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SUMMARY

To test the hypothesis that general anesthetics block nicotinic
acetyicholine receptor channels by binding within the pore of the
channel, we looked for competitive interactions between ether
and QX-222 at the single channel current level.

were performed on outside-out patches excised from BC3H-1
cells. QX-222 causes channels to flicker as it repeatedly binds
within the pore of the channel and blocks the flow of current
through the channel. Ether reduces the apparent unitary con-
ductance of the channel. This effect of ether may be due to
frequent, short-ived, unresolved, blockages of the channel.
When both ether and QX-222 are applied, the effects of both
drugs are seen on single channels. However, the duration of QX-
222 blocking events are longer when ether is present; the

duration of block is 0.89 + 0.06 ms with 30 um QX-222 alone
and 2.23 + 0.37 ms with 30 um QX-222 + 20 mm ether (n =5
+ S.D.; =100 mV). Similar results are obtained
used in place of ether. We conclude that ether and QX-222 do
not compete for a common binding site. Conversely, ether de-
creases the dissociation rate of QX-222. The

tation of these data is that the binding sites for ether and the
aromatic moiety of QX-222 are distinct but close to each other;
when ether is bound to its site, the binding of QX-222 is stabi-
lized. We cannot, however, discount the possibility that ether
stabilizes QX-222 by binding to a remote site and allosterically
modifying the pore of the channel.

The issue of whether general anesthetics exert their effects
on membrane proteins by binding directly to the protein or by
binding to the lipid bilayer and indirectly affecting the function
of the protein is difficult to resolve. In contrast, the idea that
cationic local anesthetics bind directly to proteins (in particular
to the nicotinic AChR channel) is strongly supported. The
binding site of QX-222, a quaternary amine derivative of the
local anesthetic lidocaine, is thought to lie within the pore of
the AChR channel, because it blocks open channels in a volt-
age-dependent manner (1, 2). In the presence of QX-222, chan-
nels exhibit a flickering behavior as molecules of QX-222 bind
to and dissociate from the channel. Site-directed mutagenesis
experiments reveal that the binding affinity of QX-222 is
affected by specific amino acid substitutions made in the M2
membrane-spanning region of all five subunits of the AChR
protein (3). The M2 region is thought to be an a-helical
structure that forms the lining of the pore of the channel
(4-6).

The action of some general anesthetics and alcohols on single
AChR channels resembles that of QX-222; they cause the
channels to flicker. However, this action is not adequately
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described by the open channel blocking model (7-9), and the
effects of these uncharged drugs are not strongly voltage de-
pendent. The actions of general anesthetics are well described
by a model in which drug molecules have access to a binding
(blocking or inhibitory) site when the gate of the channel is
either open or closed (8, 10, 11). If the inhibitory binding site
of nonpolar general anesthetics is the same as that of QX-222,
general anesthetics will decrease the binding affinity of QX-
222. In this paper, we describe experiments designed to test for
competition between general anesthetics and QX-222 by mak-
ing patch clamp recordings from AChR channels in excised
patches from BC3H-1 cells.

Materials and Methods

We studied nicotinic AChRs expressed by the clonal BC3H-1 cell
line (13). These receptors have the ay8vy$ subunit composition charac-
teristic of the embryonic form of the muscle type AChR. Before starting
patch clamp experiments, we replaced the culture medium with an
“extracellular solution” containing (in mM): NaCl (150), KCl (5.6),
CaCl; (1.8), MgCl, (1.0), and HEPES pH 7.3 (10). Patch pipettes were
filled with a solution consisting of KCl (140), EGTA (5), MgCl, (5),
and HEPES pH 7.3 (10) and had resistances of 4-6 MQ. An outside-
out patch (seal resistance = 10 GQ2) was obtained (13) and moved into
position at the outflow limb of the perfusion system.

For single channel experiments, the perfusion system consisted of

ABBREVIATIONS: ACh, acetyicholine; AChR, acetyicholine receptor; QX-222, N’ (trimethyl-amino-methyi)-2’,6’-xylidide.
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four reservoirs (plastic intravenous drip bags) containing 200 nM ACh
in extracellular solution, a manual switching valve, and plastic (ethyl
vinyl acetate) tubing, one end of which was immersed in the culture
dish. Three of the reservoirs also contained drug 1, drug 2, or (drug 1
+ drug 2); the other reservoir is considered to be the “control” solution.
Drug 1 was 5-25 mM ether (diethylether) or 5-25 mM n-butanol; drug
2 was 30 uM QX-222. The reservoirs were tightly sealed to avoid
evaporation of volatile drugs. Single channel currents were measured
with a patch clamp amplifier, filtered at 3 kHz (—3 db frequency, 8-
pole Bessel filter), digitized at 50 us/point, and stored on the hard disk
of a laboratory computer.

The patch was held at =100 mV unless otherwise noted. We recorded
four 5-8 segments of single channel activity with control solution
flowing past the excised patch. Data collection was then repeated during
perfusion of the other three solutions. Finally, another set of data was
recorded during perfusion of control solution. Our method of data
analysis was the same as described previously (10) with the exception
that event durations were binned on a logarithmic time axis and the
histograms were fitted to a 2- or 3-exponential probability density
function using a Simplex algorithm (14). The resolution was 100 us for
openings and 50 us for closures. For each experimental condition,
between 200 and 4000 events were accumulated for histogram analysis
of event durations.

For rapid perfusion experiments, the perfusion system consisted of
eight reservoirs, a solenoid-driven pinch valve, and a V-shaped piece
of tubing immersed in the culture dish. This system is capable of
making solution changes within 100 us (15). Four of the reservoirs
contained extracellular solutions of the drug combinations listed above
with no ACh (normal flows), and four contained the same drug com-
binations with 300 uM ACh (test flows). 300 uM ACh saturates the
agonist binding sites (16) but has only a small (10%) channel-blocking
effect at =100 mV (17). The excised patch was perfused with a normal
solution, and transient applications of test solution (the test solution
containing the same drugs as the normal solution) were made.

The patch was held at —100 mV during applications of test solution.
An ensemble of 20 applications of test solution, each 35 ms in duration
and separated by 3 s, was obtained for each pair of normal and test
solution. We obtained an ensemble of responses to the drug-free pair
of solutions (control) before and after each of the other pairs of
solutions. These experiments required extremely stable patches for
which there was little rundown of channel activity during the 20 min
needed to complete a full series of solution applications. The resulting
macroscopic currents were measured with a patch clamp amplifier,
filtered at 5 kHz, digitized at 10 us/point, and stored on the computer.
The ensemble mean of the current responses was calculated. We
accepted data only if the ensemble means of the two controls in each
trio of ensemble means (control, drug, control) differed by no more
than 10%. We then calculated the ratio of the drug ensemble mean
current to the control ensemble mean current (see Fig. 6).

Experiments were performed at room temperature (20-25°). Average
values presented in the text and shown on figures include standard
deviations.

Control

30 uM QX222

20 mM Ether

EOZSMmMEther

Results

Fig. 1 shows examples of bursts obtained from a single patch
exposed to control solution, 30 uM QX-222, 20 mM ether, and
a mixture of 30 uM QX-222 + 20 mM ether. Channels are
activated by 200 nM ACh. Under control conditions (for which
two bursts are shown), channels appear as isolated openings
infrequently interrupted by brief closures (no brief closures are
seen in these examples). 30 uM QX-222 has no effect on the
current amplitude, but it causes the channels to flicker. Events
occur in bursts of briefer than normal openings. In the presence
of 20 mM ether, channels have a smaller, noisier current am-
plitude. Some brief gaps can be resolved, so we consider this
effect of ether to be an apparent reduction in amplitude due to
incomplete resolution of fast flickering (18). When the patch is
exposed to both QX-222 and ether, channels exhibit features
of both drugs: the flickery behavior induced by QX-222 and the
amplitude reduction due to ether.

A quantitative analysis of single channel properties of several
hundred events obtained under each experimental condition is
given in Table 1. The complexity of channel kinetics in the
presence of two drugs makes it difficult to determine whether
ether and QX-222 modify each other’s actions. For example, it
appears that ether reduces the number of openings/burst in-
duced by QX-222 (the observed number of openings/burst is
3.5 for QX-222 alone versus 2.4 for both drugs together);
however, this may simply be a consequence of ether reducing
the burst duration. And, although QX-222 attenuates the am-
plitude reduction caused by ether (64% for ether alone versus
73% for both drugs together), the combined results of experi-
ments on five patches indicate that this is not statistically
significant (the ratio of channel amplitude in the presence of
both drugs to channel amplitude in the presence of 20 mM
ether alone is 1.0 + 0.1). A conservative interpretation of the
data in Table 1 would be that QX-222 and ether affect channels
independently.

Clear evidence that QX-222 and ether do interact can be seen
in the duration of gaps within bursts. Fig. 2 shows the closed
time histograms obtained for each of the four experimental
conditions. In each of the histograms, the long duration com-
ponent represents the closed interval between bursts; it depends
on the number of channels in the patch and on the concentra-
tion of ether (19) and will not be considered further in this
paper. In the control histogram, the small, brief closed compo-
nent near 0.1 ms represents the occasional brief gaps due to
repeated openings of a single channel. The dominant compo-
nent of the closed time histogram for QX-222 occurs at 0.9 ms;
this component corresponds to the flickering gaps induced by
QX-222. The brief component in the histogram for ether is at
about 0.07 ms; it represents partially resolved fast flickering

Fig. 1. Examples of single channels activated by 200 nm
ACh under control conditions and during exposure to 30
um QX-222, 20 mm ether, and both drugs. The applied
potential was —100 mV. The dashed line indicates
the baseline and current amplitude levels in the control
recordings.
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TABLE 1

Some kinetic and conductance properties
obtained in the presence of four different
Data are from same patch as shown in Figs. 1 and 2. 7. is the mean open time,
Touw I8 the mean burst duration, Nog is the number of openings/burst, and Nogengs
is the number of openings considered in these caiculations.

of single AChR channeis
perfusion solutions

Condition Topen Ampitude Tww  Now  Negewg
ms pMA ms
Control 40 -39 41 1.0 205
30 um QX-222 0.91 -38 55 35 329
20 mm ether 11 -25 21 1.7 793
Both 0.63 -28 3.9 24 558

induced by ether. The closed time histogram for the combina-
tion of drugs exhibits two brief components, one corresponding
to each drug. The fastest component, due to rapid flickering by
ether, is again only partially resolved. The other component,
due to flickering by QX-222, is clearly resolved and has a time
constant of 2.6 ms. Thus, in the presence of 20 mM ether, the
flickering gap duration of QX-222 is nearly 3-fold longer than
with QX-222 alone.

The increase in QX-222 gap duration by ether is dependent
on the concentration of ether (Fig. 3). 15 mM ether increases
the gap duration by a factor of 2. The increase in the gap
duration is correlated with the apparent decrease in current
amplitude by ether (Fig. 4, closed symbols). This correlation
implies that both effects have the same dependence on the
concentration of ether, so that both effects may be due to the
same action of ether.

The effect of n-butanol on AChR channels is similar to the
effect of ether; butanol causes an apparent decrease in current
amplitude over a similar concentration range as ether (9). The
effect of butanol on the duration of blocking gaps produced by
QX-222 is the same as the effect of ether on gaps. And, just as
with ether, the increase in the gap duration is correlated with
the apparent decrease in current amplitude by butanol (Fig. 4,
open symbols).

Block by QX-222 is voltage dependent; the blocking gaps
have a longer duration at negative potentials (1). Fig. 54 shows
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the gap duration as a function of voltage in the absence and
presence of 20 mM butanol. Butanol increases the gap duration
by a factor of 2.3 + 0.4 at all potentials. As a result, when 20
mM butanol is present, QX-222 blocks the channel as if the
patch potential were shifted in the hyperpolarizing direction by
50 mV. 20 mM butanol also decreases the apparent single
channel current amplitude by a constant factor of 0.76 + 0.05
over this potential range (Fig. 5B). This implies that butanol
decreases the apparent conductance of the channel and is not
consistent with an actual change in electrical potential across
the channel.

We also found evidence for interactions between hexanol and
QX-222; 125 uM hexanol increased the QX-222 gap duration
by a factor of 1.35 + 0.20 (n = 4). The flickering induced by
longer chain length alcohols and more potent general anes-
thetics occurs on a similar time scale to QX-222 gaps, so we
did not look for interactions between these combinations of
drugs. However, procaine induces longer gaps than does QX-
222. Octanol (20 uM) increases the gap duration of procaine (10
uM) from 2.5 to 4.0 ms.

The conventional pharmacological approach to assay for
interactions between drugs is to construct a concentration-
effect curve for drug 1 alone and for drug 1 plus a fixed
concentration of drug 2. Such experiments can be done on
AChR channels by recording the macroscopic current response
to rapid perfusion of ACh to a patch containing many channels.
A control current response to rapid application of 300 uM ACh
is shown in the left panel of Fig. 6. The current onset occurs
with a time constant of 0.13 ms (limited by the rate of agonist
binding and channel opening (15)) and reaches a level of —75
PA corresponding to the activation of about 19 channels. The
slight decay in the current trace is due to fast desensitization
occurring on the 50 ms time scale (20). The right panel of Fig.
6 shows a macroscopic current response to ACh in the contin-
uous presence of 20 mM butanol. Butanol reduces the amplitude
of the response (the trace is scaled by a factor of 1.55), but this
response resembles the control response in every other way.

The trace labeled QX in the left panel of Fig. 6 was recorded

20 — Control 40- 30 uM QX-222
€ 15- 30 ]
[
b
5 10 20
2
E s5- 104 Fig. 2. Closed time histograms
z compiled from 300-500 events re-
N corded from a single patch during
0 T T 1 o : T exposure to indicated drugs. His-
0.01 0.1 1 10 100 1000 .01 0.1 1 10 100 1000 tograms are with a
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Fig. 4. The effect of ether and butanol on singie channel current ampiitude
is correlated to the effect of these drugs on the gap duration induced by
QX-222. There were 17 patches with ether (5-25 mm) and 10 patches
with butanol (10-40 mw). The points with error bars are the means and
S.D. of values obtained with QX-222 alone (separated according to the
drug subsequently used on the patch). The line is the best fit of all the
data by lnear regression analysis (* = 0.76; p < 0.0001; slope = 1.0
ms/pA; intercept = 5.0 ms).

while the patch was continuously exposed to 30 uM QX-222
and rapidly perfused with ACh. This trace exhibits a fast decay
(0.43 ms) arising from the block of channels by QX-222 after
the channels are opened by ACh. After the decay, the current
amplitude is reduced to 42% of control. The smaller trace in
the right panel of Fig. 6 was obtained while the patch was
exposed to both 20 mM butanol and 30 uM QX-222. A decay
(0.93 ms) is seen as QX-222 equilibrates with open channels.
After the decay, the current amplitude is reduced to 25% of the
response in the presence of 20 mM butanol alone. Comparison
of the QX and QX + butanol responses shows that QX-222
is a more potent blocker when the channels are exposed to
butanol.

The results of the macroscopic current experiments are sum-
marized in the concentration-effect curves of Fig. 7. The current
responses in the presence of 6, 20, and 55 mM butanol alone
(normalized to the control response) are shown as open symbols.
30 uM QX-222 alone reduced the current to 0.45 + 0.08 (n = 8)
of control. The current responses in the presence of both
butanol and 30 uM QX-222 (normalized to the response with
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Fig. 5. A, the voitage dependence of the QX-222 gap duration in the

presence (@) and absence (O) of 20 mm butanol. Note that a
scdebusodforgapduratlon The lines are the best fits of the data by
linear regression . For both data sets, the slope gives an e-foid
dulgohgapdtnﬂmwnhaﬂmvmt\pow B, the voitage
dependence of the single channel current ampilitude in the presence (@)
and absence (O) of 20 mm butanol (30 um QX-222 was present for both
data sets). The /ines are the best fits of the data by finear regression
analysis. The slope of the line for QX-222 alone is 37 pS; the slope of
the line for both QX-222 and 20 mm butanol is 29 pS.

30 uM QX-222 alone) are shown as closed symbols. The effect
of QX-222 is to shift the butanol concentration-effect curve to
the left; 30 uM QX-222 reduces the half-effective concentration
of butanol from about 30 mM to 20 mM.

Discussion

The possibility that local anesthetics inhibit the AChR chan-
nel by physically plugging the pore of the channel was first
proposed in 1977 (21, 22) on the basis of endplate current
measurements. Single channel recording provided visual (chan-
nel flickering) and quantitative support for open channel block
as the mechanism of action for the local anesthetic QX-222 (1,
2). And, little doubt remained after site-directed mutagenesis
experiments indicated that QX-222 (3) and chlorpromazine (6)
bind to specific amino acids within M2. In 1981, a similar
mechanism for the inhibition of AChR channels by general
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Fig. 6. Macroscopic current responses to rapid perfusion of 300 um ACh
to a patch containing about 19 channels. Each trace is the ensemble
mean of 20 responses. The /eft panel shows the response when no drug
was present (Control) and when 30 um QX-222 was present. The right
panel shows the response when 20 mm butanol was present and both
30 um QX-222 and 20 mm butanol were present. in each case, the
drug(s) was present both before and during exposure to ACh. The dotted
traces at the bottom of the figure are the current ratios QX:control (left)
and QX + butanol:butanol (right). The combination of drugs is more
mmmmwmummmpumw.s”mfa

anesthetics was considered (23). This model would include drug
binding to both open and closed channels. Subsequently, end-
plate current measurements (24) and patch clamp recording
showed that such a model was adequate to explain many of the
observed effects (8-11, 18). However, there is no direct evidence
that general anesthetics bind within the pore of channel; bind-
ing at an allosteric, inhibitory site remains a viable alternative.

The experiments described here were designed to test the
hypothesis that nonpolar drugs such as ether, butanol, and
hexanol compete with QX-222 for binding to a site with the
M2 region lining the pore of the channel. Competition would
have been manifested as an apparent decrease in the affinity
of one drug when the second drug is also present. We found no
evidence for such competition. On the contrary, we found that
ether and butanol stabilize the binding of QX-222 in the pore.
In single channel experiments, stabilization of QX-222 binding
by ether is seen as an increase in QX-222 gap duration (Figs. 2
and 3). An increase in the gap duration corresponds to a
decrease in the dissociation rate constant for QX-222. If a
general anesthetic causes QX-222 to bind more tightly, then it
must also be true that QX-222 causes the general anesthetic to
bind more tightly. In macroscopic current recording, this is
seen as a leftward shift in the butanol concentration-effect
curve by QX-222 (Fig. 7). (This effect is not detected in single
channel events, because no current flows while QX-222 is
bound, making it impossible to assess the amount of binding
by general anesthetic.)

It is possible that the process by which ether and butanol
stabilize the binding of QX-222 is distinct from the process by
which ether and butanol inhibit current flow through the chan-
nel. Channel inhibition by these drugs is characterized by a
decrease in the apparent conductance of the channel and an
increase in open channel noise. This probably arises from
frequent, brief (=10 us) but incompletely resolved binding
events that completely interrupt the flow of ions through the
channel (18). Fig. 4 shows that the two processes, channel
inhibition and QX-222 stabilization, have the same dependence
on the concentration of butanol and ether. Either both proc-
esses are due to the same effect of the drug or the two processes
are distinct but have the same concentration dependence by
chance. )

Our results rule out the idea that ether and butanol compete
with QX-222 for a single binding site within the pore of the

Interactions between Ether and QX-222 in the AChR Channel 173

channel. However, ether and butanol might bind elsewhere
within the pore. One possibility is that these drugs stabilize the
binding of QX-222 by binding close to the binding site of the
nonpolar xylidine ring of QX-222. The xylidine ring binds to
nonpolar amino acids close to the center of the pore, for
example, serine 252 on the a-subunit and alanine 261 on the
v-subunit (3). AChR mutants containing a single amino acid
substitution that decreases the polarity of the pore in this
region (for example, substitution of alanine for serine on the
a-subunit) increase the gap duration of QX-222 by a factor of
two (3). We found that 15 mM butanol also causes a 2-fold
increase in QX-222 gap duration (Fig. 3). Thus, the simplest
interpretation of our data is that butanol stabilizes the binding
of QX-222 by binding close to the xylidine ring binding site
and decreasing the local polarity. When anesthetic is bound to
this site, dissociation of QX-222 from the channel is decreased.
Of course, we cannot discount the possibility that general
anesthetics accomplish this by binding at a remote site to
allosterically alter the binding affinity of QX-222.

The ability of hydrophobic amino acids in M2 to serve as
binding sites for nonpolar substances is underscored by other
recent experiments. The nonpolar, noncompetitive antagonist,
3-(trifluoromethyl)-3-m-(iodophenyl)-diazirine,  specifically
photolabels amino acid residues in M2 in the §- and é-subunits
of wild-type Torpedo AChR (25). In BC3H-1 cells, the unblock-
ing rates for a series of cationic channel blockers is related to
the length of the hydrocarbon chain of the compounds. The
unblocking rate decreases with increasing chain length, sug-
gesting a hydrophobic binding site within the channel (26).

Forman (27) found no evidence for interactions between
procaine and octanol in Torpedo AChRs. This might appear to
contradict our results. However, those experiments measured
ion flux through receptor-containing vesicles on a 10-s time
resolution, in contrast to our submillisecond current measure-
ments. On the 10-s time scale, AChR channel kinetics are
dominated by desensitization processes and may not reflect
what happens under nondesensitizing conditions.

Scheme I is a partial model for the interaction of QX-222
(Q) and butanol or ether (B) with the AChR channel. Only the
doubly liganded states of the AChR are considered, because
300 uM saturates nearly all of the agonist binding sites (16).
We assume that QX-222 binds only with the open state of the
channel (A;R*) but that butanol can bind (within the pore or
elsewhere on the AChR protein) with both the open and closed
(AzR) states. Association rate constants are denoted by fq and
fs; dissociation rate constants are denoted by bq and bs. The
binding of QX-222 may be different when butanol is already
bound (and vice versa) as indicated by the primed rate con-
stants (microscopic reversibility demands that only seven
of the eight rate constants in the “open channel” loop are
independent).

A,R'Q
LA
= A,R'QB

\\@ P
A,R'B

SCHEME 1.

AR
AN

A,RB =
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We wish to identify several qualitative relationships predicted
by Scheme I. When there is no butanol present, there are only
three states (A:R, A;R*, and A;R*Q), and Scheme I provides a
simple expression for the QX-222 gap duration, 1/bq. Our
measurements give bq = 1100/s. When butanol is present, the
expression for the gap duration (the longest closed time con-
stant) is complicated. Thus, the measured gap durations do not
simply reflect, b’q, the rate for QX-222 dissociation from the
A;R*QB state. However, it is clear that b’q < bg. The mean
open duration is determined by the rate constants leading from
the open state A;R*. With QX-222 alone, this is 1/(a + fo[Q]).
Since a = 0.25/ms, our results for 30 uM QX-222 lead to fq =
3 % 10”/M/s. The mean open duration in the presence of both
drugs is 1/(a + £5[Q) + fs[B]), which is shorter than the mean
open duration in the presence of QX-222 alone. Although the
measured open durations in the presence of butanol are over-
estimated due to unresolved brief blocking events, our meas-
urements qualitatively exhibit the predicted reduction in open
duration (Table 1).

In macroscopic current measurements, Scheme I predicts
that the decay time constant in the absence of butanol is given
by 1/(fo[Q] + bg) (Scheme I predicts a two-component decay;
this is the slower, dominant component) and the ratio of
equilibrium current to control is bg/(fo[Q] + bg). For 30 uM
QX-222, we measured a time constant of 0.43 ms and an
equilibrium current ratio of 0.45. This determines fq = 4 X 10"/
M/s and bq = 1000/s, in good agreement with the results of
single channel experiments described above. Again, the addi-
tion of butanol complicates the kinetics, but both f'q and b’q
are important factors in determining the current decay time
constant.

Neher (2) found that block by QX-222, at concentrations less
than 40 uM, is well described by an open channel blocking
model. This issue is also addressed by our macroscopic current
experiments. In the trace labeled QX in Fig. 6, the current
decay after addition of agonist represents the kinetics of QX-
222 block of open channels. The onset of the current response
partially obscures this decay. If we extrapolate the current
(time constant 0.43 ms) back to time zero (when the current
onset begins), we obtain a peak current of —65 pA. Because the
control peak current is —74 pA, 30 uM QX-222 blocks no more

1.0

o Butanol
0.8 - e Butanol + 30 uM QX-222

[Butanol] (mM)

Fig. 7. Normalized macroscopic currents activated by rapid perfusion of
300 um ACh as a function of butanol concentration. The open circles
represent the macroscopic currents obtained in the presence of butanol
relative to control (no drug). The closed circles represent the macroscopic
currents obtained in the presence of butanol + QX-222 relative to QX-
mowzgémwwmm-eﬂectmeisshmedtomeleﬂ
by QX-222.

than 12% of the closed channels. In order to obtain better time
resolution in this type of experiment, we would have to use
higher concentrations of ACh to reduce the time constant of
current onset (15). Such experiments would be difficult to
interpret, because of the large channel-blocking effect produced
by >300 uM ACh (15, 17). Extrapolation of the current trace
labeled QX + butanol in Fig. 6 is more reliable, because the
decay time constant is longer. This gives an estimated peak
current of —47 pA; nearly indistinguishable from the peak of
the 20 mM butanol control trace. This suggests that when
butanol is present, 30 uM QX-222 does not significantly bind
to closed channels.

The results presented here demonstrate that nonpolar mol-
ecules such as ether and butanol exhibit a cooperative interac-
tion with QX-222, a drug that binds specifically within the pore
of the AChR channel. The macroscopic current experiments
show this interaction as a leftward shift in the butanol concen-
tration-effect relationship. The single channel experiments al-
low us to isolate the inhibitory effect as a stabilization of QX-
222 bound to the pore of the channel. These results and other
measurements (7-11, 18) are consistent with the idea that
alcohols and anesthetics bind within the pore of the channel.
However, these experiments measure channel function, and
they cannot be used to make definitive statements about struc-
ture; that is, the location of the binding site for butanol and
ether. Only structural experiments will provide a clear distinc-
tion between drug binding sites within the channel pore and
drug binding sites on other regions of the channel protein.
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