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ABSTRACT Xenopus laevis oocytes have been used exten-
sively during the past decade to express and study neuro-
transmitter receptors of various origins and subunit compo-
sition and also to express and study receptors altered by
site-specific mutations. Interpretations of the effects of struc-
tural differences on receptor mechanisms were, however,
hampered by a lack of rapid chemical reaction techniques
suitable for use with oocytes. Here we describe f low and
photolysis techniques, with 2-ms and 100-ms time resolution,
respectively, for studying neurotransmitter receptors in giant
('20-mm diameter) patches of oocyte membranes, using
muscle and neuronal acetylcholine receptors as examples.
With these techniques, we find that the muscle receptor in
BC3H1 cells and the same receptor expressed in oocytes have
comparable kinetic properties. This finding is in contrast to
previous studies and raises questions regarding the interpre-
tations of the many studies of receptors expressed in oocytes
in which an insufficient time resolution was available. The
results obtained indicate that the rapid reaction techniques
described here, in conjunction with the oocyte expression
system, will be useful in answering many outstanding ques-
tions regarding the structure and function of diverse neuro-
transmitter receptors.

Xenopus laevis oocytes are used extensively to express neuro-
transmitter receptors from various regions of the nervous
system, from different species, and of varying subunit com-
position and also to express receptors altered by site-specific
mutations, nervous system diseases, or exposure to abused
drugs (1–5). Neurotransmitters are released at specialized
intercellular junctions and bind to receptor proteins, which can
form channels through which small inorganic ions cross the
plasma membrane. The lifetime and conductance of the
open-channel form of the receptors can be measured in
oocytes (6) using the single-channel current-recording method
(7). Chemical kinetic techniques (8) for measuring elementary
steps in the receptor-mediated reactions, which typically occur
in the microsecond-to-millisecond time region (reviewed in
ref. 9), have been developed for the use with small cells (10–12;
reviewed in ref. 9). Such investigations in the much larger
oocytes have, however, been hindered by the lack of similar
techniques with an appropriate time resolution. The question
remained, therefore, whether or not receptors expressed in
oocytes have the same properties as the same receptors
expressed in their natural cellular environment (for instance,
see ref. 5). Questions also remain regarding interpretations of
alterations in mechanisms detected by the use of techniques

with inadequate time resolution. Two techniques are presently
used for measuring kinetic properties of neurotransmitter
receptors expressed in oocytes, the two-electrode (13, 14) and
the cut-open, Vaseline-gap (15) voltage-clamp methods; they
have time resolutions of a few seconds and 40 ms, respectively.
In these techniques, the current, a measure of the concentra-
tion of open receptor channels, is recorded and analyzed. The
time resolution improves when current is recorded from small
(diameter of a few micrometers) membrane fragments (in the
outside-out patch configuration; ref. 16) containing receptors.
However, fewer receptors are present on the small patches,
and, consequently, the range of neurotransmitter and inhibitor
concentrations that can be used is restricted. At low concen-
trations of neurotransmitters or high concentrations of inhib-
itor, one may not obtain an observable current signal. Addi-
tionally, reaction intermediates present in low concentrations
can be missed.
Investigations of the mammalian muscle acetylcholine re-

ceptor in BC3H1 cells demonstrated that a technique with a
time resolution in the microsecond-to-millisecond time region
is required for evaluating the constants of the elementary
reaction steps (10, 12, 17). This time resolution is available for
cells with a diameter ,30 mm when a cell-f low method (10)
and a laser-pulse photolysis technique employing photolabile,
biologically inert precursors of neurotransmitters (caged neu-
rotransmitters; refs. 11, 12, 17, and 18) can be used. However,
the oocyte diameter is '1 mm, and receptors expressed on its
surface cannot be equilibrated with a flowing solution of
neurotransmitter within a microsecond-to-millisecond time
domain (9, 13, 14). In chemical kinetic experiments, the mixing
of reactants must be faster than the elementary reaction steps
one wants to observe (8). Here we describe the adaptation and
application of rapid reaction techniques developed for use with
small cells (10–12; reviewed in ref. 9) for use with giant
('20-mm diameter) patches of oocyte membranes (19, 20).
One of the techniques is a flow method and the other involves
flash photolysis of caged neurotransmitters. The amount of
neurotransmitter released by photolysis is calibrated using the
flow method, which also provides an independent verification
of some parameters measured by the photolysis method (11).
The results obtained are comparable to those obtained pre-
viously in extensive chemical kinetic studies with receptor-
containing cells (10, 12; reviewed in ref. 9).
To illustrate the approach, we have used the mouse muscle

receptor from BC3H1 cells (21–24) and the rat neuronal a7
receptor (25), expressed separately in oocytes. We chose the
mouse muscle receptor because it enabled us to compare the
results obtained in the oocyte experiments with those fromThe publication costs of this article were defrayed in part by page charge
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extensive chemical kinetic investigations (10, 12, 17, 18) of the
same receptor in BC3H1 cells (26).

MATERIALS AND METHODS

The source of plasmids coding for the mouse muscle and the
rat a7 neuronal nicotinic acetylcholine receptors, preparation
of the corresponding mRNAs and cDNA, injection of mRNAs
for the muscle and cDNA for the a7 receptors into Xenopus
oocytes, and measurements using the two-electrode voltage
clamp method (13) have been described (27). Currents were
recorded from outside-out giant patches of oocyte membrane
as described (20). The extracellular solution was the Oocyte
Ringer solution-2 (ref. 13; pH 7.4) with the addition of 1-mM
CaCl2. The electrode solution used was 135 mM CsF, 5 mM
CsCl, 5 mM EGTA, and 10 mM Hepes (pH 7.4). When
measurements were made with the a7 neuronal receptor, 50
mM (final concentration) nif lumic acid was added to the
external buffer (28). All the experiments were performed at
260 mV (pH 7.4; 228C).
Giant patch electrodes were made from glass capillary

tubing (World Precision Instruments, Sarasota, FL). The
electrodes were pulled using a Sutter horizontal pipet puller
(model p-87; Sutter Instruments, Novato, CA) and fire-
polished lightly using a Narishige polisher (model MF-83;
Narishige, Tokyo). The average inner diameter of a giant patch
electrode was'20 mm. The electrode was coated with tocoph-
erol acetate (Sigma) before use. When the electrode was filled
with the electrode solution its resistance was '150-350 KV.
Immediately before experiments, the vitelline membrane was
dissected away from the oocyte after osmotic shrinking (13)
using Oocyte Ringer’s solution supplemented with 1 mM
CaCl2 and 300 mM sucrose. A seal was formed between the
electrode and the oocyte by gentle negative pressure, which
was supplied through a glass syringe connected to a water
column. The patch resistance for measurements was in the
gigaohm range. The formation of a seal was monitored using
the PCLAMP 6 program (Axon Instruments, Foster City, CA).
To avoid recording from endogenous stretch-activated chan-
nels (6), the pressure applied to the patch was set to zero using
the water column. A cell-f low device (10, 29) was used to
equilibrate the receptors with carbamoylcholine or caged
carbamoylcholine. The current was detected with an Axo-
patch-200A amplifier (Axon Instruments), filtered through the
built-in bessel RC filter with a cutoff frequency of 2 kHz, and
recorded with a sampling frequency of 300–1000 Hz by a
Labmaster DMA digitizer (Scientific Solutions, Solon, OH)
driven by the PCLAMP 6 program. The ORIGIN program (Mi-
crocal Software, Northampton, MA) was used for fitting and
plotting the data.

RESULTS AND DISCUSSION

A giant patch (diameter of 20 mm) of oocyte membrane was
formed at the tip of an electrode in which the electrode
solution contained nigrosine (30). The cell membrane is
impermeable to this dye, which was used to enhance the
contrast between the background and the glass electrode. The
profile of the oocyte membrane patch was photographed
through the front camera port of a Zeiss microscope (Axiovert
35) using a 320 lens (Achrostigmat; Zeiss) (photograph not
shown). The profile of the patch at the tip of a glass electrode
visualized in this way was flat. Nigrosine was not used in kinetic
measurements. To obtain rapid equilibration of neurotrans-
mitter in the flowing solution with the receptors, the direction
of solution flow with respect to the receptor-containing mem-
brane is critical—i.e., f lowing the neurotransmitter solution
parallel to the membrane is the most efficient way to equili-
brate the receptors and the neurotransmitter (Fig. 1), because
the unstirred layer will be thin and the fluid speed constant

(31). When the solution flow is perpendicular to the mem-
brane, equilibration is slower because of the stagnation point
that arises in such a flow pattern and hinders access of the
flowing solution to the membrane (31). This is illustrated in
Fig. 1. A solution of carbamoylcholine (1 mM), a well-
characterized analog of acetylcholine, f lowed in the parallel
(Fig. 1A) or perpendicular (Fig. 1B) direction over muscle
receptors in a giant oocyte membrane patch, and the current
induced was recorded. With parallel f low the current rise time,
an indication of the time it takes for the cell surface receptors
to equilibrate with neurotransmitter (carbamoylcholine) in the
flowing solution, was on the average 2 ms, which is about
one-tenth of the rise time observed with perpendicular flow
(20 ms). The influence of the linear flow rate on the rise time
was also examined (Fig. 1, legend). The results demonstrate
that even with a moderate linear flow rate (see the legend to
Fig. 1) a 2-ms rise time can be obtained. This is important
because the seal between the membrane and the recording
electrode is more stable at low flow rates, and the same
membrane patch can be used for as long as several hours.
The current responses evoked by 1 mM carbamoylcholine

and measured using the flow method with giant membrane
patches (Fig. 2 A and B, solid lines) and the two-electrode
voltage-clamp method with whole oocytes (Fig. 2 A and B,
dashed lines) were compared. The measurements in Fig. 2A
were made with oocytes expressing the muscle receptor from
BC3H1 cells and those in Fig. 2B with oocytes expressing the
rat neuronal a7 receptor. To confirm that the carbamoylcho-
line response was not contaminated with a response activated
by the muscarinic receptors intrinsically expressed on Xenopus
oocytes (32), we tested the current response to 1 mM car-
bamoylcholine in the presence and absence of 1 mM atropine,
a sufficient amount to inhibit the muscarinic receptors (32),
and in each case the current response was similar. The current
response obtained in flow experiments with giant oocyte
patches (Fig. 2 A and B, solid lines) is entirely different from
that obtained in the two-electrode voltage-clamp experiments
(Fig. 2 A and B, dashed lines). In Fig. 2A the solid line
represents a current with a rise time of 2 ms, while the dashed

FIG. 1. Effects on the rise time of current induced by 1 mM
carbamoylcholine solution flowing in different directions with respect
to the plane of a giant membrane patch from an oocyte expressing the
mouse muscle nicotinic acetylcholine receptor. In A the solution
flowed parallel to the giant membrane patch, while in B the solution
flowed perpendicular to the same patch. The linear flow rate used in
these experiments was 1.2 cmys. When the parallel f low rate was
increased to 3 cmys, the rise time decreased slightly to 1.8 ms.
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line represents one of 2 s. In the case of the solid line, the
current decay is biphasic with time constants of 21 ms (70%)
and 91 ms (30%). In contrast, when a whole oocyte expressing
the same type of receptor was used together with the two-
electrode voltage-clamp method (Fig. 2A, dashed line), the
current decay was slow. Only a single decay phase was detected
during a 16-s observation period. The time constant of the
current decay is '23 s, which is more than two orders of
magnitudes larger than the time constant associated with the
slow current decay phase observed in the flow experiment with
giant membrane patches (Fig. 2A, solid line). Similar obser-
vations were made in flow experiments with the neuronal a7
receptor in giant membrane patches (Fig. 2B). The solid line
represents a current with a rise time of 2ms; the desensitization
rates were 250 s21 (75%) and 13 s21 (25%). In two-electrode
voltage-clamp experiments (Fig. 2B, dashed line) done with a
whole oocyte containing the same type of receptor, the
desensitization rate was 0.3 s21. In experiments (33) with the
a7 receptor expressed in SH-SY5Y cells (diameter of '20
mm), with which current rise times of '9 ms can be obtained
in flow experiments, only a single desensitization rate of over
200 s21 was detected (estimated from the data in ref. 33).
Using the giant oocyte membrane patches and the flow

technique just described, the question of whether the muscle
receptor has the same kinetic properties when it is expressed

in oocytes as it does in BC3H1 cells was addressed. The results
obtained in flow measurements made with giant membrane
patches from oocytes expressing the BC3H1 acetylcholine
receptor are compared with those obtained in flow, photolysis,
and single-channel current measurements made with BC3H1
cells in Fig. 3. There are some differences in the values of the

FIG. 2. Current responses to 1 mM carbamoylcholine solution
flowing over the oocyte membrane patches containing the mouse
muscle (A) and rat a7 neuronal (B) acetylcholine receptors at260 mV
(pH 7.4; 228C). In both A and B, the solid lines represent the current
response obtained using giant outside-out oocyte membrane patches
with the flow technique described in this paper, and the dotted line
represents the response obtained with the whole oocytes two-electrode
voltage-clamp technique (13, 14). In A, the abscissa is shown with
three different time scales, and the three breaks are from 25 to 27 ms,
308 to 312 ms, and 2200 to 3000 ms. In B, the abscissa is also shown
with three different time scales, and the three breaks are from 13 to
15 ms, 108 to 112 ms, and 220 to 2500 ms. The maximum current
amplitudes of the responses in A for the muscle receptor are 3.95 nA
(solid line) and 17.7 mA (dotted line), and in B, for the a7 neuronal
receptor, the amplitudes are 145 pA (solid line) and 94 nA (dotted
line).

FIG. 3. The dose–response relationship for the muscle nicotinic
acetylcholine receptor and carbamoylcholine. (A) Dose–response
curve determined using the flow method with giant patches of oocyte
membranes expressing the receptor from BC3H1 cells. Each data point
(M) represents onemeasurement from one giant membrane patch. The
current amplitudes were normalized to the response obtained with 100
mM carbamoylcholine, and then for purposes of comparison the value
of the response in A was further normalized to the value of the
response to 100 mM carbamoylcholine obtained in B. The solid line is
a nonlinear regression analysis of the data, using an equation relating
the current amplitude to carbamoylcholine concentration (10). The
values of K1, F, and ImRm were calculated as follows using the general
mechanism for channel opening (34):

A 1 L L|;
K1
AL L|;

K1
AL2 L|;

F
AL2.
(open)

A represents the active, nondesensitized form of the receptor, AL
and AL2 the closed channel forms of the receptor, and AL2 the open
channel form. K1 represents the intrinsic dissociation constant of
carbamoylcholine and F 5 AL2yAL2. K1 and F were calculated to be
48 6 75 mM and 0.67 6 1.31, respectively. [The value for ImRm (10),
a measure of the receptor site density, was calculated to be 3.1 6 0.2
nA, where Im is the current per mole of receptor sites and Rm is the
moles of receptor sites in the membrane.] (B) The dose–response
curve determined using the cell-f low (10) and laser-pulse photolysis
(12) methods with the receptor in BC3H1 cells, under identical
conditions as in A, is shown for comparison. The coordinates for the
solid line were calculated from experimental measurements (see the
legend to Fig. 2 in ref. 12). K1, F, and ImRm were calculated to be 240
mM, 0.17, and 5.1 nA, respectively (12). The triangles represent data
points obtained in cell-f low (10) measurements and the squares data
points obtained by laser-pulse photolysis (12); the circles represent the
fraction of receptors in the open-channel form determined in an
earlier experiment (10) by using the single-channel current-recording
technique (7). [Reproduced with permission from ref. 12 (Copyright
1992, American Chemical Society).]
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dissociation constants for the site controlling channel opening
(K1) and the channel-opening equilibrium constant (F; see
Fig. 3, legend), but they are not large and may be due to
differences in lipid-receptor interactions andyor membrane
fluidity (35).
Another criterion for comparison is receptor desensitiza-

tion. The rate constant for desensitization determined in flow
experiments with giant oocyte membrane patches (Fig. 2A,
solid line; 47 s21) is similar to the value (33 s21)) reported (36)
for an outside-out patch obtained from a BC3H1 cell and
exposed to 1-mM carbamoylcholine. The fractions of the
current that decayed fast (70%) and slowly (30%) observed in
the present studies fall within the range of values obtained
previously with BC3H1 cells (10, 12, 17, 18).
A second technique for comparing the properties of the

acetylcholine receptor expressed in oocytes and BC3H1 cells
was used. The time resolution of the flow technique is too low
to determine the rate constants for channel opening and
closing. These constants can, however, be evaluated by using
a photolysis technique and caged neurotransmitters (11, 12, 17,
18). The technique can also give unique information about
drugyreceptor interactions that must be measured in the
microsecond-to-millisecond time domain (17, 18). The pho-
tolysis method using caged carbamoylcholine (11, 12) applied
to a giant outside-out oocyte membrane patch is illustrated in
Fig. 4. The inactive precursor was photolyzed, using a flash
lamp, leading to the release of carbamoylcholine; the resulting
current rise, reflecting the opening of receptor channels, was

recorded. Standard concentrations of carbamoylcholine
flowed from a flow device (10, 29) over the giant patch before
and after photolysis to calibrate the concentration of car-
bamoylcholine liberated and to detect any damage to the
receptors. The concentration of free carbamoylcholine gener-
ated by photolysis was estimated to be'5 mM (Fig. 4, legend).
At this low concentration of carbamoylcholine, the observed
rate constant for the rise of the current, 345 s21, reflects the
channel-closing rate constant and the lifetime of the channel
(12). The value obtained is in good agreement not only with the
value of the channel-closing rate constant determined by
laser-pulse photolysis with BC3H1 cells (12), but also with the
values of the lifetime for the same receptor determined by the
single-channel recording technique using BC3H1 cells (37).
In contrast to the results obtained with rapid reaction

techniques are those obtained with the two-electrode voltage-
clamp recording technique (Fig. 2, dashed lines); the observed
rates of receptor desensitizations were orders of magnitudes
lower than those observed with giant oocyte membrane
patches (Fig. 2, solid lines) or with small cells with which rapid
equilibration between neurotransmitter and cell surface re-
ceptors can be obtained (10, 29, 33). We have shown previously
that when the equilibration of neurotransmitters in a flowing
solution with receptors on the surface of a cell is slow,
compared with the rate of receptor desensitization, most of the
reaction cannot be observed (reviewed in ref. 9). With the
current rise times of seconds in experiments with whole
oocytes (Fig. 2, dashed lines), we do not expect to observe the
major receptor forms, which all desensitize in the millisecond
time region, but are observed in giant oocyte membrane
patches or in the cells that represent the natural environment
for these receptors. In the case of the muscle nicotinic ace-
tylcholine receptor, it is not known whether the different
desensitization rates reflect consecutive desensitizations of the
same receptor in different time regions or receptor forms that
may differ because of postranslational modification, for in-
stance. In either case, the slowly desensitizing receptor forms
can be associated with quite different ligand-binding proper-
ties (38). It will, therefore, be of interest to reexamine the
interpretations of a large number of previous low time reso-
lution studies of receptor forms expressed in oocytes.
The kinetic approach using giant patches of oocyte mem-

brane described here overcomes the limitations of existing
methods and significantly improves the time resolution of the
measurements. The 2-ms time resolution provided by the flow
method represents a '20-fold improvement compared with
that obtained in experiments with oocytes using cut-open
voltage-clamp recording (15). The time resolution of the flash
photolysis technique using giant membrane patches is several
orders of magnitudes better than that observed with regular
outside-out membrane patches with a diameter of a few
micrometers perfused by neurotransmitter solutions (16), and
the current response is several orders of magnitude larger.
Thus kinetic information that was previously inaccessible with
oocytes can now be obtained, including: (i) the rate constants
for channel opening and closing (12), (ii) the equilibrium
dissociation constant of the neurotransmitter from the recep-
tor (10, 12), and (iii) the effects of inhibitors on the elementary
reaction steps (17, 18). One can, therefore, compare these
properties of a receptor expressed in oocytes and in its natural
environment. In combination with genetic engineering tech-
nology, the approach described can be used to investigate how
specific amino acid residues and subunits of a receptor influ-
ence a variety of functional aspects of receptor activity,
including channel activation, ligand binding, and modulation
by many different effectors, including abused drugs and ther-
apeutic agents.
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FIG. 4. Current response to flash photolysis of 700 mM caged
carbamoylcholine equilibrated with an outside-out giant membrane
patch from an oocyte expressing the muscle receptor. Caged car-
bamoylcholine, [N-(a-2-carboxy)-2-nitrobenzyl] carbamoylcholine
(11), was dissolved in the extracellular buffer and equilibrated with the
muscle receptors. Subsequent photolysis of the caged carbamoylcho-
line induced a current response with a maximum amplitude of 67 pA.
The observed first-order rate constant for the current rise is 345 s21.
The spikes at time zero are instrument artifacts. The light source for
photolysis was a flash lamp (Chadwick–Helmuth, El Monte, CA;
model 278). The light was coupled into a Zeiss microscope (Axiovert
35) and focused using a 340 lens (LD Achroplan; Zeiss). The
wavelength was in the range 300–390 nm because of the cutoff by the
lens and a dichroic mirror used. The pulse energy was '700 mJ, as
measured by a Joulemeter (Gentec, Palo Alto, CA; model ED-200),
for a pulse duration of 300 ms. Labmaster DMA hardware (Scientific
Solutions) driven by the PCLAMP 6 program (Axon Instruments)
synchronized triggering of the flash lamp firing and data collection.
The current flowing through receptor channels induced to open by the
released carbamoylcholine was recorded as described except that the
cutoff frequency of the filter was 10–20 kHz, and the sampling
frequency was 10–50 kHz. Caged carbamoylcholine (700 mM) was
used and the concentration of released carbamoylcholine was esti-
mated to be '5 mM using the flow method (10), two known concen-
trations of carbamoylcholine, 10 and 20 mM (current traces not
shown), and the dose–response curve shown in Fig. 3B.
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