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ABSTRACT. The mechanism of inhibition of the muscle nicotinic acetylcholine receptor is of interest because
of the many drugs which are known to modify its function. The laser-pulse photolysis technique, using
a photolabile, biologically inert ligand (caged carbamoylcholine) for the nicotinic acetylcholine receptor,
and BGHL1 cells have been used to investigate the mechanism of inhibition of the receptor by MK-801
[(+)-dizocilpine] in the microsecond-to-millisecond time region. MK-801 is an anticonvulsant and a known
inhibitor of theN-methyl-p-aspartate and nicotinic acetylcholine receptors. Both the chemical kinetic and
the single-channel current-recording measurements reported here indicate the existence of two inhibition
processes, one occurring within 50 ms and the other withintabswfequilibration of the receptor with

the inhibitor. Unless stated otherwise, here we characterize the receptor inhibition observed when MK-
801 is equilibrated with the receptor for only 50 ms. We determined the effect of MK-801 on the
concentration of the open receptor-channels and the apparent dissociation constant of the inhibitor from

the closed-channelK{ebs) = 180 uM) and open-channelK{,,s = 950 uM) forms. Within a few

milliseconds after inhibitor bindingK,,. decreases to about 1QM, due to an inhibitor-induced
isomerization to an inactive receptor form. A mechanism that incorporates the new results is proposed. It
includes the formation of an ion-conducting receptor:inhibitor complex with a channel-opening equilibrium
constant that is unfavorable compared to the open-channel receptor form in the absence of inhibitor. In
the MK-801 concentration range of-®00 «M, this mechanism accounts for the observed MK-801-
induced decrease in the concentration of open channels. At high concentrations of carbamoylcholine,
when the receptor is mainly in the open-channel form, the conducting receptor:inhibitor complex isomerizes
to a nonconducting state with a rate constant of about 240s the forward reaction and 230 %sfor

the back reaction. It is shown that the proposed new mechanism, based on transient kinetic measurements,
also accounts for the results of previous investigations with other inhibitors (procaine, cocaine), which
were carried out under both pre-steady-state and equilibrium conditions. A compound that binds to the
same regulatory site on the receptor as MK-801 but does not affect the channel-opening equilibrium
constant may have considerable use in protecting an organism from the effects of abused drugs.

Ligand-gated ion channels are inhibited by a variety of of such inhibitors on the lifetime of the open receptor-channel
chemical substances, for example, natural toxins, local (1, 9, 10) determined by the single-channel current-recording
anesthetics, abused drugs (e.g., cocaine), clinically importanttechnique {1). A simple mechanism that arises from these
compounds (e.g., tranquilizers), and metal ions (ief  studies involves the binding of the inhibitor in the open
reviewed in refe2, 3). The mechanism of inhibition of the  receptor-channel and sterically blocking2t{6, 9, 12). Here
nicotinic acetylcholine receptor (NACh receptor) has been we chose another inhibitor, MK-8014{-dizocilpine], for
intensively investigated, and evidence for more than one studying the inhibition mechanism. At pH 7.4, used in our
inhibitory site has been reported (reviewed in réfs5). A studies, MK-801, a secondary amine, is present mainly in
proposed mechanism of the inhibition of the nACh receptor the cationic form. MK-801 is of both pharmacological and
by positively charged inhibitors was based mainly on clinical interest. MK-801 was first reported to be a neuro-
electrophysiological measuremen€s-) and on the effect  protective agent, preventing NMDA-induced cell dedt8)(
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Ficure 1: (A) Laser-pulse photolysis experiments with {2 cells in the absence (control, upper trace a, or closed squares) and presence
of 300 uM (trace b) or 1 mM (trace c) MK-801 at 22C, —60 mV, and pH 7.4 at 2&M released carbamoylcholine. The cell was
preincubated with MK-801 for 200 ms. The rate constants for the whole-cell current rise and amplitude are as follows: Control (curve a)
660+ 5 s1/4.8+ 0.1 nA; 300uM MK-801 (curve b) 1040+ 30 s/ 2.3+ 0.1 nA; 1 mM MK-801 (curve c) 159& 50 s%/ 1.1+ 0.2

nA. Trace b was recorded with a different cell with the sagg as the control experiment and rescaled with respect to the maximum
current amplitude of the control experiment. Traces a and ¢ were recorded from the same cell. (B) Determikgtiéor dfie current rise

as a function of MK-801 concentration using the laser-pulse photolysis technique. At the concentration of carbamoylcholinedwed (25
kobs reflects mainlyky (kop was calculated to be 90'5at 25uM carbamoylcholine; eq 1). The cells were equilibrated with 400 or 880

caged carbamoylcholine with and without MK-801 (200 ms preincubation with MK-801). The solid syn@akspresent the laser-pulse
photolysis experiments. Each data point represents the averagel6f &periments with at least 2 different cells. For comparison the
inverse of the mean lifetimes of the open channel determined by single-channel recording are Gh¢see (Figure 3). The solid line
represents the best fit according to eq 6 (appendix). The vallg efas taken as 580°% the apparent valug,, is 90 s at this
carbamoylcholine concentration. A nonlinear least-squares fitting program (see Experimental Section) was used to obtain th& yalues of

3150 s%, andK;, 950uM, and to construct the dashed line. (C) Laser-pulse photolysis experiments. Rigtof(kops — ko) at 160uM
released carbamoylcholine as a function of MK-801 concentration determined from the values obtained with E)Cants 4 s [J)
preincubationk; was obtained fronky,s at 25uM released carbamoylcholine (see text). Each data point represents the averagof 3
experiments with at least 2 different cells.

be consistent with a mechanism in which the inhibitor enters sitization rates that are present in the cell membra&ie (
the open channel and sterically blocks3t (8). It is also 25-27).
known that MK-801 acts on the nACh receptd®(20) in The rapid chemical kinetic method employed in this study,
the low micromolar concentration range. To account for the the laser-pulse photolysis technique (12228, 29; reviewed
observed voltage dependence of the inhibition and thein ref 30), entails equilibration of the muscle type nACh
shortening of the single-channel lifetime in the presence of receptors on the surface of Bl cells @1) with a
MK-801, an extended channel-blocking mechanism was photolabile precursor of carbamoylcholine, caged carbam-
suggested for the inhibition of the nACh receptb)( This oylcholine @2, 28—30). Carbamoylcholine is a stable and
model predicts association of MK-801 with the open-channel well-characterized analogue of acetylcholine. Caged car-
form which is blocked by the inhibitor. In contrast to the bamoylcholine and its photolysis side products have been
consecutive channel-blocking modé),(it was suggested  shown to be biologically inert when tested with B€L cells
(19) that the blocked channel can close before the inhibitor (22, 28—30). Upon photolysis the caged compound releases
dissociates. This mechanism is based on the observation thagarbamoylcholine in the microsecond time region. The
the total channel-open time decreases in the presence of MK-released carbamoylicholine binds to the nACh receptors, and
801 (19), which is not consistent with the consecutive the current resulting from the opening of cation-conducting
channel-blocking modely. transmembrane channels is measured. Three distinct phases
Recently the existing techniques for investigations of the of the reaction are resolved in the current versus time trace.
receptor mechanism have been supplemented by rapid(i) A rising phase of the current (Figure 1). From the effect
chemical kinetic techniques, the cell-flo21) and laser- of carbamoylcholine concentration on this phase it is possible
pulse photolysis technique83), suitable for measurements to determine the rate constants for channel operigpgand
of receptor-mediated reactions on cell surfaces in the channel closingk, and the dissociation constant from the

microsecond-to-millisecond time regioBl( 22). The tech- receptor site controlling channel opening, (28). (i) A
nigue has a better time resolution than flowing solutions over maximum current amplitude. From the effect of carbamoyl-
outside-out membrane patche®3( 24). An additional choline concentration on this amplitude one can also

advantage is that in the laser-pulse photolysis technique thedetermineK; and the channel-opening equilibrium constant
current from all the specific receptors on the surface of a @1 = ko/ky (28). (iii) A falling phase of the current (not
cell can be recorded; this surface is on average several ordershown in Figure 1) is a measure of receptor desensitization
of magnitude larger than the surface of outside-out membrane(28). In the case of the nACh receptor in Bl cells, the
patches. This allows one to observe and analyze the currenvalues of the constants evaluated from the effect of carbam-
arising from different receptor forms with different desen- oylcholine concentration on the observed rate conskagt,
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for the current rise (Figure 1A, eq I) and on the maximum [MK-801] (mM)
current amplitude (reviewed in r&80) are self-consistent and 0 02505 1 152
in agreement with measurements made using two indepen- 157 ' ' ST
dent methods28). (i) The single-channel-recording tech- ‘
nique allows evaluation ok (11), and (ii) the cell-flow 104 —T" ]
technique allows evaluation of the maximum current am- o
plitude @1). More recently, the laser-pulse photolysis e
technique has been used to determine the effect of inhibitor < °] ﬂg—}ﬂ 1
(procaine and cocaine) concentration on the rate constants g o 7
for channel opening and closing, as well as on the maximum e

current amplitude 32, 33). In agreement with the single- 21 AZ‘{—* ]
channel current measurements, it was found that procaine /‘5*0/ o

decreases the observed rate constant for channel cl@ng ( 11 e ]
The effect of the inhibitor on the rate constant for channel //’”

opening, which could not be measured previously, indicated 0+ . . : ;

that this rate also decreased with increasing inhibitor 0 500 1000 1500 2000 2500
concentration §2). This indicates that the inhibitors affect kops (s

the receptor before the channel opens, presumably by binding
to a receptor site on the closed-channel form of the receptor.FIGURE 2:  Reduction of the whole-cell current amplitude as a

The value of the apparent dissociation constant of the function of MK-801 concentration determined by the laser-pulse
S ) ) photolysis and cell-flow methods. The ratio of the maximum whole-
inhibitor from th_e closed- and open chann_el f_orms of the cell current in the presence\j and absenceAl) of MK-801 is

receptor determined from the effect of the inhibitor on the piotied versus thekys value obtained in the same laser-pulse

maximum current amplitudes obtained in laser-pulse pho- photolysis experiment (see tex®, 22 °C, —60 mV, pH 7.4, and
tolysis experiments, or in cell-flow experiments corrected 25 uM released carbamoylicholine). The corresponding MK-801
for receptor desensitizatio2T), can also be obtained from concentration is shown on the top axis (note the nonlinear scale).
the effect of inhibitors on the rate of channel closing or Each data point represents the average at@experiments with
g . - h at least 2 different cells. The solid line was calculated according to

opening ob_talned from the laser-pulse photolysis expenmentseq 5 (appendix) with, = 580 s (28) and mo — 0.08 £8).
(reviewed in ref30). The open symbols¥) represenf\y/A; values obtained in cell-flow

The reaction steps that could be measured when MK-801 experiments at 22M carbamoyicholine.
was used as the inhibitor are the following: (i) the effect of
the inhibitor on the rate for the formation and closing of an solution contained 145 mM NaCl, 5.3 mM KCl, 1.8 mM
open-channel form of the receptor:inhibitor complex; (i) the CaCb, 1.7 mM MgCb, and 25 mM HEPES, pH 7.4. Single-
effects of inhibitor and carbamoylcholine concentrations on channel currents were recorded in the cell-attached mode
the rate of formation of an inactive receptor:inhibitor com- With the recording pipet containing bath buffer solution and
plex (Figure 5); (iii) the effect of the inhibitor on the maxi- the activating ligand alone or with inhibitor, and with the
mum current amplitude (Figures 1A and 2), a measure of outside of the membrane facing the bath buffer solution in
the concentration of open receptor-channels; and (iv) the the outside-out patch configuratio@7 38).
effect of time on the reaction of the inhibitor with the Rapid solution exchange was performed using the cell-
receptor. flow method as described earlie2l). The cell attached to

Here we report that, when comparison is possible, the the recording electrode in the whole-cell mode was posi-
laser-pulse photolysis techniqueg), single-channel current ~ tioned in front of a solution exchange devi@S). The time
recordings {1), and the cell-flow technique() give results resolution of the method is typically 10 ms. The method for
which agree with each other. We also show that the reaction€XPosing the cell surface receptors to an inhibitor for various
scheme resulting from these studies accounts for results withShort periods of time has been describéd)(The cell-flow/
a variety of inhibitors obtained earlier using the single- Whole-cell-recording method was also used to calibrate the

channel current-recordingl( 10, 11, 19, 20) and rapid amount of carbamoylcholine released with the laser-pulse

chemical reaction32—35) techniques. photolysis technique, to test for cell damage by the laser
pulse, and to monitor the recovery of the receptor after the
MATERIALS AND METHODS inhibitor has been removed by washing the cells using the

cell-flow device 82). Typically, standard concentrations of

Carbamoylcholine was purchased from Sigma at¥ ( carbamoylcholine (20, 100M) were applied before and after
dizocilpine (MK-801) from Research Biochemicals Interna- each laser-pulse experiment. The current amplitudes corrected
tional. Caged carbamoylicholinbi{2-o-carboxy]-2-nitroben-  for receptor desensitizatio®1) were compared to standard
zyl-carbamoylcholine), synthesized according to Milburn et curves relating current amplitudes to carbamoylcholine
al. (22), was donated by Molecular Probes. The chemicals concentration 1, 28). The resistance of the recording
for the cell culture and the buffers were purchased from electrode filled with buffer solution was typically-3% MQ
GIBCO and Sigma. and the series resistance;&MQ. The cells were held at a

BC3H1 cells were cultured according to published methods constant transmembrane voltage-e80 or +60 mV (41).
(36). Currents were recorded using the whole-cell configu- Whole-cell currents were amplified with an Adams & List
ration 37). The solution in the recording pipet contained EPC-7 amplifier, and low-pass filtered (Krohn Hite 3322)
140 mM KCI, 10 mM NacCl, 2 mM MgGJ, 1 mM EGTA, at 0.5-2 kHz (cell-flow) or 10-30 kHz (laser-pulse pho-
and 25 mM HEPES, balanced to pH 7.4. The bath buffer tolysis). The filtered signal was digitized using a Labmaster
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DMA 100 kHz digitizing board controlled by the Axon
PClamp software. Typical digitizing frequencies were-0.5
100 kHz. Single-channel currents were amplified with a
Adams & List EPC-7 amplifier and stored on magnetic tape.

Grewer and Hess

receptorKkqps is the observed first-order rate constant of the
current rise. When the ligand-binding steps are fast compared
to the channel-opening process and the ligand concentration
is much larger than the concentration of receptogsreflects

The data were low-pass filtered at 2 or 5 kHz using a Besselk,, and k; (eq. 1). The rise of the whole-cell current is

filter (Dagan). The data were digitized at a rate of-20Q

followed by a decay of the current due to transient inactiva-

kHz using the Axon PClamp software and the Labmaster tion of the receptors (desensitization) with a time constant

DMA digitizing board.

which depends on the concentration of released carbamoyl-

The laser-pulse photolysis method was used as describedholine @8). Because the liberated neurotransmitter diffuses

(22). The photocleavage was initiated with a pulse of laser
light generated by a Lumonics nitrogen lasé< 337 nm,
pulse duration= 3 ns) or a flashlamp-pumped dye laser
(Candela SLL650,4 335-343 nm after frequency
doubling, 600 ns pulse duration) using oxazine 720 or

sulforhodamine 640 as the dye (Lambda Physics). In the
concentration range used, MK-801 does not contribute to
the absorption of laser light at the wavelengths used. The

output of the laser was coupled into an optical fiber
(Fiberguide Industries 200 or 3Q@dm in diameter), which
delivered the light to the cell. The concentrations of caged
carbamoylcholine used were 26800 «M, and the typical
laser energies were-8 mJ/mni, depending on the required
concentration of released carbamoylcholine. A major con-
tribution to the error in the measurements arises because

cell can only be used for a limited number of measurements

and different cells contain different numbers of receptors.
The cell-flow techniqueZ1) and a standard concentration
of carbamoylcholine (20 or 100M) were used before and

out of the irradiated volume (368400uM in diameter), the
desensitization process can be followed for only the first 30
50 ms after photolytic neurotransmitter release.

The whole-cell current amplitude and, therefore, the con-
centration of open receptor-channels decrease with increasing
MK-801 concentration, as shown in Figure 1A. As compared
to the control (curve a) the current amplitude decreases by
about 52% in the presence of 3@ MK-801 (curve b)
but by only about another 29% when the MK-801 concentra-
tion is increased by a factor of 3.3 to 1 mM (curve c). At
the latter concentration of MK-801 (curve c), the current am-
plitude is 23% of that recorded in the absence of MK-801
(curve a). The results in Figure 1A, therefore, suggest that

At low carbamoylcholine concentrations the receptor saturated

with the inhibitor can still form open receptor-channels.

The effect of MK-801 on the observed first-order rate
constant for the whole-cell current riseys indicates that
the inhibition of the receptor by this compound can be

after each laser-pulse photolysis experiment to determineaccounted for by a decrease in the channel-opening equi-
whether the receptors and/or cells were damaged. On thdibrium constant® ! = k.y/kq, as a result of the formation

average the number of experiments performed with the sameof an open channel with the inhibitor bourld\L, (Figure

cell was 3 (200 ms equilibration with MK-801) or 1 (4 s
equilibration with MK-801), respectively. When the response

5). At the low concentration of 26M released carbamoyl-
choline and with equilibration of the receptors with MK-

of the cell to carbamoylcholine decreased, as observed ingo1 for 200 ms,kys increases with increasing inhibitor

cell-flow experiments, another cell was used. A standard
concentration of carbamoylcholine (20 or 100) was used

concentration, and at 1.3 mM MK-801 reaches a value that
is about 3 times the control value (Figure 1B). In the presence

with each cell to normalize the measurements to one another of 25 M carbamoylicholine and the absence of inhibitor the
Linear regression and nonlinear least-squares fitting (Mar- fraction of receptors in the closed-channel form is 0.95 (eq

quardt algorithm) were performed using the MicroCal Origin
program.

RESULTS AND DISCUSSION

BC3H1 cells were equilibrated with caged carbamoylcho-
line for 200 ms in the presence and absence of MK-801.
Unless stated otherwise, MK-801 was equilibrated with the
receptor for 50 ms (cell-flow) or 200 ms (laser-pulse
photolysis). The whole-cell current obtained after photolytic
release of 25 10uM carbamoylcholine is shown in Figure
1A. Thety, for the liberation of free carbamoylcholine is
40 us (22). The current rise is represented by a single
exponential over 8890% of the rising phase of the current
according to the following equatior28):

(ALy)(t) = (AL)).[1 — exp(—K,d)]

L ]

(1

(IA)

3, appendix) and thk&.ps value for the current rise reflects
primarily the rate for channel closing (eq I; r28). Similar
results have been obtained when the receptors are equilibrated
with MK-801 for 4 s (data not shown). It should be noticed
(Figure 1B) thatk,' (the apparent rate constant for channel

closing in the presence of MK-801 kgK,/(K, + lo)) does

not increase linearly with increasing MK-801 concentration
but reaches a limiting value. At 50M MK-801 k. reaches

a value about 3 times that obtained in the absence of MK-
801 and remains about the same at MK-801 concentrations
up to 1.3 mM (Figure 1B).

In the presence of high concentrations (H6@0 uM) of
released carbamoylcholine, tkgsvalue for the current rise
time represents a sum &f andk,,, the rate constant for
channel opening (eq I). The effect of MK-801 on the apparent
rate constant for channel openingd = kop(L/(L + K1))%/
Ki/(K; + lg)) determined at high carbamoylcholine concentra-
tions (Figure 1C) is obtained by subtracting thes values
obtained at low released carbamoylcholine concentrations,

(AL,) is the concentration of receptors in the open-channel whenk,, — 0 (eq 1), from those obtained at high released
form and is proportional to the measured whole-cell current carbamoylcholine concentrations. Within experimental error
(Figure 1).L is the concentration of activating ligand, and k., does not change in the range of MK-801 concentrations
K1 is the dissociation constant of carbamoylcholine from the studied (Figure 1C).
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Thus, the effect of MK-801 olit,ps at both low and high ™o
carbamoylcholine concentrations indicates the existence of
a rapid process, which occurs within the time required for
mixing of the receptors on the cell surface with MK-801.
The rapid process leads to an increasekjh without a
concomitant change ik,, and, therefore, a reduction in the
channel-opening equilibrium constant. The reduction in the
channel-opening equilibrium constant gives rise to a reduc-
tion in the current amplitude and, therefore, receptor inhibi-
tion. The increase i, can be accounted for by the rapid
formation of an inhibitor:receptor complex that can form an
open channel (Figure 5). This inhibitor:receptor complex has
a rate constant for channel closing higher than that of the
receptor without inhibitor bound, whereds, remains
unchanged. The result is a shift of the channel-opening [MK-801] (uM)
equilibrium to the closed-channel form in the presence of Ficure 3: Single-channel current-recording experiments. Plot of

MK-801 and, therefore, a reduction in the fraction of 1/  versus MK-801 concentration. The open squamBgépresent
receptors in the open form at a given neurotransmitter the data obtained during the first 200 ms after rapid application of

concentration (receptor inhibition). The,svalue measured  20u4M carbamoylcholine and MK-801 to an outside-out patch. The
at low carbamoylicholine concentrations reflektsat low dashed line represents the result obtained from a nonlinear least-

. — squares fit according to eq 6a (appendkg)+ k: was estimated as
MK-801 concentrations arkj, (the rate constant of channel 4500 s. For comparison, the open circle)(show the dependence
closing of the inhibitor:receptor complex) at high MK-801 of ko,s determined by the laser-pulse photolysis technique and
concentrations (Figure Sk.ps as a function of MK-801 obtained from the current rise with 200 ms preincubation with MK-
concentration can be quantitatively described by eq 6 801 The filled squaredl) represent data obtained under equilib-

. o . . - rium conditions (the receptors were exposed to MK-801 for at least
(appendix), which is consistent with the observed nonlinear 3q g pefore data collection) with the cell-attached mode (the value
dependence okos on MK-801 concentration (Figure 1).  reported in the literature2(l) for 10 M MK-801 with acetylcholine
From a nonlinear least-squares fit of eq 6 (dashed line in (0.54M) as activating ligand at-50 mV is shown for comparison,
Figure 1B) and by using the experimentally obtained values ‘Eﬂegrfé'z’.?g&'lfg' t',?gerﬁg{ﬁuﬁaiuﬂiﬁfﬂ%f’t‘ﬁdaesfuiﬂctthoen portagcrann?:e
for ks, the rate Comstant f(lchannel closing of the receptor: and absence of inhibitor, respectively) at a carbamoylcholine
inhibitor complexk, andK;, the dissociation constant of

concentration of 10@¢M and a MK-801 concentration of 2QaM
MK-801 from the open-channel receptor form (Figure 5), at22°C,—60 mV, and pH= 7.4. The solid symboldl) represent
can be estimatedk, = 3150+ 600 s* andK, = 950 +

the data obtained with the cell-flow technique (50 ms equilibration
. - time was used). The open symbolS)(represent a laser-pulse
400 uM. From the principle of detailed balancé2j and photolysis experiment with 200 ms exposure of the receptor to MK-
the value forK|, the apparent dissociation constant of MK- 801 before channel activation. Each data point represents the
801 from the closed-channel receptor forms can be estimatecfverage of +3 experiments. The solid line represents the result
18QuM (see eq 2, appendix). Accordingly, MK-801 binds obtained from nonlinear regression analysis according to eq 4
as la q <, app : aly, (appendix) (Figure 5). The rate constant obtained is2@1 s™.
~5 times more strongly to the closed- than to the open-
channel form _Of the receptor. . o results shown in Figure 2 are in agreement with the
Can the shift of the channel-opening equilibrium to the experimental data obtained in the MK-801 concentration
closed-channel form in the presence of inhibitor account for range of 6-500 xM. The inhibition of the receptor at low
the reduction of the whole-cell c_urr_er_1t_ in the presence pf carbamoylcholine concentration is, therefaecounted for
MK-801 and, therefore, receptor inhibition? To answer this by the shift of the channel-opening equilibrium to the closed-
question, we have measured the ratio of the whole-cell channel form in the presence of up to 500 MK-801. At
current amplitude in the absence and presence of inhibitor, higher MK-801 concentrationg\y/A; curves upward (Figure
AdJA;, as a function of MK-801 concentration (Figure 2) using 2). This upward curvature is due to the contribution of a
the laser-pulse photolysis technique. If the inhibition of the slow inhibition process at high MK-801 concentrations.
receptor is caused by the altered channel-opening equilib-These measurements are discussed below.
rium, AJ/Ai can be expressed as a linear function of the ratio  Evidence for the existence of a second inhibitory process
of the channel-opening equilibrium constant in the absence,for MK-801 (Figure 3) will be considered next. We shall

T T T
200 400 600

@1, and presencep,, "%, of the inhibitor (eq 5). This ratio
is given by kqps Obtained in the presence of the inhibitor
divided byk; obtained in its absence (eq ¥)ysis obtained

consider first the effect of MK-801 on the lifetime of the
open channel (), determined using the single-channel-
recording method 1(1). We used outside-out membrane

from the current rise at low carbamoylcholine concentrations, patches that can be rapidly equilibrated with carbamoylicho-
at which the channel-opening rate constant does not con-line and MK-801 to determine the mean channel-open time
tribute to the measurements (eq 6). The solid line shown in in the first 200 ms after application of MK-801. Experiments

Figure 2 was calculated using eq 5, the experimentally
determined values &/A and ofk.ps(eq 6), the known value

of the fraction of receptor molecules in the open-channel
form, FAL, of 0.05 (calculated for 2M carbamoylcho-
line using eq 3, appendix), and a value fgr = 580 s*
obtained from laser-pulse photolysis experime28®.(The

were performed at 150, 300, and 600 MK-801 and 20

uM carbamoylcholine. Only openings in the first 200 ms
after simultaneous application of 20M carbamoylcholine
and MK-801 to 2-3 outside-out membrane patches from
different cells were used to calculate the mean open times.
Multiple openings have been neglected. The open time
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Table 1: Mean Open Times Obtained in the Presence gf\20 Similar bimolecular rate constants have also been reported

Carbamoylcholine in the Absence and Presence of MK-801 of for the reaction of a variety of compounds with the open-
Different Concentrations, 22C, —60 MV, pH 7.4 channel form of the nACh recepto®)( It should be noted

[MK-801] Top(MS) Top(MS) that when the channel-open time is determined within 200

(uM) equilibrium Nop first200ms  Nop ms of exposure of the receptor to MK-801 (Figure 3, open

0 27+02 1600 16+0.1 75 symbols), a different result is obtained. The reduction in the

10 0.9+ 0.2 2800 lifetime of the open channel in the presence of MK-801 is 1

50 05+0.1 330 order of magnitude lower than the reduction obtained from

%88 02+0.1 451 (}.'e];i 8:% gg the equilibrium experiments (Figure 3, filled symbols). The

600 05+ 0.1 44 reduction of the mean channel-open time within the mixing

" o - time of MK-801 with the cell surface receptors is in
Top Values on the left, cell-attached mode; equilibrium conditions ] — =
(>30 s exposure of the receptor to MK-801 before beginning data agreement with the values &, k,, andk as measured
acquisition);zop values on the right, application of MK-801 to outside-  with the laser-pulse photolysis technique (Figures 1B, 3, and
out patches. Only openings in the first 200 ms after exposure to MK- 4). Thus, these single-channel current measurements provide

801 were incorporated in the open-time histograms obtained from the ! . . AT
outside-out patches. Typical openings consisted of single events in theevIdence for the existence of two inhibitory processes, one

presence of the inhibitoM,, represents the number of openings in occurring within the mixing time_ of MK_'801 with the C_e_”
each measurement. surface receptors and one associated with a slowly equilibrat-

ing receptor site.

distributions can be described with a single-exponential decay In preliminary kinetic measurements on the effect of MK-
function, that is a Poisson distribution, at all of the inhibitor 801 concentration on the current amplitude (Figure 3, inset),
concentrations used. The mean channel-open time washe data are plotted a&i/A, where A and A, are the
obtained from this exponential fit of the open time distribu- maximum current amplitudes in the presence and absence
tion. The results are summarized in Table 1. of 200uM MK-801. At this concentration about 60% of the
The reciprocal of the lifetime of the open channel as a receptors are inhibited. About 50% of the inhibition process
function of MK-801 concentration (Figure 3, open squares) has gone to completion within the mixing time of MK-801
is represented by eq 6a (appendix) and the dashed line inand the cell surface receptors of 50 ms. A second, much
Figure 3. In the concentration range used only a slight slower process goes to completion within about 1 s.
deviation from linearity is observed (Figure 3, dashed line), Preliminary experiments indicate that the equilibration time
as is expected from the conditions of the experimé&ntX for this second process is slower at lower concentrations of
1). Using aK, value of 950uM, obtained from the chemical ~MK-801 and faster at higher concentrations. Similar results

kinetic experimentsk,, + k can be estimated as 4500's were obtained at 10&M carbamoylcholine but are not
(eq 6a), wheré; is the rate constant for the conversion of shown. _
the open channel with inhibitor bountA(,) to the inactive So far we have considered what happens at low carbam-

form IAL,* in Figure 5. Within experimental error, the effect oylcholine concentrations, when the majority of the receptors
of MK-801 on the lifetime of the open channel is in good &r€ in the closed-channel form. We shall now consider the

agreement with the kinetic data obtained by laser-pulse €fféct of carbamoylicholine concentration, and therefore the

photolysis (shown for comparison in Figures 1B and 3, open olé of the open-channel form of the receptor, on the
circles). The values differ from those that have been obtainednhibition reaction. It can be seen in the laser-pulse photolysis
under equilibrium conditions by Amador and Dafigfand ~ €XPeriments in Figure 4A that at a carbamoylicholine

in the experiments in Figure 3 (solid squares). concentration of 16&M and an MK-801 concentration of
We, therefore, determined the time dependence of the400uM, the falling phase of the current can no longer be
effect of MK-801 on the lifetime of the open channelj. described by a single-exponential decay function; instead the

The mean channel-open time a60 mV transmembrane ~ Current decay can be represented by a sum of two exponen-
potential was measured under equilibrium conditions (cell- fi2ls (éq 7, appendix). An initial rapid decay phase of the
attached mode; MK-801 and carbamoylcholine were equili- CUTent is followed by a slower phase with a time constant
brated with the receptors fdr> 30 s before the single- comparable to the time constant for receptor desensitization
channel current was recorded) at MK-801 concentrations of 0btained in the absence of MK-801. When the receptor is
10, 50, and 15Q:M with 1 uM carbamoylicholine as the pre-equilibrated with MK-801 fo4 s before exposure to both
activating ligand. In the absence of the inhibitor the channel- c@rbamoylcholine and MK-801, the current amplitude de-
open time distribution shows a fast (22%) and a slow (78%) Créases, but the observed rates for the rapidly and slowly
component 28, 43); only the mean open time determined dgcaymg phases of the current appear unchanged (cUr_ve b
from the slow component was used as the control valug, 1/ Figure 4A). The observed rate constant for the rapidly
is shown as a function of MK-801 concentration in Figure 3 decaying phase of the current (Figure 4A) depends on both
(solid symbols). Under these conditiong,}/is dependent ~ the carbamoyicholine and the MK-801 concentration. We
on MK-801 concentration, with a slope of (34 0.2) x shall examine first the effect of carbamoylcholine concentra-
10’ M1 571, This value for the slope is in good agreement fion on keps for the rapidly decaying phase.

with the value reported for the nACh receptor for the same  The dependence &f.< for the rapidly decaying phase of
cell line at—50 mV under equilibrium conditiond.§) using the current on carbamoylcholine concentration at a constant
acetylcholine and MK-801. It is also in good agreement with concentration of 40«M MK-801 has been investigated
the bimolecular rate constant for MK-801 binding to the using the laser-pulse photolysis method. As shown in Figure
open-channel form estimated for the NMDA receptb8)( 4B, ke increases with increasing carbamoylcholine con-
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Ficure 4: (A) Laser-pulse photolysis experiment (same conditions as in Figure 1) witpNiG€arbamoylcholine released from 8QM

caged precursor in the absence (upper trace, a) and presenced#14@&-801 (traces b, h and 1 mM MK-801 (trace c). The cell was
preincubated with MK-801 for 200 ms (traces a, b, and dj dns (trace B). The rate constants obtained for the rising phase of the
whole-cell current and the amplitudes are the following: trace a, #8@0 s%/7.2 + 0.1 nA (control); trace b, 360& 100 s/4.6+ 0.1

nA (400uM MK-801, 200 ms preincubation); tracé, 13800+ 100 s /1.8 + 0.1 nA (400uM MK-801, 4 s preincubation); trace c, 10000

+ 300 s¥%1.7+ 0.1 nA (1 mM MK-801, 200 ms preincubation). The rate constants associated with the rapidly decaying phase and the
amplitudes after decay of the fast phase are the following: trace b+4¥Ds /2.3 + 0.1 nA (400uM MK-801, 200 ms preincubation);

trace b, 660+ 20 s1/0.9 4+ 0.1 nA (400uM MK-801, 4 s preincubation); trace ¢, 530 5 s%0.3+ 0.1 nA (1 mM MK-801, 200 ms
preincubation). Traces b and were recorded from a different cell with the sakags as the control experiment and rescaled with respect

to the maximum current amplitude of the control experiment. (B) Laser-pulse photolysis experiments. Dependence of the rate constant of
the rapidly decaying phase on carbamoylcholine concentration. The concentration of caged carbamoylcholing:a3 B&@onditions

were identical to those in Figure 1. The concentration of released carbamoylcholine was varied by adjusting the laser energy. Each data
point represents the average of @ experiments with at least 3 different cells. The solid line was calculated according to eq 8 (appendix).

The parameters were the followind<; = 240uM, ® = 0.18 1), K, = 950 uM, K, = 180 uM (estimated from dependence k§' on

MK-801 concentration), an#f, = 230 s. ks was obtained by a nonlinear least-squares fitting procedure as 290(C$ Laser-pulse
photolysis experiments. Dependence of the ratio of the amplitude of the rapidly decaying phase to the maximum current (eq 9, appendix)
on the carbamoylcholine concentration. The conditions of the experiments were identical to those in Figure 4B. Each data point represents
the average of 39 experiments with at least 3 different cells. The solid line has been calculated using eqs 8 and 9 (appendix) with the
same parameters as stated in the legend of Figure 4B excep t#al800 s?! was calculated by nonlinear least-squares fitting. (D)
Determination ofk,,¢ for the rapidly decaying current as a function of MK-801 concentration using the laser-pulse photolysis technique.
Experimental conditions: 22, —60 mV, pH 7.4, and 16@M released carbamoylcholin®({200 ms preincubatior®), 4s preincubation).

Each data point represents B0 experiments with at least 3 different cells. The solid line was calculated according to eq 8 (appendix) with

kio =560 s%, k, = 230 st andy = 360uM (see text for details). By using the known valuesgf= 240uM, ® = 0.18 @1), K, = 950
uM, andK, = 180uM, one can estimate a value flyrof 2400 s*.

centration from 25 to 200M. Over this concentration range, I+L+A 2L AL> kop ALy open
the ratio of the amplitude of the rapidly decaying phase of kel

the current to the maximum current in the presence of MK- K1 Ki X

801 (egs 8 and 9, appendix) increases with increasing K1 kop
carbamoylcholine concentration and, therefore, increases with L+IA IAL2 P IAL2 open
increasing concentration of the open-channel form of the ¢ Wl ke

receptor (Figure 4C). This is consistent with the MK-801-
induced receptor inactivation taking place from the open- TAL>* inactive
channel receptor form. The experimental data can well be ) . . S

. - - . ..~ ~FGURE 5: Proposed regulatory site mechanism for the inhibition
described with egs 8 and 9, which assume that |_nact|vat|on by MK-801 of the nACh receptor in BEL cells.A represents the
of the open-channel form does not involve a bimolecular nondesensitized receptdarthe neurotransmitter, aridhe inhibitor.
reaction of an inhibitor with the open receptor-channel but Al, and IAL, are the open-channel forms andL.* is the
that instead an inhibitor-induced transition from the open- jnipited form. K, andK, are the dissociation constants from the

channel form with inhibitor boundAL, to an inactive C|OS§1- and open-channel receptor forms, respectik@;ykop, K,

receptor formlAL;* (Figure 5) occurs. The effect of MK-  andk are the rate constants for channel opening and closing for
801 concentration on the rapidly decaying phase of the the receptor in the absence of MK-801 and for the inhibitor-bound

current (Figure 4D) is consistent with this assumption and receptor form, respectivelyk; and k, are the rate constants
N . . - associated with the formation of the inhibited state.

is discussed below. Using the estimate Kgrof 950 uM

and forK, of 180uM, both obtained from the effect of MK- The dependence of the observed rate congtahfor the
801 on the current rise time (Figure 1B) and the published rapidly decaying phase on the MK-801 concentration at a
values for the ligand dissociation constant and channel- concentration of 16@M released carbamoylcholine is shown
opening rate constant given in the appendix, eq 3, a valuein Figure 4D. At low inhibitor concentrationk,y,s increases
for the forward rate constant of the transition to the inactive with increasing MK-801 concentration. At high MK-801

state can be estimated. The value obtainedkfe 2900 s

from the rate constant (eq 8) and 1800 §om the relative
amplitude (eq 9). A value fdk of 2400 s is obtained from
the dependence &, on MK-801 concentration (eq 8).

concentrationds,ps does not increase linearly with increasing
MK-801 concentrations as would be expected for a bimo-
lecular process; instead it reaches a value of 3000 s*

at 1 mM MK-801 (Figure 4D). The dependencekgfs on
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MK-801 concentration is characteristic for a MK-801- the lifetime of the open receptor-channel will appear to be
induced transition to an inactive state that is preceded by aconsistent with an open-channel-blocking mechaniSin (
rapidly equilibrating inhibitor-binding step (Figure Hus When IAL, (Figure 5) represents an open channel, such
as a function of MK-801 concentration can be described by measurements will indicate deviations from the channel-
eq 8 (appendix). For the derivation of eq 8, it has been plocking mechanism9 10, 19). In view of the time-
assumed that the MK-801-induced receptor inactivation takeSdependent effect of inhibitors on the open-channel lifetime
place only from the open state, as is indicated by the results(Figure 3), it is not yet clear which inhibition process has
in Figure 4. By using the estimated values for the dissociation been observed in previous studid®,(20).

constants of MK-801 from the open- and closed-channel  The use of rapid reaction techniques and the determination
receptor forms (see above) and the known valuesfand  of the effect of the inhibitor ork,, andky (30, 32) and on

K, (eq 3, appendix), we calculated theerm in eq 8to be  the current amplitudes in kinetic measuremeB88),(when

360 uM. This is in good agreement with the experimental the receptor is mainly in the closed or mainly in the open-
data (solid line, Figure 4D) obtained in laser-pulse photolysis channel form (egs 2, 6), have provided evidence that nACh
measurements of the effect of MK-801 concentration on the receptor inhibitors such as procaine and cocaine bind to the
observed rate constant for the rapidly decaying phase of thec|osed- as well as the open-channel form of the receptor. A
current (Figure 4A) at a carbamoylcholine concentration of minimum mechanism that incorporates these results and the
160 uM. It should be noted in Figure 4D that, within opservation that, although MK-801 binds to the open-channel
experimental error, the observed rate constants for the currenform, the rate constant for channel closing increases (Figure
decay are the same whether the receptor is equilibrated with1B) is shown in Figure 5. The principle of microscopic
MK-801 for 200 ms or 4 s. The relative contribution of the reversib”ity app“ed to the proposed mechanism in Figure
rapidly decaying phase to the maximum whole-cell current 5 and the cyclic equilibrium involving the reaction inter-

can be obtained from the ratio of the amplitudes of the rapidly mediatesAL,, AL, IAL,, andIAL,, requires that whek, <
(Aras) and slowly @so,) decaying phases of the current (eq o ’ 2 —

9). The contribution of the pre-exponential factor of the K, .the channel-opening equilibrium constaby, _.kw] ]
rapidly decaying phase to the total curreftd/(Aasi+ Ason)) kc_| is smaller than.CI)"l.' !n the proposed mechanism in
depends on the MK-801 concentration. It reaches a meanfigure 5, receptor |nh|b|t|on_|s,_therefore, accounted for by
value of 64%+ 8% at MK-801 concentrations greater than the formation of a receptor:inhibitor complex of the open-
600:M when the receptors are equilibrated with the inhibitor channel formlAL, (Figure 5) with an unfavorable channel-
for 200 ms. Aws{(Aast + Asiow)) €an be described by eq 9 opening equilibrium constant. A minor contribution to
(appendix); by using eq 9 we can estimate a valuekfoe receptor inhibition involves the formation of a nonconducting
230 s This is in good agreement with the value lof receptor:inhibitor complex that proceeds from the open-
estimated from the dependencekgf! on carbamoylicholine ~ channel form of the receptor (Figure 5).

concentration (Figure 4B) at low carbamoylcholine concen- We have shown here and previousdp(33) that the laser-
trations, where the terdl/(I + y)o is small compared té, pulse photolysis technique with a microsecond-to-millisecond
(eq 8). With the estimated valueslgfandk: the equilibrium time resolution 22, 28—30) gives information about the
constant for the formation of the inhibited statelKg/can effect of inhibitors on the rate constant of channel opening
be estimated as-10. The apparent binding affinity of the and closing, and in the same experiment about the effect of
open state of the receptor for the inhibitor, which can be inhibitors on the extent to which the receptor is in the closed-

expressed as H(Ky), is, therefore, increased by a factor of ©Or in the open-channel form. This allows one to compare
10 after the transition to the inactive state is completed.  the dissociation constants of the inhibitor determined in both

The mechanism shown in Eiqure 5 represents a summar kinetic andquasiequilibrium experiments and to arrive at
of the results obtained with the?ece tor I[s)ite that e uilibratesyrnore detailed information about receptor inhibition (Figure
. . ptor q 5). The rapid chemical kinetic techniques may, therefore,
rapu_:lly with MK-801. At Iow_concentrgtlons of carbamoyl- be useful in answering many of the remaining questions
choline, when t_he_rgc_eptpr is mainly in the close_d-c_h_annel regarding the chemical mechanism by which neurotransmitter
form, receptor inhibition is accounted for by an inhibitor- receptors are inhibited by a large number of clinically
induced decrease in the channel-opening equilibrium; that

is, the channel-closing rate increases in the presence ofMK—intereSting and abused compounds)( A mechanism in
801 while the channel-opening rate remains unchanged. AtWhICh a compound inhibits by reducing the channel-opening

high trati fcarb choli hen th i equilibrium constant, as proposed here, suggests the develop-
ng cprllcgn rt?] lons o car: amcl)yfc oline, V\;hen te re_ce'E)hormem of therapeutic agents that compete with an inhibitor
!Shr.g‘f"t!ny In the open-c anr;ed o_rrrrr:, anf? ter ?elaKmsme for its binding site, without affecting the channel-opening
concentration on this Step IS inconsiste a olecula inhibitory site and protect the organism from the toxic effect
reaction of the inhibitor with the open-channel form. The L

: . . e of receptor inhibitors.
results are consistent with the isomerization of the open-
channel form of the receptor with inhibitor bound to a form AppeNDIX
in which the channel is closed.

The mechanism in Figure 5 can account for the single-
channel measurements of the effect of other inhibitors on
the lifetime of the open receptor-channg] 9, 10, 19, 20).
When the receptor:inhibitor complebAL, (Figure 5) is =1+
nonconducting, measurements of the effect of inhibitors on A Kl,app

Under equilibrium conditions, inhibition of the nACh
receptor can be described by the following equat® 83):

1)
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A and A, represent the whole-cell current amplitudes in the L 2 K, —
presence and abgence of |nh|b|t(_)r gt_'ghe concentrdtion Kyps = T K k0p+ ky—— + kg —| (6)
respectively K, app is the apparent inhibition constant. Ac- | + K, I + K,

cording to Figure 5 the apparent inhibition constant can be

expressed in terms of the dissociation constants of MK-801 The lifetime of the open channel after formation of the
from the individual states of the receptor: inactive receptor:inhibitor complex can be expressed as

follows:
1 _ FA , FAL A  FAL, FAL —

= + + 2 K —
Kiapp (K)o (K (K (K @) 1o K —_+ (kg + k) I—_ (6a)
Top | + K, | + K,
(K))n represents the apparent dissociation constant of MK-
801 from the receptor with respect to thith state of the | represents the concentration of inhibitor akd the
receptor.FA, FAL, FAL, and FAL, are the fractions of dissociation constant of activating ligand from the receptor.
receptor in each state. K, and K, are the dissociation constants of MK-801 from

For binding of the inhibitor only to the open-channel form the closed- and open-channel receptor forms, respectively.
k. is the rate constant for channel closing of the inhibitor-
1 FAL, bound open state (Figure 5), akdis the rate constant for
= ®3) formation of the inactive state.
The whole-cell current decay in the presence of MK-801
at high carbamoylcholine concentrations can be represented

Kl,app EI

where as a sum of two exponentials according to the following
L2 equation:
FAL, = — 5 N —
L°+ oL+ Kl) (ALz)t: (AL2)t=O[Afast eXp(_kobsF) + Aslow exp(_kobszt)]

7
and represents the fraction of the receptors in the open- ¢

channel form 21). K, represents the dissociation constant  (AL,); and AL,)—o represent the concentration of open
of the inhibitor from the open-channel forr®2). L represents  channels and are proportional to the current at titraesd 0
the concentration of activating ligan#; the dissociation  after the current has reached its maximum valig, and
constant of the receptor site controlling channel opening Asiow represent the fraction of the rapidly and slowly decaying
(Figure 5), andb ! the channel-opening equilibrium constant exponentials of the total current, respectively, with the rate
kop/ka (Figure 5). Values foK, of 240 uM and for ® of constantXops1 and Kopsa
0.18 Q1) have been used to calculate the fraction of the ~The rate constant for the MK-801-induced transition
receptors in the open-channel form. (Figure 5) of IAL,, the receptor in the open-channel form
The inhibition of the receptor by MK-801 is time-  with inhibitor bound, tdAL,*, a closed-channel form of the
dependent. This' values for the time-dependent inhibition  receptor with inhibitor bound, can be derived according to
process (Figure 3, inset) have been obtained by a nonlinearFigure 5:

least-squares fit according to the following equation:
I

A _Aie Aco . Koo =K (70 TR0 =
A=A enky ) (@) |

ks L+K\| — K tk (8)
In this equation A—./A, was calculated from the whole- |’1 + ‘I’|O(TI) ] + K|’1 + ‘P(TI) ]
cell current amplitudes in the presendg«) and absence
(Ao) of inhibitor at long preincubation times wheR was where
constantA;—o andko,s' were varied by the fitting routine.
The expression for the inhibition of the maximum current kd L +Kj)\?
amplitude at 25«M carbamoylcholine can be described by
the following equation:

- kc,(L + K)

1-FAL -1 L
Po_ FAL, + (1= FAL) Kope Where Kons_ 0 = C) Kop
A Kei K D,

0 and

FAL, represents the fraction of the receptor-channel being ky (L + K,
open andky the rate constant for channel closinkgs o=1+ '( )
represents the observed rate constant for the current rise in kop

the presence of MK-801.

The observed rate constaqtsfor the whole-cell current  Here, ks andk, represent the rate constants for the formation
rise has been derived according to the scheme in Figure 5and the back reaction of the inactive state (Figurdss(230
(33): s 1) can be estimated from the relative amplitudes of the
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slowly (Asiow) @and rapidly decayingi.s) phases as follows:

Aas K ky
Afast_f—Aslow kobs’ kobs'

wherekqye is defined in eq 8.

The following assumptions have been made for the
equations derived above: (i) The concentrations of activating
ligand and inhibitor are large compared to the concentration
of receptors. (ii) The ligand- and inhibitor-binding steps are
fast compared to channel opening and closing and are in
pre-equilibrium. (iii) The rate constant for channel opening
is not affected by the inhibitor. (ivka, K, kop > ki, ko
(Figure 5, eq 8). (VA IA, AL, IAL, AL, IAL;, AL,, and
IAL, are in rapid pre-equilibrium. (vi) Receptor inhibition
is mainly accounted for by the formation of a receptor:
inhibitor complex with an unfavorable channel-opening
equilibrium constant. A minor contribution to receptor
inhibition involves the formation of a nonconducting recep-
tor:inhibitor complex that proceeds only from the open-
channel form of the receptor (Figure 5).

=1- ©)
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