving in
time. The disadvantages are that the oocytes are significantly more expensive and
they are only available in specific geographical areas, although the number of ven-
dors may increase, depending on demand. One commercial source for oocytes is
EcoCyte Bioscience in Germany (http://www.ecocyte.de).

For most studies, oocytes are injected with RNA that has been transcribed in
vitro from a cDNA clone using either a T7 or T3 promoter. Transcription is easily
performed using commercially available kits, although there are some important
considerations that affect expression levels. First, the RNA needs to be capped for
optimal efficiency, which is part of the procedure in most kits. Second, inclusion
of Xenopus B-globin 5" and 3’ untranslated mRNA regions and a poly(A) tail at the
3’ end usually enhances stability and translatability. Third, the length of the un-
translated 5’ region can have a dramatic effect on the level of current, with shorter
regions generally resulting in greater efficiency of expression.

It is also possible to inject DNA into the nucleus of oocytes. In this case, the
cDNA should be cloned downstream of a eukaryotic promoter such as the com-
monly used Cytomegalovirus (CMV) promoter. The advantage of injecting DNA is
that there is no need to perform in vitro transcription reactions, which saves both
time and money. The disadvantage is that the procedure is more difficult and re-
quires a more sophisticated injection apparatus [12].

Cytoplasmic injection is a relatively rapid and easy procedure. The basic require-
ments are a dissecting microscope, a micromanipulator, and an injector that can
be a simple manual or motor driven dispenser (Fig. 1.1) [12]. Alternatively, oocytes
can be injected using an automated device such as the Roboocyte from Multichan-
nel Systems, as described in Section 1.4.3.1. This instrument was developed for
automated two-electrode voltage-clamping of oocytes, but it can also function for
both cytoplasmic and nuclear injection of oocytes.
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Fig. 1.1 Apparatus for cytoplasmic injec-
tion of Xenopus oocytes. The oocytes are
distributed on polypropylene mesh in a
35-mm tissue culture dish on the stage of
a dissecting microscope. Injection nee-
dles are made using a pipette puller to
draw out the glass bores that are normally
used with the microdispenser. After pull-
ing, the needles are broken off at a tip dia-
meter of 20-40 um, as measured with a
reticle under a dissecting microscope.
The injection needle is position over indi-
vidual oocytes using a micromanipulator
and the oocytes are injected with up to
100 nl of RNA solution. Using these pro-
cedures, it is possible to inject 20 oocytes
with one sample in a few minutes.

1.4
Types of Analyses

1.4.1
Electrophysiological Analysis

The most sensitive approach for analyzing ion channel function in Xenopus oo-
cytes is the use of electrophysiology. Essentially all of the standard electrophysiolo-
gical techniques can be performed on oocytes, including whole cell recording and
patch-clamp recording of both macroscopic and single channel currents. In addi-
tion, techniques such as cut-open oocyte voltage-clamp recording have been devel-
oped specifically for analyzing currents in Xenopus oocytes [10]. The goal of this
chapter is to present the general considerations involved in using the various ap-
proaches, as detailed procedures have been previously described [14].

1.41.1 Two-electrode Whole Cell Voltage-clamp

Whole cell voltage-clamping of oocytes involves using two electrodes inserted into
the oocyte, rather than using one electrode to make a patch on the surface fol-
lowed by rupturing the membrane, as is done in mammalian cells. One electrode
is used to measure the internal potential of the oocyte and the other electrode is
used to inject current (Fig. 1.2). The large size of the oocyte (about 1 mm in dia-
meter and 0.5-1 pl in volume for stage V oocytes) makes this feasible, and is both
the major advantage and disadvantage of the system. One advantage is that the
procedure is easy to learn and fast to perform. The electrodes are simple to pre-
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Fig. 1.2 Diagram of the two-electrode voltage- inject current for clamping the oocyte at differ-
clamp. The oocyte is placed in a chamber un-  ent potentials. The currents can be recorded

der a dissecting microscope and two electro-  either through the current electrode or sepa-
des are gently inserted through the membrane rately through a virtual ground circuit in the
using micromanipulators. One electrode is bath. The bath solution can be easily and
used to measure the internal potential of the rapidly changed by continuous perfusion from
oocyte and the other electrode is used to gravity flow reservoirs.

pare and it is generally possible to obtain records from all oocytes if they are
healthy, so that there is very little time lost in preparation. In addition, perfusion
of the external medium can be easily changed multiple times. These features
make the two-electrode voltage-clamp ideal for screening purposes. A second ad-
vantage is that the recordings can be stable over long periods of time, which
makes it particularly useful for analyzing properties that require long protocols,
such as slow inactivation. A third advantage is that it is possible to insert multiple
electrodes and injection needles into the same oocyte. Therefore, modulators of
channel function can be injected inside the cell while recording, so that a rapid
and direct response to an intracellular signal can be observed. The final advantage
of the two-electrode voltage-clamp is that it records currents through channels
present in the whole cell, so that it is very sensitive. For example, currents as small
as 50 nA can be detected, which corresponds to only 5 x 10* molecules if the sin-
gle channel current is 1 pA. The two-electrode voltage-clamp can be used to record
currents over a wide range of amplitudes from about 10 nA to over 100 pA, de-
pending on the amount of RNA that is injected. However, it is important to adjust
the amount of RNA to obtain currents that can be reliably clamped because it is
difficult to accurately clamp the membrane potential of the oocyte if the currents
are larger than 5 pA.
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The major disadvantage of recording from the entire oocyte is that the large
size and extensive membrane invaginations result in an extremely large mem-
brane capacitance, approximately 150-200 nF. The large capacitance causes a
slow clamp settling time when the membrane potential is changed. The capacity
transient can be minimized by using electrodes with low impedances of 500 kQ or
less. This can be accomplished by filling the electrode tips with low-melting tem-
perature agarose, making it possible to have a large tip opening without signifi-
cant leakage of KCl into the oocyte [15]. However, even with the best electrodes it
is difficult to obtain data during the first 1-2 ms of a depolarization, which is the
time during which rapidly activating voltage-gated channels such as sodium chan-
nels are activated (Fig. 1.3). The large capacity transient is not a problem when re-
cording slow responses or ligand-gated currents that do not require changes in
voltage. A second major disadvantage is that there is no control of the internal cel-
lular environment, so that it is difficult to perform quantitative studies, for exam-
ple examining selective permeability.

1.41.2 Cut-open Oocyte Voltage-clamp

The cut-open oocyte voltage-clamp was developed to circumvent many of the dis-
advantages involved in using the two-electrode whole cell voltage-clamp [10, 11].
In this procedure, the oocyte is inserted in a chamber that separates the surface
into three regions (Fig. 1.4). The top portion of the oocyte membrane is the region
that is clamped and is the section from which currents are actually recorded. The
middle portion is a guard that is clamped to the same potential as the top to null
leakage currents though the seals. The bottom portion is the region of the oocyte
that is “cut-open”, either by permeabilization with saponin or by insertion of a
cannula, thus making it possible to perfuse the internal environment and to inject
current intracellularly through a low resistance pathway. The internal environ-
ment is clamped to ground, as measured by a low resistance electrode inserted
through the top of the oocyte, which ensures that the region of the oocyte near the
top portion is accurately held at ground. The bath surrounding the top portion of
the oocyte is clamped to the command potential, which can be rapidly changed
with minimal series resistance. Currents are recorded through low resistance elec-
trodes in the top chamber.

There are a number of advantages to the cut-open oocyte voltage-clamp com-
pared to the two-electrode voltage-clamp. First, the capacity transient is minimized
so that the clamp can settle in 50 ps, which is fast enough to study activation of
even the fastest ion channels (Fig. 1.3). Second, current noise is quite low, approxi-
mately 1 nA RMS at 5 kHz bandwidth. Third, it is possible to control the solutions
in both external and internal environments. The internal solution can be accu-
rately adjusted with the initial perfusate, but is difficult to change because of the
slow perfusion rate, even when using a cannula. In contrast, the external solution
can be changed quickly and completely. Finally, the recordings can be stable for
hours. These advantages make the clamp particularly well suited for studies invol-
ving fast ionic and gating currents.
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Fig. 1.3 Representative traces of sodium cur-
rents using the different recording techniques.
The two-electrode voltage-clamp records from
channels throughout the entire oocyte mem-
brane, which results in a large capacitive transi-
ent (the gap in the current records) so that data
cannot be obtained for 1-2 ms after a depolari-
zation. The cut-open oocyte voltage-clamp re-
cords from channels in approximately a third of
the oocyte membrane. Therefore, the magni-
tudes of the currents are comparable, but the
time resolution is significantly faster because of
the design of the clamp. The macropatch vol-
tage-clamp records from channels in a small
patch of oocyte membrane, resulting in fast
time resolution but smaller current amplitudes
(note the current scale is in pA rather than nA).
Small patches can be used to record single
channel activity with excellent time resolution.
The amplitude of single sodium channels is ap-
proximately 1 pA at the potential used for these
recordings. All of the data were obtained from
oocytes injected with RNA encoding the rat
Na,1.2 sodium channel o subunit alone. The
macroscopic current traces are shown for depo-
larizations from a holding potential of =100 mV
to a range of potentials between — 30 and

+30 mV in 10 mV increments. The single chan-
nel current trace is shown for a depolarization
from =100 to =30 mV. The arrows indicate the
start of the depolarization.

The major disadvantages of the cut-open oocyte voltage-clamp procedure are that
it requires specialized equipment and that it is more difficult to use than the two-
electrode voltage-clamp. However, all of the equipment for this procedure, includ-

ing the voltage-clamp, recording chamber

and temperature controller, are commer-

cially available from Dagan Corporation (http://www.dagan.com/ca-1b.htm).
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Perfusion Cannula

Fig. 1.4 Diagram of the cut-open oocyte vol- chamber is used to inject current intracellularly
tage-clamp. The oocyte is inserted in a cham-  through a low resistance pathway. The internal
ber that separates the surface into three re- environment is clamped to ground as meas-
gions. The top chamber is clamped to the ured by a low resistance electrode inserted
command potential and is the section from through the top of the oocyte. A cannula in-
which currents are recorded. The middle serted into the oocyte through the bottom
chamber is a guard that is clamped to the chamber makes it possible to perfuse the inter-

same potential as the top to null leakage nal environment.
currents though the seals. The bottom

1.41.3 Macropatch Clamp

An alternative method of circumventing the problems caused by the large size of
the oocyte is to record from only a fraction of the membrane in an isolated patch
[16]. To record macroscopic currents, an electrode with a relatively large opening
of about 10 pm in diameter is used to establish a macropatch on the surface mem-
brane (Fig. 1.5). Recording can be performed in either the cell-attached mode or
excised inside-out mode. The cell-attached mode is technically easier and main-
tains the normal cytoplasmic environment, but the intracellular potential needs to
be determined. This potential can be measured by inserting electrodes into the oo-
cyte, which is possible because of its large size. Either a single electrode can be
used to measure the potential, or two electrodes can be used to clamp the oocyte
at a fixed holding potential. The use of two electrodes has the advantage that chan-
nels throughout the remainder of the oocyte are held at the desired potential,
minimizing slow inactivation of voltage-gated channels so that the same oocyte
can be used for multiple patches. The excised patch technique allows complete
control of the potential on both sides of the membrane, but it can be more diffi-
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MACROPATCH RECORDING Fig. 1.5 Macropatch versus

small patch recording. To record

Pull macroscopic currents using the
B“"/ patch clamp, an electrode with a
/ large tip diameter of approxi-
mately 10 um is used to make a
Memhrane seal with the oocyte membrane.
10 p diameter Currents can be recorded while
the electrode is still attached to
the intact oocyte or the electrode

SMALL PATCH RECORDING can be gently pulled back to

record currents through an ex-

Pull cised portion of the membrane.
Ba‘/ More sensitive recordings can
/ be obtained using the same ap-
proaches but with a smaller dia-

Mem brane

meter electrode tip (approxi-

1 u diameter mately 1 pm).

Cell-Attached Patch Excised Patch

cult to perform because the seal between the membrane and the large diameter
electrode is less stable than with a small electrode. An advantage of using an ex-
cised patch is that the internal face of the membrane can be perfused with differ-
ent solutions.

There are a number of advantages in using the macropatch technique to record
from ion channels in oocytes. First, the capacity transient is minimized because
only a small region of the membrane is depolarized, which makes it possible to re-
cord fast ionic and gating currents (Fig. 1.3). Second, there is complete control of
the solutions on both sides of the membrane if the patch is excised, although only
the internal side can be altered with perfusion because the outside is fixed by the
electrode composition. These characteristics of the macropatch technique are si-
milar to those of the cut-open oocyte voltage-clamp. An advantage compared to
the cut-open oocyte technique is that the equipment is not as specialized, so that a
patch clamp amplifier from any supplier can be used.

There are some disadvantages in using the macropatch technique compared to
the cut-open oocyte voltage-clamp. First, macropatches are usually not as stable
as oocytes in the cut-open oocyte voltage-clamp. The decreased stability is a func-
tion of the patch and the fact that it is necessary to remove the vitelline mem-
brane from the oocyte to make a seal with the electrode. Oocytes without the vi-
telline membrane are less stable than intact oocytes and they will lyse if exposed
to air. A second disadvantage of macropatch recording is that it usually requires
a high level of expression in the oocyte. In this regard, it is possible to use smal-
ler electrodes by increasing the level of expression, which in turn decreases the
technical difficulty. Because the macropatch technique involves either cell-at-
tached or excised inside-out patches, there is no access to the external surface of
the portion of the membrane being studied. Therefore, macropatch recording is
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not well suited for studying the interactions of toxins that directly bind to a chan-
nel from the external surface. On the other hand, it is an excellent system for
studying modulation through second messenger systems, particularly in the cell-
attached mode.

1.4.1.4 Single Channel Analysis

Xenopus oocytes can also be used for conventional patch clamp recording, includ-
ing single channel analysis. This approach differs from macropatch recording
only in the size of the electrode, with a tip diameter of about 1 pm compared to
about 10 pm for macropatches (Fig. 1.5). To make the seal, the vitelline membrane
must first be removed from the oocyte, which is accomplished by placing the oo-
cyte in a hypertonic solution (200 mM NacCl). The oocyte shrinks, leaving the vitel-
line membrane exposed so that it can be manually removed with forceps. Patches
can then be obtained in the cell-attached or excised configuration, as in mamma-
lian cells. One disadvantage of the cell-attached mode is that the intracellular po-
tential must be determined. However, an advantage of using oocytes for this pur-
pose is that additional electrodes can be inserted into the large oocyte, making it
possible to accurately measure or clamp the intracellular potential. On the other
hand, the additional electrodes and voltage-clamp increase the noise, which can
be a significant problem for single channel recording. A second disadvantage of
cell-attached recording is that oocytes express a high level of endogenous stretch-
activated channels [17], and currents through these channels may interfere with
the signal of interest.

The patches can be excised in either the inside-out or outside-out configuration,
just as with mammalian cells (Fig. 1.6). A difference compared to mammalian
cells is that it is more difficult to rupture the oocyte membrane compared to a
mammalian cell membrane. Positive pressure is generally the most effective tech-
nique, particularly with electrodes that have small electrode tip openings. In addi-
tion, the oocyte cannot be clamped with a single electrode after the membrane
has been ruptured, unlike the situation with mammalian cells. Once the patch is
excised, recording is comparable to recording from mammalian cell patches.

Single-channel analysis in oocytes is generally equivalent to single channel ana-
lysis using mammalian cells, and it therefore has the same advantages and disad-
vantages. First, there is excellent time resolution because only a small portion of
the membrane is depolarized. Therefore, it is possible to obtain detailed informa-
tion about the opening and closing of individual channel molecules, which pro-
vides the most quantitative information for developing gating models (Fig. 1.3).
The major disadvantage is that it is technically difficult to get high quality data,
especially with small conductance channels. In addition, single channel recording
is very time consuming for both acquisition and analysis.

There are also some advantages and disadvantages to using oocytes for this pur-
pose compared to mammalian cells. One advantage is that the level of expression
can be adjusted by injecting different quantities of RNA. Therefore, it is possible
to maximize the probability of obtaining patches that contain single channels. A

n
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Fig. 1.6 Inside-out versus outside-out patch
recording. Patches of oocyte membrane can be
excised in either the inside-out or outside-out
configuration. In both cases, the electrode is
first placed against the oocyte membrane to
obtain a tight seal. For an inside-out patch,

the electrode is then gently pulled back,

Cytoplasmic

Inverted

Extracellular
Side

leaving the cytoplasmic face of the membrane
exposed to the bath solution. For an outside-
out patch, the oocyte membrane is first rup-
tured, after which the electrode is gently pulled
back. The membrane reforms a vesicle at-
tached to the electrode with the external face
exposed to the bath solution.

related advantage is that the oocytes can be screened first using a two-electrode
voltage-clamp to determine the levels of expression so that only cells with an ap-
propriate level of current are used to obtain patches. On the other hand, a disad-
vantage of oocytes is that the vitelline membrane must be removed before patch-
ing, which adds an extra step and decreases the viability of the oocyte.

1.4.2
Biochemical Analysis

Ion channels expressed in oocytes can be studied using standard biochemical
techniques such as immunoprecipitation or binding assays [18, 19]. The major
disadvantage of these techniques in oocytes is that they are significantly less sensi-
tive than the electrophysiological approaches. Using the whole cell voltage-clamp,
it is possible to detect as few as 10° channel molecules in a single oocyte (less
than 107'® mole). On the other hand, biochemical techniques are generally reli-
able down to the level of 1072 mole, although this depends strongly on the speci-
fic activity of the reagents being used. Because of this limitation, it is necessary to
express the channels at a much higher level for biochemical analysis than is re-
quired for electrophysiological recording.
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Another consideration in using biochemical techniques to analyze ion channel
expression in oocytes is that solubilization results in isolation of both cytoplasmic
and membrane proteins. Functional ion channels are located in the membrane,
but there is generally a large intracellular pool of molecules [20]. An advantage of
electrophysiological analysis is that it examines only the functional channels in
the membrane, whereas immunoprecipitation of total oocyte proteins examines
both membrane-bound and cytoplasmic proteins. This problem can be mitigated
by using membrane preparations for solubilization [21], but it is difficult to re-
move all nonmembrane proteins and those bound to internal membranes. Ligand
binding assays do not suffer from this limitation and thus they are well suited for
the study of ion channels expressed in oocytes.

Ligand binding assays using oocytes are very similar to those carried out using
mammalian cells (see Chapter 7). The advantage of using oocytes is that it is pos-
sible to easily and quickly express many different channel mutations or variations.
In addition, the assay can usually be carried out on a single oocyte so that the com-
position of channels and subunits is relatively homogenous. The use of a single
cell is also the major disadvantage of oocytes, in that it is necessary to obtain a suf-
ficiently high level of expression so that the ligand can be detected. Therefore, the
assay requires a high affinity ligand that can be labeled to high specific activity.

1.4.3
Compound Screening

An application of Xenopus oocyte expression that has become more common in
the past few years is screening the effectiveness of new pharmaceuticals and those
in development. In this regard, the use of oocyte expression cannot really be con-
sidered high throughput screening but rather, moderate throughput screening.
Even though the limitation on throughput is unlikely to be eliminated anytime
soon, there are some advantages to using oocyte expression for this purpose.

A major advantage of screening in oocytes is that the assay is electrophysiologi-
cal, which is the most detailed and relevant response to the compound or drug. In
this regard, screening ion channels in oocytes is comparable to screening with
one of the automated patch clamp systems that have been developed. Because
automated patch clamps are designed for screening cell lines that are usually con-
structed to be stably expressing the genes of interest, oocytes are better suited for
analyzing multiple channel variations such as mutations or different composi-
tions of subunits. For this reason, the oocyte system is particularly appropriate for
target identification and optimization. There are also some situations for which
the oocyte system has a clear advantage. The first is if the channels do not express
well (or at all) in mammalian cells. The second is if the mammalian cells express
native currents that interfere with detection of the expressed response.

A major disadvantage of using oocytes for screening drugs is that the cell is not
the physiological target and the responses may differ from those that occur in
vivo. However, this is a criticism of most screening systems because the physiolo-
gical target cells often cannot be used because they express many different chan-
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nels and receptors. One difference between oocytes and mammalian cells is that
higher drug concentrations are often required for effective block of ion channels
in oocytes compared to mammalian cells. This difference probably reflects limited
drug access to the oocyte membrane because of the large number of invagina-
tions. On the other hand, although the actual ECsq is usually higher in oocytes,
the rank order of different drugs on the same channel or the relative efficacy of
the same drug on different channels is likely to reflect the situation with native tis-
sue.

Two different automated systems have been developed for electrophysiological
screening of ion channels using Xenopus oocytes. The Roboocyte system uses a se-
rial approach in which oocytes are tested sequentially, and the OpusXpress system
uses a parallel approach in which eight oocytes are tested simultaneously.

1.4.3.1 Serial Recording Using the Roboocyte

The Roboocyte was developed by Multichannel Systems for the automated screen-
ing of oocytes in a serial fashion. Information about the Roboocyte can be ob-
tained from the company web site at the following address: http://www.multi-
channelsystems.com/products/roboocyte/robointro.htm.

The instrument consists of a single head that moves vertically for both injection
and recording, with the oocytes located in the chambers of 96 well dishes (Fig.
1.7). The head can be configured with an injection needle or with a recording as-
sembly that contains both voltage and current electrodes and a perfusion needle.
The dish sits in a carrier that moves in the X and Y directions to position each oo-
cyte sequentially under the head. The entire instrument is computer-controlled
with separate procedures for injection and electrophysiological recording. Perfu-
sion can be controlled using a gravity based system that is part of the apparatus
and contains either 8 or 16 valves, or the device can be connected to a Gilson li-
quid handler that can dispense compounds from multiwell plates.

The Roboocyte is ideally suited to a situation in which the same sample will be
injected into every oocyte, with alterations in the recording conditions or drug ap-
plication. A major advantage is that injection can be automated after a single set-
up configuration. On the other hand, it is not possible to inject different samples
without going through the complete set-up procedure again. Oocytes can be
obtained already prepared in multiwell plates from EcoCyte Bioscience (http://
www.ecocyte.de), although the availability is limited to specific geographic re-
gions.

A unique advantage of the Roboocyte is that it is relatively simple to perform
nuclear injection. For this purpose, oocytes are allowed to settle in the 96 well
plates, during which time the lighter nucleus rises towards the top surface of the
oocyte. Because the oocytes are injected vertically, the instrument can be config-
ured so that the needle pierces the nucleus by increasing the depth of injection.
Nuclear injection avoids the time and expense of in vitro transcription. The coding
region is cloned following a eukaryotic promoter rather than a T7 or T3 promoter,
and the RNA is transcribed in the oocyte nucleus. A disadvantage of nuclear injec-
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Fig. 1.7 The Roboocyte automated voltage- ized air above a magnetic steel plate. Perfusion
clamp from Multichannel Systems. A, The in-  can be controlled with a gravity-based system
strument consists of a single head that moves  containing 16 valves. B, Close-up view of an in-
vertically for both injection and recording, with  jection needle. C, Close-up view of the record-
the oocytes located in the chambers of a 96 ing head, which contains both voltage and cur-
well dish that moves on a cushion of pressur-  rent electrodes and a perfusion needle.

tion is that it is difficult to control the amount of RNA that is synthesized and
hence the size of the current that is expressed. In addition, it is impossible to in-
ject fixed ratios of different subunits.

The Roboocyte performs automated two-electrode electrophysiological record-
ing with semi-automated on-line and off-line analysis. The recording protocol is
the same for each oocyte, and the oocytes are tested for viability before recording
so that data are not obtained from dead oocytes. The sampling frequency is up to
2-kHz, which is a lower time resolution than that of the OpusXpress. The perfu-
sion system that is included as part of the Roboocyte is limited to a maximum of
16 samples flowing by gravity. The manifold includes the outlet from all reservoirs
so there is no lag time for perfusion, but there is a risk of cross-contamination at
the tip. The instrument is designed to interface with a more sophisticated liquid
handling system from Gilson, in which case samples can be stored in a variety of
wells or tubes and the flow rate is controlled by a peristaltic pump. A disadvantage
of this system is that there is a significant lag time for drug delivery to the record-
ing chamber, so that the flow rate must be calibrated to determine when the com-
pound reaches the oocyte.
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1.43.2 Parallel Recording Using the OpusXpress

The OpusXpress was developed by Axon Instruments, which is now part of Mole-
cular Devices. This instrument is designed for automated analysis of oocytes in a
parallel configuration. Information about the OpusXpress can be obtained from
the company web site at the following address: http://www.axon.com/cs_Opus
Xpress.html

The instrument consists of eight individual recording chambers that are config-
ured with perfusion and ground assemblies (Fig. 1.8). Separate voltage and cur-
rent electrodes are positioned in each chamber for a total of 16 electrodes. Manip-
ulation of the electrodes is controlled by 8 separate controllers and recording is
carried out using 8 separate voltage-clamp modules. As with the Roboocyte, the
entire instrument is computer-controlled. Perfusion is applied from one of two
large reservoirs to all of the chambers simultaneously. Individual compounds are
applied from 96 well dishes by an automated liquid handling system that uses 8
parallel pipette tips. The OpusXpress is designed purely as a recording instru-
ment with no provision for automated injection, so that injection of the oocytes
must be carried out separately.

The OpusXpress is particularly well suited for examining oocytes injected with
different types of RNA. The parallel design has the potential to increase through-
put, as recordings are obtained from 8 oocytes simultaneously. The initial set-up
time is longer than for the Roboocyte because 16 electrodes must be prepared and
positioned in the holders. However, the electrodes can be reused for a number of
days, so that the set-up for additional recordings only involves replacing the

Fig. 1.8 The OpusXpress automated voltage-  the voltage electrodes on the left and the cur-
clamp from Molecular Devices. A, The instru-  rent electrodes on the right. C, Close-up view
ment consists of eight individual two-electrode  of the 8 voltage-clamp recording chambers,
voltage-clamps and a liquid handling system.  each of which is equipped with perfusion and
B, Close-up view of the automated manipula-  virtual ground assemblies.

tors that control the 8 pairs of electrodes, with
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oocytes, which takes significantly less time. A major advantage of this approach is
that compounds can be applied simultaneously to oocytes expressing different
channels.

Recordings are obtained using the same series of protocols for all 8 oocytes,
with automated operation and real-time analysis. In addition, oocytes are tested
for viability so that compounds are not delivered to chambers containing dead oo-
cytes. An advantage of the OpusXpress is that the sampling frequency is up to
30 kHz, which is significantly faster than for the Roboocyte. The instrument can
be programmed for a variety of recording protocols and solutions exchanges. The
compounds are loaded into the chambers of 96 well dishes and relatively small
volumes are required. Another advantage of the OpusXpress is that each com-
pound is delivered via an individual pipette tip, so that there is no delay and no
cross-contamination.

1.5
Examples of Use

1.5.1
Characterization of cDNA Clones for a Channel

Originally, the oocyte expression system was especially useful for the isolation of
cDNA clones encoding ion channels for which no sequence information was avail-
able. With the acquisition of complete genomic sequence information from many
species, new ion channels are now usually identified as candidate genes based on
their similarity with known family members. However, once the sequence has
been determined, it is still necessary to demonstrate that the gene encodes a func-
tional channel. This step is critical because the sequence may not correctly predict
the properties of the encoded protein. An example of this situation is the charac-
terization of the BSC1 channel from the German cockroach Blattella germanica
[22]. BSC1 was originally identified as the orthologue of the DSC1 channel from
Drosophila melanogaster [23], which was in turn identified by its sequence similar-
ity to voltage-gated sodium channels [24]. However, neither DSC1 nor BSC1 had
been functionally expressed, so that the assignment of these genes as voltage-
gated sodium channels was based purely on sequence similarity.

Zhou et al. [22] succeeded in expressing BSC1 in oocytes and demonstrated that
it encodes a functional voltage-gated cation channel whose properties differ signif-
icantly in a number of ways from those of voltage-gated sodium channels. First,
the channels are more selective for barium than for sodium. Second, the kinetics
of activation and inactivation are significantly slower than the kinetics of sodium
channel gating. Third, the channels deactivate very slowly with a substantial tail
current. Finally, sodium currents through the channel can be blocked by low con-
centrations of calcium, resulting in an anomalous mole fraction effect. All of these
properties are more similar to voltage-gated calcium channels than to voltage-
gated sodium channels. BSC1 appears to be the prototype of a novel family of in-
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vertebrate voltage-dependent, cation channels with a close structural and evolu-
tionary relationship to voltage-gated sodium and calcium channels.

The Xenopus oocyte expression system was both helpful and problematical for
the characterization of BSC1. A critical advantage was that the BSC1 channel had
only been expressed in oocytes, so that this system was essential to study the chan-
nel. Second, currents through BSC1 were too small to measure using isolated
patch recording, which made it difficult to compare the permeability of different
ions. The cut-open oocyte voltage-clamp made it possible to examine permeability
because the ionic composition on both sides of the membrane could be altered
while still recording macroscopic currents through most of the cell membrane.
The major disadvantage of using oocytes was that they express a robust calcium-
activated chloride current that was turned on by calcium entry through BSC1. The
chloride current made it significantly more difficult to record calcium current
through the slowly gating BSC1 channel, which made it necessary to record bar-
ium rather than calcium current.

1.5.2
Structure—Function Correlations

One of the most powerful uses for oocytes in the study of ion channels has been
to correlate molecular structure with biochemical and electrophysiological func-
tions. Studies of this type initially involved mutagenesis followed by relatively
straightforward analysis using either the two-electrode voltage-clamp or patch
clamp. These approaches identified many of the regions involved in activation [25,
26], inactivation [27-30], toxin-binding [31-34] and permeation [35, 36] of voltage-
gated sodium and potassium channels. More sophisticated approaches have since
been developed that take advantage of the features of oocyte expression to investi-
gate the molecular mechanisms involved.

One technique that has been particularly powerful has been the combination of
fluorescent microscopy with electrophysiological recording to determine the
movement of specific regions of the channel. This approach utilizes the substi-
tuted cysteine scanning accessibility method originally developed by Javitch et al.
[37], which involves replacing amino acids individually with cysteine and then
using cysteine-modifying reagents to determine the accessibility of those residues
(see Chapter 2). For the fluorescence measurements, the cysteine residue is la-
beled with a fluorophore that can be used to detect movement of the specific re-
gion of the molecule. While cysteine scanning mutagenesis has been performed
using a variety of expression systems, the combination of fluorescence microscopy
with electrophysiological recording is a unique capability of the oocyte expression
system. These approaches have been developed and used extensively by Isacoff
and coworkers and Bezanilla and coworkers.

The combination of fluorescence and electrophysiology measurements has re-
vealed a great deal about the movement of the voltage sensor in the potassium
channel. Cha et al. [38] used lanthanide-based resonance energy transfer to mea-
sure the voltage-dependent distance changes near the S4 subunit of the Shaker
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potassium channel, demonstrating that gating is accompanied by a rotation and
possible tilt rather than a large transmembrane movement. Mannuzzu et al. [39]
used voltage-clamp fluorometry of oocytes to measure gating rearrangements in
the Shaker potassium channel. Their results demonstrated that there are two
charge-carrying steps, the first of which takes place independently in each subunit
whereas the second involves cooperative interactions between S4 segments. This
approach has also been useful for testing structural models of voltage-gated ion
channels. For example, Gandhi et al. [40] used accessibility probing and disulfide
scanning experiments to demonstrate that the S4 voltage sensor in the bacterial
K,AP potassium channel lies in close apposition to the pore domain in the resting
and activated state, in contrast to the predictions of the crystal structure for that
channel [41, 42].

Similar approaches have revealed details about the interactions of the four S4
voltage sensors in the sodium channel. Chanda et al. [43] used the cut-open oocyte
voltage-clamp to simultaneously record fluorescence signals and gating currents,
demonstrating that the voltage-dependent movement of the S4 segment in do-
main IV is a late step in the activation process after the S4 segments in domains
I-IIT have moved. They further showed that the S4 segment of domain III most
likely moves at the most hyperpolarized potentials and that the S4 segments in do-
mains I and II move at more depolarized potentials. Chanda et al. [44] used the
same approach to provide direct evidence for coupling interactions between the
voltage sensors. Their results indicate that movement of all four voltage sensors is
coupled to varying extents, with energetic linkage between the voltage sensors in
domains I and IV.

The technology has been continually improved in various ways. Sonnleitner et
al. [45] used total internal reflection fluorescence microscopy, which allowed them
to measure the movement of single voltage-gated Shaker potassium channels
rather than the movements of large ensembles of proteins. Asamoah et al. [46] uti-
lized a novel fluorescent probe (Di-1-ANEPIA) to record dynamic changes in the
electric field during the gating process of the Shaker potassium channel. Cohen et
al. [47] developed a novel fluorescent probe (aminophenoxazone maleimide),
which made it possible to track the motions of the side chains to which the probe
was attached. These approaches have provided very detailed mechanistic and
structural information about the movements of specific regions of ion channels,
and they are uniquely suited to expression in Xenopus oocytes.

1.5.3
Studies of Human Disease Mutations

The oocyte expression system has been extensively used to characterize the effects
of ion channel mutations that cause human diseases. An example of this use is
the study of mutant voltage-gated sodium channels that cause diseases of the
musculoskeletal, cardiovascular and nervous system. Mutations in the SCN4A
gene encoding the Na,1.4 skeletal muscle sodium channel cause three neuromus-
cular diseases, periodic paralysis, paramyotonia congenita and the potassium-ag-
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gravated myotonias [48, 49]. Mutations in the SCN5A gene encoding the Na,1.5
cardiac channel cause long QT type 3, which predisposes to ventricular tachycar-
dia (torsades de pointes), and Brugada syndrome, which is manifested as ventricu-
lar fibrillation [50]. Mutations in any of three neuronal sodium channel genes
cause generalized epilepsy with febrile seizures plus (GEFS+). The mutations
have been identified in SCN1A encoding Na,1.1 [51-53], SCN2A encoding Na,1.2
[54] and SCN1B encoding the B1 subunit [55, 56].

These mutations have been analyzed using a variety of different expression sys-
tems, each of which has certain advantages and disadvantages. Most studies of
the mutations in the skeletal muscle sodium channel have been carried out using
transfected HEK or tsA201 cells [57, 58], although some studies have been carried
out using oocytes [59]. However, neither expression system is a very good model
for skeletal muscle fibers, in which the mutant channels are expressed in vivo. In
fact, Cannon et al. [60] used theoretical reconstructions to demonstrate that the in-
tegrity of the muscle cell T-tubule system is required to produce myotonia. Simi-
larly, mutations in the cardiac sodium channel have been studied using both oo-
cytes [61-63] and mammalian cells [63, 64], with the same reservation that neither
system is a good model for cardiac myocytes. Papadatos et al. [65] solved this prob-
lem by constructing mice in which the mouse Scn5a gene encoding the Na,1.5
cardiac sodium channel was disrupted, which made it possible to study both the
electrophysiological properties of the ventricular myocytes and the electrocardio-
graphic characteristics of the mice.

Similar studies have been carried out to analyze the effects of mutations caus-
ing GEFS+ using both oocytes [66-69] and mammalian cells [70, 71]. The results
in the two different systems are sometimes comparable and sometimes different.
For example, using the oocyte expression system, Spampanato et al. [66, 67] de-
monstrated that R1648H dramatically accelerates recovery from inactivation,
W1204R shifts the voltage-dependence of activation and inactivation in the nega-
tive direction, and T875M enhances slow inactivation. These results suggest that
multiple different alterations in sodium channel function can lead to a similar sei-
zure phenotype. Lossin et al. [70] examined the same three mutations using an
HEK cell expression system and obtained different results. They observed a
marked increase in persistent current for R1648H and a slight increase in persis-
tent current for T875M and W1204R, and they hypothesized that the epileptic
phenotype resulted from the persistent current in all cases. It is not known which
alterations reflect the actual effects of the mutations in neuronal cells in vivo.
These discrepancies emphasize the necessity to examine the effects of disease-
causing mutations in the cell types in which they are normally expressed in vivo.

There are certain instances in which the oocyte expression system is particularly
well suited for the analysis of a disease-causing mutation. One mutation that
causes GEFS+ is D1866Y, which alters an evolutionarily conserved aspartate resi-
due in the C-terminal cytoplasmic domain of the sodium channel o subunit [72].
This mutation decreases modulation of the o subunit by B1, which normally
causes a negative shift in the voltage-dependence of inactivation in oocytes. There
is less of a shift with the mutant channel, resulting in a 10 mV difference between
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the wild-type and mutant channels in the presence of B1. This shift increases the
magnitude of the window current, which results in more persistent current dur-
ing a voltage ramp. Computational analysis suggests that neurons expressing the
mutant channels would fire an action potential with a shorter onset delay in re-
sponse to a threshold current injection, and that they would fire multiple action
potentials with a shorter inter-spike interval at a higher input stimulus. The re-
sults suggest that the D1866Y mutation weakens the interaction between the o
and B1 subunits, demonstrating a novel molecular mechanism leading to seizure
susceptibility. The use of oocytes made it possible to quantitatively assess the ef-
fects of B1 by injecting different ratios of RNA encoding the o and 1 subunits,
which is very difficult to accomplish using a mammalian cell expression system.

1.6
Conclusions

In summary, Xenopus oocytes have been widely used as a heterologous expression
system for the study of ion channels. Most channels can be expressed in a variety
of different cell types, each of which has its own advantages and disadvantages.
Oocytes are particularly well suited for studying many different samples, such as
multiple mutations or the effects of different compositions of subunits. In addi-
tion, they are excellent for correlating structure with function using a combination
of molecular biological and electrophysiological techniques, some of which have
been developed specifically for oocytes. Finally, oocytes represent the only hetero-
logous system in which some channels have been expressed. On the other hand,
oocytes are not the native cells in which the channels are normally expressed, and
this caveat must be remembered when interpreting the results.
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