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ABSTRACT Using whole-cell patch-clamp techniques, we studied the blockade of open N-methyl-D-aspartate (NMDA)
channels by amino-adamantane derivatives (AADs) in rat hippocampal neurons acutely isolated by the vibrodissociation
method. The rapid concentration-jump technique was used to replace superfusion solutions. A kinetic analysis of the
interaction of AAD with open NMDA channels revealed fast and slow components of their blockade and recovery. Mathe-
matical modeling showed that these kinetic components are evidence for two distinct blocking sites of AADs in open NMDA
channels. A comparative analysis of different simplest models led us to conclude that these AAD blocking sites can be
simultaneously occupied by two blocker molecules. The voltage dependence of the AAD block suggested that both sites were
located deep in the channel pore.

INTRODUCTION

Earlier it was shown that the interaction of certain com-
pounds with N-methyl-D-aspartate (NMDA) channels is
complex and cannot be described by a simple one binding
site model. The existence of two blocking sites in NMDA
channels was established for long-chain adamantane deriv-
atives (Antonov and Johnson, 1996) andn-alkyl diamines
(Subramaniam et al., 1994). Intracellular and extracellular
Mg21 ions blocked the channels interacting with different
binding sites (Johnson and Ascher, 1990). Mutagenesis
experiments on NMDA receptor subunits showed that Ca21

and Mg21 were likely to bind to multiple sites within the
pore that were contributed by both the NMDAR1 and NR2
subunits (MacBain and Mayer, 1994). Spermine and sper-
midine were suggested to act at distinct sites on NMDA
receptors, thereby producing potentiation and block (Rock
and MacDonald, 1992; Benveniste and Mayer, 1993;
Araneda et al., 1993). The high value of the Hill coefficient
(nHill . 1) characterizing the concentration dependence of
the block by tetraalkylammonium derivatives (Koshelev
and Khodorov, 1992) and bepridil (Sobolevsky et al., 1997)
can be considered as evidence in favor of the existence of
more than one blocking site for these compounds in NMDA
channels. Antonov and Johnson (1996) found that the ap-
parent fractional electrical depth,d, of the site at which
IEM-1754 and IEM-1460 bound to the channel was differ-
ent for two different ranges of the membrane potential.
These different values ofd allowed them to hypothesize the
existence of deep and shallow blocking sites for these drugs
in NMDA channels. The same assumption could be made

for Mg21, which demonstrated high values ofd: 1.0 (Ascher
and Nowak, 1988) and 0.8 (Jahr and Stevens, 1990).

Both parameters,nHill andd, proved to have high values
for amino-adamantane derivatives (AADs) used in the
present study. This fact led us to analyze the AAD-induced
kinetics of open channels to verify the hypothesis about the
multisite interaction of these compounds with NMDA chan-
nels. We actually revealed fast and slow components of
channel blockade and recovery, which was in agreement
with the two components of recovery from block by me-
mantine and amantadine observed earlier by Johnson et al.
(1995). The kinetic analysis described in the present study
allowed us to conclude that the AAD-induced block of open
NMDA channels was mediated by two distinct blocking
sites. These sites are located in the depth of the channel pore
and can be simultaneously occupied by two blocking mol-
ecules.

MATERIALS AND METHODS

Pyramidal neurons were acutely isolated from the CA-1 region of rat
hippocampus by “vibrodissociation techniques” (Vorobjev, 1991). The
experiments were begun not earlier than after 3 h of incubation of the
hippocampal slices in a solution containing (in mM) 124 NaCl, 3 KCl, 1.4
CaCl2, 2 MgCl2, 10 glucose, 26 NaHCO3. The solution was bubbled with
carbogen at 32°C. During the whole period of isolation and current record-
ing, nerve cells were washed with a Mg21-free solution (in mM): 140
NaCl, 5 KCl, 2 CaCl2, 15 glucose, 10 HEPES (pH 7.3). Fast replacement
of superfusion solutions (t , 30 ms) was achieved using the concentration-
jump technique (Benveniste et al., 1990b; Vorobjev, 1991). The currents
were recorded at 18°C in the whole-cell configuration, using micropipettes
made from Pyrex tubes and filled with an “intracellular” solution (in mM):
140 CsF; 4 NaCl; 10 HEPES (pH 7.2). Electric resistance of filled mi-
cropipettes was 3–7 MV. Analog current signals were digitized at 1-kHz
frequency.

Statistical analysis was performed using the scientific and technical
graphics computer program Microcal Origin (version 3.5 for Windows).
All of the data presented are mean6 SE; comparisons were made using a
paired Student’st-test.

Kinetic models used to simulate the AAD action were based on the
conventional rate theory and used independent forward and reverse rate
constants to simultaneously solve first-order differential equations repre-
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senting the transitions between all possible states of the channel. The rate
constants,ki (i 5 1, . . . 4), were calculated by the method described in
Appendix B with the help of Mathcad (version 5.0). Differential equations
were solved numerically by using the algorithm analogous to that described
previously (Benveniste et al., 1990a).

Amino-adamantane derivatives were synthesized by MERZ (Eckenhei-
mer Landstr. 100–104, 60318 Frankfurt-am-Main, Germany) (see Table 1).

RESULTS

Concentration dependence

Ionic currents through NMDA channels were elicited by
fast application of 100mM aspartate (ASP) in a Mg21-free,
3 mM glycine-containing solution. At a holding potential of
2100 mV, ASP induced an inward current which, after its
initial fast rise (t , 30 ms) up to the value,I0, indicating the
opening of NMDA channels, decreased gradually (tD 5
449 6 27 ms,n 5 21) down to a certain plateau level,IS

(Fig. 1, inset). Such a current decay under continued action
of the agonist is a result of desensitization of the receptor-
channel complex. The fraction of desensitized channels,
d 5 1 2 IS/I0, varied between the cells in a wide range of
0.08 to 0.75 and was, on the average, 0.356 0.03 (n 5 23).
AAD inhibited the ASP-induced currents in a concentra-
tion-dependent manner. Two-second coapplications of ASP
with the blocker were repeated every 3 s up to thepoint
where the plateau current reached its stationary level (IB).
Stationary current responses to MRZ 2/178 at different
concentrations are shown in Fig. 1A. The degree of the
stationary open-channel block (IB/IS) was fitted by the lo-
gistic equation (Fig. 1B)

IB

IS
5

A

1 1 ~@B#/IC50!
`nHill

1
1 2 A

1 1 ~@B#/IC50
1!`nHill

1 (1)

whereA 5 0.79 6 0.01 is the constant, IC50 5 8.7 6 0.8
mM and IC50

1 5 0.010 6 0.004 mM are the apparent
half-blocking concentrations,nHill 5 1.266 0.08 andnHill

1

5 1.83 6 0.99 are the Hill coefficients, and [B] is the
blocker concentration. The concentration dependencies of
other AADs were studied at the blocker concentrations in
approximately the following range: from 10 times lower to
10 times higher than IC50. The degree of the stationary
open-channel block (IB/IS) for these blockers was fitted by
the following logistic equation:
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IS
5
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The values of the fitting parametersA, IC50, andnHill are
presented in Table 2. It is interesting that the value ofA for
all AADs proved to be lower than 1. Taking into account the
heterogeneity of NMDA channels, this finding can be ex-
plained by the existence of another qualitatively different
high-affinity binding of AAD to NMDA channels, due to
which some of these channels become inactive or blocked.

The kinetics of the open-channel blockade were studied
by applying AAD in the continuous presence of ASP (100
mM). Only the cells with parameterd smaller than 0.33
were selected for these experiments. The current traces in
response to 5-s applications of MRZ 2/178 at different
concentrations are shown in Fig. 2. The blocking as well as
the recovery kinetics of current responses were poorly fitted
with single exponential functions (Fig. 2A). In contrast, the
fittings with double-exponential functions proved to be
quite satisfactory (Fig. 2B). The mean values of the ampli-
tude of the fast component, fast and slow time constants, for
the blocking (Afast

on , tfast
on , andtslow

on , respectively) and recov-
ery kinetics (Afast

off , tfast
off , andtslow

off , respectively) of meman-
tine (MEM) and MRZ 2/178 are shown in Fig. 3. Both time
constants,tfast

on and tslow
on , decreased with the blocker con-

centration (Fig. 3,A and C), whereastfast
off and tslow

off were
practically concentration-independent (Fig. 3,B and D).
The values of the amplitude of the fast component at any
two different concentrations were significantly different:
Afast

on increased (p , 0.03) andAfast
off decreased with a rise in

the blocker concentration (p , 0.0002) (Fig. 3,E and F).
For all AADs, in 67% of cells (n 5 69) Afast

off was equal to
zero at high blocker concentrations. This fact provides
direct evidence that the two components observed in the
AAD-induced kinetics cannot be explained by the exis-
tence of two different populations of NMDA channels.
Otherwise we would observe some fast component, even
at infinitely high blocker concentrations. Moreover, two
kinetic components were observed in the recovery kinet-
ics of MEM and amantadine in homogeneous NR1a/
NR2A and NR1a/NR2B populations of NMDA channels
(Blanpied et al., 1997).

According to previous reports (Chen et al., 1992; Parsons
et al., 1993, 1995), AADs are uncompetitive NMDA chan-

TABLE 1 Chemical structures of the amino-adamantane
derivatives used in the study

Compound R1 R2 R3

Memantine -CH3 -CH3 -H
Amantadine -H -H -H
MRZ 2/150 -C2H5 -C2H5 -H
MRZ 2/151 -C2H5 -CH3 -CH3

MRZ 2/177 -C3H7 (-isopropyl) -H -H
MRZ 2/178 -C3H7 (-propyl) -H -H
MRZ 2/184 -C6H5 -C2H5 -H
MRZ 2/239 -C3H7 (-propyl) -C3H7 (-propyl) -H
MRZ 2/372 -C3H7 (-isopropyl) -C3H7 (-isopropyl) -H
MRZ 2/457 -C2H5 -CH3 -H
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nel antagonists. Their action can be illustrated by a simple
one-site model:

Model 1

where C, CA, OA, and OAB represent the channel in closed
agonist-unbound, closed agonist-bound, open, and open
blocked states, respectively. The asterisk indicates the con-
ducting state;l1, l2, a, b, k1 andk2 are the kinetic constants.
[A] is the agonist concentration. Model 1 is a priori unable
to explain the existence of two components observed in the
open-channel blocking kinetics, because the time constants
of the transitions between the C, CA, and O*A states (see
Appendix A) are much higher than even fast time constants
of the AAD-induced kinetics (Fig. 3,A–B).

Is it possible to explain the two components in the open-
channel blocking kinetics without the addition to model 1 of
another blocked state? Obviously it could be done by taking
into account the existence of desensitized states of the
channel. For the sake of simplicity, let us consider the
model with only one desensitized state (DA):

Model 2

The kinetic constantsl1, l2, a, andb were determined by
using the data from literature; andk1 and k2 were found

TABLE 2 The concentration and voltage-dependence parameters for AAD

Compound

Concentration dependence Voltage dependence

nHill IC50 mM A d Kd(0) mM A

Memantine 0.926 0.06 0.806 0.21 0.796 0.07 0.736 0.03 18.56 2.7 0.996 0.04
Amantadine 1.026 0.13 14.56 4.4 0.836 0.10 0.926 0.02 7376 36 0.996 0.01
MRZ 2/150 1.286 0.13 0.376 0.11 0.796 0.08 0.736 0.07 8.46 2.6 1.046 0.12
MRZ 2/151 1.196 0.15 0.706 0.14 0.756 0.05 1.036 0.12 36.16 14.8 0.836 0.07
MRZ 2/177 1.036 0.07 0.436 0.07 0.856 0.05 0.826 0.03 12.86 1.4 0.956 0.03
MRZ 2/178 1.266 0.08 8.76 0.8 0.796 0.01 0.826 0.08 1026 33 0.906 0.09
MRZ 2/184 1.396 0.14 2.496 0.36 0.846 0.04 0.876 0.08 39.36 13.0 1.016 0.10
MRZ 2/239 1.346 0.20 2.786 0.61 0.886 0.04 0.896 0.09 39.26 12.3 0.986 0.08
MRZ 2/372 1.196 0.07 0.726 0.08 0.856 0.02 0.906 0.06 25.66 6.1 0.906 0.05
MRZ 2/457 1.146 0.08 0.396 0.06 0.806 0.03 0.886 0.06 13.46 2.6 0.986 0.05

The values presented are mean6 SE.n 5 4–14 cells.

FIGURE 1 Concentration depen-
dence of the stationary NMDA open-
channel blockade by MRZ 2/178.
MRZ 2/178 at different concentrations
was coapplied with ASP (100mM) for
2 s at 2100 mV. (A) Stationary
NMDA responses in the absence (first
and last traces) and presence of MRZ
2/178 (0.6, 1.9, 5.6, 16.7, and 50mM).
The inset shows the control response
to ASP application on an expanded
time scale. The current decrease from
I0 to IS was fitted with the exponent,
tD 5 320 ms. (B) Plateau current re-
sponses (IB) divided by the control
plateau value (IS) were plotted against
the MRZ 2/178 concentration. The
solid line shows the fitting of the ex-
perimental data to Eq. 1. The fitting
parameters areA 5 0.79 6 0.01,
IC50 5 8.7 6 0.8 mM, nHill 5 1.266
0.08, IC50

1 5 0.0106 0.004mM, and
nHill

1 5 1.836 0.99 (n 5 6).
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from the analysis of mean values oftslow
on andtslow

off (Fig. 3,
C and D) for open-channel blockade by MEM and MRZ
2/178 (see Appendix A). The values ofg and e, the rate
constants of transitions into and out of DA, respectively,
were defined from the results of studies of control current
responses to 2-s ASP application (Fig. 1,inset). We found
the numerical solutions at different values ofd (Fig. 4 A)
and fitted them in the same way as the experimental curves.
The modeling values oftfast

on , tfast
off , tslow

on , andtslow
off were of

the same range as the experimental ones.Afast
off , however,

remained constant at different AAD concentrations, irre-
spective of thed value (Fig. 4B). Moreover, at a compar-
atively low value ofd (but an extremely high value for
kinetic experiments) of 0.32, the fast component of the
recovery kinetics was negligible (Afast

off 5 0.014 for MEM
andAfast

off 5 0.045 for MRZ 2/178). The Hill coefficient for
model 2 is exactly equal to 1 (see Appendix C) and thus
cannot explain the experimentally observed values ofnHill

exceeding 1.
Thus we failed in our attempt to explain the two compo-

nents in the open-channel blocking kinetics of AAD by an
addition of the desensitized state to one-site model 1. So it
is necessary to increase the number of blocked states of the
channel. Let us consider the appropriate simplest kinetic
models. As the behavior of other parameters predicted by
model 2 was qualitatively the same as the experimental one,
the main object of our observation will be the behavior of
Afast

off for the channel recovery from the AAD-induced block-
ade depending on the blocker concentration. Therefore we
have no need to take into account the desensitized states of
the channel because, as shown above, the addition of these
states to the kinetic model not only leavesAfast

off constant at
different blocker concentrations but, in our experimental
range ofd, it also allows one to consider it as practically
zero. For the sake of simplicity and without any loss for our
analysis due to the high value of the opening probability

(see Appendix A), the processes of the agonist binding and
the subsequent channel opening are represented as a straight
transition from the closed state (C) to the open state (OA).

When only one blocker molecule binds to the channel,
there are two simplest possibilities to add one new blocked
state to Model 1. The first one can be expressed by a
sequential kinetic model:

Model 3

XB can represent the second open (O9AB), desensitized
(DAB), or closed (CB) blocked states of the channel. In the
latter case, the blocker can be trapped in the closed channel.
The trapping block of NMDA channels by memantine and
amantadine was reported earlier (Johnson et al., 1995; Chen
and Lipton, 1997). In this case, XB can be designated as CB,
and the kinetic constantk4 can be written in more detail as
k4 5 l1 z [A]. However, under our conditions of the contin-
uous presence of ASP at a constant concentration (100mM),
this more accurate definition is unimportant. Thus all three
possible representations of the sequential model are kineti-
cally equivalent.

Another simplest possibility, adding the second blocking
site when only one blocker molecule binds to the channel,
can be expressed in the form of a parallel kinetic model:

Model 4

FIGURE 2 The fast and slow compo-
nents in the kinetics of the NMDA open-
channel blockade by MRZ 2/178. ASP
(100 mM) was applied continuously.
MRZ 2/178 at various concentrations
was coadministered for 6 s with ASP. (A)
Original NMDA responses at the 5.6,
16.7, and 50mM MRZ 2/178 concentra-
tions were fitted with single exponential
functions. (B) The same responses were
fitted with double exponential functions.
The amplitude of the fast component in-
creased with a rise in the blocker concen-
tration for the channels blockade (Afast

on )
and decreased for their recovery (Afast

off ).
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According to model 4, the blocker binds to one or another
blocking site in the channel. The jumps from one blocking
site to another are impossible. The kinetic constants for
models 3 and 4 (Table 3) were defined unambiguously from
the analysis of mean values oftfast

on , tfast
off , tslow

on , and tslow
off

(Fig. 3, A-D) for the open-channel blockade by MEM and
MRZ 2/178 (see Appendix B). Most of the kinetic param-
eters for both models changed qualitatively in the same way
as in the experiment; however, the modeling values ofAfast

off

for the channel recovery from the AAD-induced blockade
did not change with the blocker concentration (cf. Figs. 5
and 3F). The inadequacy of these models can also be seen
in their inability to explain high experimental values ofnHill

(Table 2), because they predict the value of the Hill coef-
ficient as being exactly equal to 1 (see Appendix C).

Model 4 can be complicated by the transition between
OAB1 and OAB2:

Model 5

FIGURE 3 The fitting parameters of the kinetics of the
NMDA open-channel blockade by MEM and MRZ 2/178
depending on their concentration. The mean fitting pa-
rameters for the blocking and recovery phases of the
current responses are shown inA, C, E and in B, D, F,
respectively. The fast and slow time constants decreased
with the blocker concentration for the blockade (A andC,
respectively) and were practically concentration-indepen-
dent for the recovery (B andD, respectively). The value
of tfast

off for MEM at 64mM was poorly defined because of
the low value ofAfast

off . The corresponding recovery kinet-
ics were fitted with fixedtfast

off mean for lower MEM
concentrations. The amplitude of the fast component in-
creased with the blocker concentration for the channel
blockade (E) and decreased for their recovery (F). The
slope of Afast

off dependence on the blocker concentration
DAfast

off /D[B] 5 20.29 6 0.02 (n 5 6) for MEM, and
DAfast

off /D[B] 5 20.446 0.04 (n 5 5) for MRZ 2/178.

TABLE 3 The modeling kinetic constants for MEM and MRZ 2/178

MEM MRZ 2/178

k1 mM21s21 k2 s21 k3 mM21s21 k4 s21 k1 mM21s21 k2 s21 k3 mM21s21 k4 s21

Model 3 1.926 0.28 0.236 0.02 0.376 0.01 0.1586 0.005 0.986 0.42 0.886 0.17 0.736 0.03 0.296 0.06
Model 4 0.246 0.18 0.776 0.07 1.296 0.28 0.0566 0.005 0.506 0.27 1.766 0.13 0.486 0.15 0.1366 0.019
Model 7 1.156 0.24 0.776 0.07 0.336 0.22 0.0566 0.005 0.896 0.37 1.766 0.13 0.0806 0.043 0.1366 0.019
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Model 5 describes the situation in which either blocking
site can be occupied at first and the blocker can jump from
one site to another. As a combination of models 3 and 4, it
cannot simulate the experimentally observed kinetics either
(Fig. 6). Furthermore, in the framework of the simplest
models with two blocked states, the kinetic model can also
be complicated by the appearance of two open states of the
channel. The existence of two to five conductance levels
was shown in experiments with native and recombinant
NMDA channels (Gibb and Colquhoun, 1992; Wyllie et al.,
1996). This complication of the model can be represented

by the following scheme:

Model 6

where OA1 and OA2 are the two different open states of the
channel and OA1B and OA2B are its blocked states, respec-
tively. Thus the two blocked states in model 6 can corre-
spond to only one binding site of the blocker. The transi-
tions C-OA1 and C-OA2 are not slower than the transition
between C and OA in model 4 because the mean open time
distribution was not shown to contain any components with
t . 10 ms; the transition between OA1 and OA2 is very fast
(t ,, 1 ms) and, in the majority of NMDA channels,
symmetrical (Gibb and Colquhoun, 1992). To our knowl-
edge, the existence of temporal asymmetry was found only
for NMDA NR1a/NR2D recombinant channels (Wyllie et
al., 1996). Despite the possible asymmetry of the transitions
between C, OA1, and OA2 with respect to the transitions

FIGURE 4 The kinetics of responses predicted by model 2. (A) MRZ
2/178 at different concentrations (20, 60, 180, and 540mM) was coapplied
with ASP (100 mM) after the agonist-induced current had reached its
stationary level. The modeling current traces are presented for two values
of the fraction of the desensitized channels,d. In both cases the amplitude
of the fast component,Afast

off , did not depend on the MRZ 2/178 concentra-
tion, but increased from 0.045 to 0.49 whend rose from 0.32 to 0.77,
respectively. (B) The values ofAfast

off for MEM and MRZ 2/178 at different
d (0.32, 0.59, and 0.77) are plotted against the blocker concentration.
Despite the common independence ofAfast

off on the concentration for MEM
and MRZ 2/178, MEM, the blocker slower than MRZ 2/178, demonstrated
a lower increase inAfast

off with d.

FIGURE 5 The kinetics of responses predicted by models 3 and 4. (A)
The modeling current traces for models 3 and 4. MEM at different
concentrations (0.125, 0.25, 0.5, and 1mM) was applied in the continuous
presence of ASP (100mM). (B) The values of the amplitude of the fast
component for the recovery from the block by MEM and MRZ 2/178 for
models 3 and 4 were plotted against the blocker concentration. For both
modelsAfast

off did not depend on the blocker concentration.

1310 Biophysical Journal Volume 74 March 1998



OA1-OA1B and OA2-OA2B due to the different conductance
of OA1 and OA2 states or the temporal asymmetry between
them, the rapidity of these transitions provides qualitatively
the same kinetics as in the case of models 2–5, i.e.,Afast

off is
concentration-independent (Fig. 7). Model 6 also predicts
the value of the Hill coefficient as being exactly equal to 1
(see Appendix C).

FIGURE 6 The kinetics of responses predicted by model 5. All of the
kinetic constants exceptk5 andk6 are the same as for model 4 (see Table
3). The constantsk5 and k6 are mutually dependent according to the
equationk1 z k4 z k6 5 k2 z k3 z k5. (A) The modeling current traces in the cases
when the transition between OAB1 and OAB2 states was (a) slower than both
OA-OAB1 and OA-OAB2 transitions,k5 5 0.006 s21, k6 5 0.0153 s21; (b)
comparable to the slow one,k5 5 0.06 s21, k6 5 0.153 s21; (c) comparable to
the fast one,k5 5 0.6 s21, k6 5 1.53 s21; and (d) faster than both of them,k5

5 6 s21, k6 5 15.3 s21. MEM at different concentrations (0.125, 0.25, 0.5, and
1 mM) was applied in the continuous presence of ASP (100mM). The recovery
kinetics ina are practically the same as shown in Fig. 5 for model 4,tfast

off 5
1.466 0.01 s,tslow

off 5 16.36 0.1 s. Inb the kinetics are faster,tfast
off 5 1.326

0.01 s,tslow
off 5 9.7 6 0.1 s. In c and d, the recovery kinetics are single

exponential, with the time constants intermediate between the time constants in
a andb. These time constants can be defined as slow; their values weretslow

off

5 4.696 0.01 s andtslow
off 5 4.096 0.01 s forc andd, respectively. (B) The

values of the amplitude of the fast component for the recovery from the block
by MEM for all four cases described inA were plotted against the blocker
concentration. In contrast to the experiment,Afast

off did not depend on the blocker
concentration; it decreased from 0.286 0.01 in a to 0.196 0.01 in b and
became equal to zero inc andd.

FIGURE 7 The kinetics of responses predicted by model 6. The kinetic
constantsl1, l2, k1, k2, k3, andk4 are the same as those for model 4 (see
Table 3). The constantsm andn were taken to be high enough to ensure the
rapidity of the transition between the OA1 and OA2 states with respect to the
other transitions in model 6 and not too high to simplify the modeling
process. The constantsl3 and l4 were of the same range asl1 and l2 and
were changed symmetrically withm andn to comply with the equationl1 z

l4 z m 5 l2 z l3 z n. (A) The modeling current traces in the cases when the
dynamic equilibrium along the transition OA1-OA2 was (a) symmetrical,
m 5 n 5 1000 s21, l3 5 l1, l4 5 l2; (b) shifted to OA1, m 5 4 z n 5 2000
s21, l3 5 2 z l1, l4 5 0.5 z l2; (c) shifted to OA2, m 5 0.25 z n 5 500 s21,
l3 5 0.5 z l1, l4 5 2 z l2. MEM at different concentrations (0.125, 0.25, 0.5,
and 1mM) was applied in the continuous presence of ASP (100mM). The
values oftfast

off andtslow
off were practically the same as for model 4 and did

not depend on the blocker concentration. (B) The values of the amplitude
of the fast component for the recovery from the block by MEM for all three
cases described inA were plotted against the blocker concentration.Afast

off

did not depend on the blocker concentration and was the same (Afast
off 5

0.286 0.01) ina, smaller (Afast
off 5 0.096 0.01) inb, and larger (Afast

off 5
0.636 0.01) inc than for model 4 (see Fig. 5B).
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Thus no models considered above can qualitatively de-
scribe the kinetics of NMDA channel recovery from the
AAD blockade. The only way to solve this problem within
the framework of simplest models with two blocked states is
to suppose that not one, but at least two blocking molecules
can simultaneously bind to open NMDA channels. In a
kinetic model this fact will be expressed by the appearance
of the double-blocked state, OAB1B2. The resulting kinetic
model with a double-blocked open-channel state is sequential:

Model 7

Model 7 suggests the strong order for the blocker mole-
cules to occupy their binding sites: site 2 is occupied first,
site 1 is occupied thereafter. The constantsk1, k2, k3, andk4

(Table 3) were defined unambiguously according to the
experimental kinetics (see Appendix B). Finally, in this case
Afast

off depends on the blocker concentration qualitatively in
the same way as in the experiment: it decreased with con-
centration for both MEM and MRZ 2/178 (Fig. 8A). It
should be noted, however, that the slope of theAfast

off depen-
dence on the blocker concentration (Fig. 8B, DAfast

off /D[B] 5
20.536 0.04 for MEM andDAfast

off /D[B] 5 20.616 0.03
for MRZ 2/178) was much steeper than that observed in the
experiment (Fig. 3F, DAfast

off /D[B] 5 20.29 6 0.02 for

MEM andDAfast
off /D[B] 5 20.446 0.04 for MRZ 2/178). It

is interesting that taking into account the open probability of
less than 1 by involving the closed agonist-bound state of
the channel in model 7,

Model 7a

we did not change considerably the recovery kinetics (the
values ofP0 were varied by means of variation inb at a 5
200 s21; see Appendix A). Thus the kinetic constantstfast

off

andtslow
off remained the same at differentP0. Afast

off changed a
little with a change in the open probability. The slope of the
Afast

off dependence on the blocker concentration changed
within the error limits (cf. for MEMDAfast

off /D[B] 5 20.536
0.04 at P0 5 1, model 7, solid line in Fig. 8 B; and
DAfast

off /D[B] 5 20.51 6 0.03 at P0 5 0.04, model 7a,
dashed linein Fig. 8 B). Contrary to the kinetics, the
concentration dependence of the stationary blockade pre-
dicted by model 7a strongly depended on the open proba-
bility (Fig. 8 C). nHill increased for MRZ 2/178 from 1.436
0.05 atP0 5 1 (model 7) to 1.816 0.04 atP0 5 0.04 (for
MEM nHill 5 1.606 0.04 atP0 5 1 andnHill 5 1.906 0.02
at P0 5 0.04). Thus, in accordance with theoretical predic-
tions (see Appendix C), the modeling kinetics gavenHill

values within the interval from 1 to 2, despite being con-

FIGURE 8 The kinetics of responses and
the concentration dependence of the stationary
blockade predicted by model 7 (7a). (A) The
modeling current traces predicted by model 7.
MEM at concentrations 0.125, 0.25, 0.5, and 1
mM and MRZ 2/178 at concentrations 1, 2, 4,
and 8 mM were applied in the continuous
presence of ASP (100mM). (B) The amplitude
of the fast component predicted by model 7
(7a) at different blocker concentrations.Afast

off de-
creased with the blocker concentration for both
MEM and MRZ 2/178. The slope ofAfast

off depen-
dence on the blocker concentration predicted by
model 7 (P0 5 1) wasDAfast

off /D[B] 5 20.536
0.04 for MEM andDAfast

off /D[B] 5 20.616 0.03
for MRZ 2/178 (shown bysolid lines). Afast

off

dependence on the blocker concentration did not
practically change when the open probability
was decreased according to model 7a (for MEM
DAfast

off /D[B] 5 20.51 6 0.03 at P0 5 0.04,
shown bydashed line). (C) Concentration de-
pendencies of the stationary blockade by MRZ
2/178 predicted by model 7 (P0 5 1) and model
7a atP0 5 0.04 were superimposed on the nor-
malized concentration dependence observed in
the experiment (all of the points except for the
two left ones shown in Fig. 1B are represented
here). The fittings to Eq. 2 withA 5 1 of the
modeling and experimental data are shown by
solid and dashed lines, respectively. The dose-
response curve predicted by model 7a was
shifted to the right with a decrease inP0.
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siderably larger than those observed in the experiment (Ta-
ble 2). The value of IC50 differed considerably at low and
high values ofP0. Thus, for MRZ 2/178, IC50 increased
from 1.226 0.03 to 8.426 0.10mM with a decrease inP0

from 1 to 0.04 (for MEM, IC50 5 0.286 0.01 atP0 5 1 and
IC50 5 1.63 6 0.01 atP0 5 0.04), and at the low open
probability was approximately the same as in the experi-
ment (8.76 0.8 mM).

Potential dependence

The current responses to AAD application in the continuous
presence of ASP (100mM) were different at different mem-
brane potentials (Fig. 9,inset). The voltage dependence of
the stationary blockade of open NMDA channels by MEM
and MRZ 2/178 is shown in Fig. 9. The fitting was done
using the equation

IB/IS 5 A/~1 1 @B#/Kd~0! 3 exp~dFEh/RT!! (3)

whereA is the constant,Eh is the membrane potential, and
Kd(0) is the equilibrium dissociation constant atEh 5 0. F,
R, and T have their usual meanings. The values ofd, the
fraction of the electric field that contributed to the energy of
AAD at the blocking sites, proved to be very high (Table 2).
The values ofA were close to 1.

The double-exponential fit of the 10mM MEM-induced
blocking kinetics (Fig. 10) showed thatAfast

on decreased at
first from 0.79 to 0.54 with an increase in the holding
potential from2100 to240 mV and then was enhanced to
0.65 with a rise inEh to 220 mV. Afast

off for the channel
recovery from the MEM blockade increased from 0.27 to
0.79 with an increase inEh from 2100 to 220 mV. The
mean values of the amplitude of the fast component, the fast

and slow time constants for the blocking, and the recovery
kinetics of MEM and MRZ 2/178 depending onEh are
shown in Fig. 11. It should be noted that both time con-
stants,tfast

off andtslow
off , in the kinetics of recovery from MRZ

2/178 decreased with membrane depolarization (Fig. 11,B
andD), whereas in the case of MEM,tfast

off was practically
voltage-independent (Fig. 11B). We modeled the kinetics
of the AAD interaction with open NMDA channels depend-
ing on the membrane potential according to the simplest
model 7. As the agonist binding site is considered to be
located near the surface of the neuronal membrane, the
transition from C to OA was assumed to be voltage-inde-
pendent. This assumption can be confirmed by the fact that
the whole-cell current-voltage dependence curve in Mg21-
free solutions for NMDA channels is practically linear
(Nowak and Wright, 1992; Parsons et al., 1993, 1995) and
by the observation that the inhibition of NMDA responses
by the competitive antagonists was not voltage-dependent
(Benveniste and Mayer, 1991a). The other constants de-
pending onEh are defined according to the following equa-
tions:

k1~3! 5 k1~3!
2100mV expS2d1~2!F DEh

2RT D (4)

k2~4! 5 k2~4!
2100mV expSd1~2!F DEh

2RT D (5)

whereki
2100 mV is the ith kinetic constant at the holding

potential of2100 mV, d1 and d2 are the fractions of the
electric field corresponding to the first (from OA to OAB1)
and second (from OAB1 to OAB1B2) blocking transitions, and
DEh is the difference betweenEh and2100 mV. All of the
values of the kinetic constants at2100 mV were the same

FIGURE 9 The voltage depen-
dence of the stationary NMDA open-
channel block by MEM (10mM) and
MRZ 2/178 (80mM). The stationary
current values in the presence of the
blocker (IB) divided by the corre-
sponding control current values (IS)
were plotted against the membrane
potential (Eh). The solid lines show
the fitting of the experimental data
with Eq. 3. The fitting parameters are
A 5 0.996 0.04,Kd(0) 5 18.56 2.7
mM, d 5 0.73 6 0.03 (n 5 5) for
MEM, andA 5 0.906 0.09,Kd(0) 5
1026 33 mM, d 5 0.826 0.08 (n 5
6) for MRZ 2/178. The inset shows
the original current traces at various
membrane potentials (from2100 to
40 mV). MRZ 2/178 was applied for
6 s in the continuous presence of ASP
(100 mM).
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as in previous experiments with model 7 (Table 3). We
considered three different situations for a qualitative kinetic
analysis depending on the membrane potential when 1) both
the first and second blocking transitions of model 7 (d1 5
0.45,d2 5 0.45), 2) only the first transition (d1 5 0.9,d2 5
0), and 3) only the second transition (d1 5 0, d2 5 0.9) were
voltage-dependent. The results of modeling experiments
with MRZ 2/178 are shown in Fig. 12 (for MEM the results
are qualitatively similar). In the first situation both the fast
and slow time constants (tfast

off and tslow
off ) for the recovery

kinetics decreased with the membrane potential (Fig. 12,B
andD). In the second situation this decrease was observed
only for tfast

off , and in the third one, only fortslow
off . A com-

parison of thetslow
off behavior for the model (Fig. 12D) and

the experiment (Fig. 11D) allows one to reject the second
situation and to conclude that the second transition in model
7 for both MRZ 2/178 and MEM is potential-dependent. As
for the first transition (cf. Fig. 12 and Fig. 11B), the kinetics
of MRZ 2/178 indicates that it is strongly voltage-depen-
dent, whereas in the case of MEM the situation remains
unclear. A comparison of other kinetic parameters (Fig. 12
and Fig. 11,A, C, E, andF) suggests that most probably the
first transition for MEM depends on the membrane poten-
tial, although to a much smaller degree than for MRZ 2/178.

The voltage dependence of the stationary block by MEM
and MRZ 2/178 for model 7 in the three situations men-
tioned above is shown in Fig. 13. The fit with Eq. 3 gave
high values of the integral fraction of the membrane electric
field, d: 0.70 for MEM and 0.66 for MRZ 2/178 in the first
situation and 0.90 in the second and third situations for both
MEM and MRZ 2/178. Contrary to the first and second
cases, in the third case the essential decrease in the limit
fraction of unblocked channels at an infinitely high positive
potential (parameterA in Eq. 3) is observed for both MEM
(Fig. 13A, A 5 0.65) and MRZ 2/178 (Fig. 13B, A 5 0.43),
although in the experiment this value was close to 1 (Table
2). This fact can be considered strong evidence that for all

AADs, not only second but also the first transition in model
7 is potential-dependent. Therefore two blocking sites of
AADs are located in the depth of the channel pore.

DISCUSSION

In our experiments we studied the concentration- and volt-
age-dependent blockade of open NMDA channels by AAD.
The kinetics of AAD-induced responses in the continuous
presence of ASP contained fast and slow components (Fig.
2). This fact is not due to the existence of two different
populations of NMDA channels. We made an attempt to
explain the appearance of the second kinetic component by
the process of desensitization (models 2 and 3), the ability
of the channels to close with the blocker inside (model 3),
the existence of two different AAD blocking sites on con-
dition that only one blocker molecule can bind to the chan-
nel (models 3, 4, and 5), as well as by taking into account
multiple open states of the channel (Model 6). However,
these attempts failed to model the experimentally observed
decrease inAfast

off with an increase in the blocker concentra-
tion (Fig. 3F). Moreover, the Hill coefficient higher than 1
for practically all AADs (Table 2) cannot be predicted by
these models (see Appendix C). The low value ofnHill for
MEM can be explained by its ability not only to block
NMDA channels but also to potentiate agonist-induced re-
sponses (Koshelev et al., 1997). It is clear that any combi-
nation of models 2–6 cannot simulate the dependence of
Afast

off on the blocker concentration or a Hill coefficient higher
than 1. Thus the addition of any states to the model will not
explain the experimentally observed kinetics on condition
that only one blocker molecule can bind to the channel.

The ability of two blocking molecules to bind simulta-
neously to a NMDA channel and, correspondingly, the
appearance in model 7 of the “double-blocked” state al-
lowed us to resolve qualitatively the difficulties mentioned

FIGURE 10 The kinetics of the
NMDA open-channel block by MEM
depending on the membrane potential.
ASP (100mM) was applied continu-
ously. MEM (10mM) was coadminis-
tered for 6 s with ASP at various
membrane potentials (from2100 to
220 mV) (Eh). The solid lines show
the fitting of the current traces with
double exponential functions. The am-
plitude of the fast component for the
channels blockade,Afast

on, decreased
from 0.79 to 0.54 with an increase in
Eh from 2100 to 240 mV and then
was enhanced to 0.65 with a rise inEh

to 220 mV. Afast
off increased from 0.27

to 0.79 with a rise inEh from 2100 to
220 mV.
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above. It is impossible, however, not to notice some quan-
titative discrepancies: 1) the slope of theAfast

off dependence
on the blocker concentration (Fig. 8B) is much steeper than
that observed in the experiment (Fig. 3F); and 2) the Hill
coefficient (Fig. 8 C) is much higher than that in the
experiment. Furthermore, model 7 is unable to explain the
nonmonotonous dependence ofAfast

off on the membrane po-
tential for the channel recovery from the MRZ 2/178-in-
duced blockade (cf. Figs. 11F and 12F). Evidently, the
defects of model 7 are the strict succession, in which two
blocking molecules can bind to their sites, and the failure to
take into account the trapping block of NMDA channels by
AAD. By analogy with Johnson et al. (1995), it is right to
suppose that the channel cannot close with the blocker at the
shallow site (1), but can do it with the blocker at the deeper

site (2). Thus, by adding the new states, OAB1 and CB2, to
model 7, we obtain the following model:

Model 8

which is the combination of models 3, 4, and 7. Unlike
model 7, where the first blocking molecule reaches the deep
blocking site 2 right from the external solution, model 8
gives this molecule another possibility to gain site 2 by way
of sequential “jumps” from the extracellular medium to site
1 and from site 1 to site 2 (Fig. 14). For the sake of

FIGURE 11 The fitting parameters of
the kinetics of the NMDA open-channel
blockade by MEM and MRZ 2/178 de-
pending on the membrane potential (Eh).
The experimental scheme is shown in
Fig. 10. The mean fitting parameters for
the blocking and recovery phases of the
current responses are shown inA, C, E
and in B, D, F, respectively. Fast and
slow time constants for the recovery
from MRZ 2/178 decreased with mem-
brane depolarization (B, D), whereas in
the case of MEM,tfast

off was practically
voltage-independent (B). The amplitude
of the fast component for the recovery
from MRZ 2/178 had a nonmonotonous
dependence onEh, whereasAfast

off for
MEM was enhanced with a rise inEh

(F).
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simplicity, this model does not contain all possible desen-
sitized and multiple open states of the channel. Nonetheless,
model 8 can predict any slope ofAfast

off and any value ofnHill

intermediate between the values given by models 3, 4, and
7, i.e., it allows one to obtain the correspondence with the
experimental values. This model, however, has many more
degrees of freedom than the previous ones, and its constants
cannot be defined unambiguously from the experimental
data.

The potential dependence of the kinetics of AAD-induced
responses allows one to understand why such high values of
d were observed for the stationary block of NMDA channels
(Table 2). Being some integral fraction of the electric field,
d reflects the penetration of the membrane electric field by
two charged blocking molecules up to their binding sites in
the pore. Within the framework of model 7, we showed that
both blocking sites for MEM and MRZ 2/178 were located
in the depth of the membrane electric field. However, site 1
for MEM is located at a point much more shallower than

that for MRZ 2/178. Perhaps the long hydrophobic “tail” of
MRZ 2/178 promotes the deeper binding of the blocker in
the vicinity of site 1 by way of its interaction with the
hydrophobic site in the channel pore (Subramaniam et al.,
1994).

APPENDIX A

The process of NMDA channel opening consists of two main events: its
activation by means of agonists and coagonists binding to their sites and
the opening of the gate, which proceeds with the probabilityP0. The
process of agonist binding was well described by a two-equivalent site
model (Benveniste and Mayer, 1991b). Apparent microscopic association
and dissociation rate constants for NMDA were determined to be 2.1 s21

mM21 and 24 s21, respectively. For the single binding site model 1(2),
these constants were approximately two times as high. In our modeling
experiments the values of dissociation (l2) and association (l1) rate con-
stants were taken to be 50 s21 and 4 s21 mM21, respectively. The choice
of the value ofa was based on investigations of single NMDA channels
(Ascher et al., 1988; Cull-Candy and Usowich, 1989; Jahr and Stevens,
1990). As the mean open time in these works varied from 2.5 to 7 ms, we

FIGURE 12 The fitting parameters of MRZ 2/178
kinetics depending on the membrane potential (Eh)
predicted by model 7. The experimental scheme is the
same as that shown in Fig. 5A. The mean fitting
parameters for the blocking and recovery phases of
modeling responses are shown inA, C, E and inB, D,
F, respectively. The fast and slow time constants, and
the amplitude of the fast component were plotted
againstEh in three following cases when 1) both the
first and second blocking transitions of model 7 de-
pended on the membrane potential (d1 5 0.45,d2 5
0.45); 2) only the first (d1 5 0.9,d2 5 0) and 3) only
the second transition (d1 5 0, d2 5 0.9) were voltage-
dependent.tfast

off for MRZ 2/178 did not decrease with
Eh only in situations 3 (B), andtslow

off did not decrease
with Eh only in situation 2 (D). Afast

off for MRZ 2/178
did not decrease withEh in all three situations (F).
The parameters for the blockade demonstrated qual-
itatively different voltage dependencies in the three
cases considered (A, C, E).
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adopted the value of 200 s21 for a. The estimations of the opening
probability of the activated channel in the majority of previous studies gave
values between 0.2 and 0.5 (Jahr, 1992; Lester et al., 1993; Lin and
Stevens, 1994; Benveniste and Mayer, 1995; Colquhoun and Hawkes,
1995), although Rosenmund et al. (1995) showed the low open probability
for synaptic NMDA receptor channels. We adopted a value of 0.5. Thus the
corresponding value forb proved to be 200 s21. Taking into account the
rapidity of the agonist binding (we used the saturating concentration of
ASP, 100mM) and channel opening, the time constant characterizing the
process of desensitization is defined from the equation

tD 5 1/~g 1 e! (A1)

whereg ande are the constants for the transition to and from the desen-
sitized state, respectively. The ratio ofg ande can be obtained by using the
value d 5 IS/I0. At the moment when the control current reaches its
maximum valueI0 (see Fig. 1,inset), the channels are distributed between
states C, CA, and OA (model 2) in quasi-equilibrium. Assuming that the
sum probability of occupying the states is equal to 1, the probability of
occupying the open state will be defined as

@OA1# 5 1/~l2a/~l1@A#b! 1 a/b 1 1! (A2)

At the moment when the control current reaches its stationary value,IS,
we will obtain an equilibrium between states C, CA, OA, and DA. The
probability of occupying of the open state will be defined as

@OA2# 5 1/~l2a/~l1@A#b! 1 a/b 1 1 1 ga/eb! (A3)

Substituting Eqs. A2 and A3 into the equation

IS/I0 5 1 2 d 5 @OA2#/@OA1# (4)

we obtain the equation for the ratio ofg ande:

g/e 5 ~1/~1 2 d!!~1 1 b/a 1 l2/~l1@A#!! (A5)

Thus, from Eqs. A1 and A5 we define unambiguously the values ofg
ande. In accordance with the experiment, the sum ofg ande was taken to
be constant (2 s21), whereas their ratio varied in accordance with different
values ofd (Eq. A5).

Because of the rapidity (1/(g 1 e) 5 0.5 s) with respect to the slow
component of the channel recovery from the AAD blockade (tslow

off 5 8 s for
MRZ 2/178 andtslow

off 5 18 s for MEM), desensitization was proposed to
explain the fast component of the AAD-induced kinetics. Then we had to
consider the slow component as a result of one-site binding of the blocker
to the channel. Thus the association rate constantk1 was defined from the
results of the double-exponential fit (Fig. 3C) by using the equation

1/tslow
on 5 k1@B# 1 k2 (A6)

Mean values of 1/tslow
off for the channel recovery from the AAD-induced

blockade (Fig. 3D) gave values of the dissociation rate constant,k2,
according to the equation

1/tslow
off 5 k2 (A7)

The calculations gave the following values of association and dissoci-
ation rate constants:k1 5 0.031mM21 s21, k2 5 0.056 s21 for MEM and
k1 5 0.058mM21 s21, k2 5 0.136 s21 for MRZ 2/178.

APPENDIX B

To solve the linear system of differential equations

dX~t!

dt
5 A X~t! (B1)

FIGURE 13 The voltage dependence of the stationary block by MEM
and MRZ 2/178 predicted by model 7. The experimental scheme is the
same as that shown in Fig. 5A. The stationary values of the modeling
responses in the presence of MEM and MRZ 2/178 (IB) divided by the
corresponding control values (IS) were plotted against the membrane
potential (Eh) in A andB, respectively, in three different cases described in
Fig. 12. The solid lines show the fitting of the modeling data with Eq. 3.
The fitting parameterA is equal to 1 in the first and second situations for
both MEM and MRZ 2/178. In the third situation,A 5 0.65 for MEM and
A 5 0.43 for MRZ 2/178. The parameterd is equal to 0.70 and 0.66 for
MEM and MRZ 2/178, respectively, in the first situation.A 5 0.90 in the
second and third situations for both MEM and MRZ 2/178.

FIGURE 14 The two blocking sites of AADs in the open NMDA chan-
nel. The triangles (A) symbolize the molecules of the agonist bound to their
sites. The shallow (1) and deep (2) blocking sites of amino-adamantanes
are marked by a partial negative electric charge. Both sites are located in
the depth of the membrane electric field. According to model 8, the blocker
(B) can reach site 2 right from the external solution or by way of sequential
“jumps” from the extracellular solution to site 1 and then to site 2. After
that, another blocking molecule can occupy site 1. Thus two blocking sites
in the open NMDA channel can be occupied simultaneously.
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where X(t) is the vector of variables andA is the matrix of constant
coefficients, we have to find all of the eigenvalues ofA by solving the
equation

uA 2 lEu 5 0 (B2)

wherel is variable andE is the matrix with the diagonal elements equal to
1 and the nondiagonal elements equal to 0. As far as our models are
concerned,X(t) represents the vector of probabilities of the channel occu-
pying each of all possible states at timet. A, the matrix of transitions
between these states, has special properties (Colquhoun and Hawkes, 1977)
that allow one to write the solution of Eq. B1 in the following form:

X~t! 5 X~0! O
i51

n

cie
li t (B3)

whereX(0) is the vector of initial probabilities of the channel state occu-
pancies before the addition or removal of the blocker,li is theith solution
of Eq. B2 or theith eigenvalue ofA, andn is the number of states. Each
of models 3, 4, and 7 has its own transition matrix with elements repre-
senting the sums of the kinetic constants multiplied, where necessary, by
the agonist or blocker concentrations. The number of states is equal to 4,
and the solution of Eq. B2 gives four values ofl: l1 5 0 andl2, l3, l4 Þ
0. Fast channel opening is reflected on one in three nonzero eigenvalues,
l2, l3, andl4. Let it bel2. Because of its high negative value with respect
to the eigenvalues corresponding to the blockade, the second item of the
sum in Eq. B3 can be omitted. The values ofl3 andl4 correspond to the
fast and slow components of the blocking kinetics at [B]5 const. When
[B] Þ 0, we deal with the onset of AAD, and the corresponding eigenval-
ues, l3ON and l4ON, are defined from the blocking kinetics:l3ON 5
21/tfast

on andl4ON 5 21/tslow
on . On the contrary, when [B]5 0, we deal with

the offset of AAD, and the corresponding eigenvalues,l3OFF and l4OFF,
are defined from the recovery kinetics:l3OFF 5 21/tfast

off and l4OFF 5
21/tslow

off . Thus four equations obtained after substitution ofl3ON, l4ON,
l3OFF, andl4OFF into Eq. B2 form a system with four variables:k1, k2, k3,
andk4. The numerical solution of this system of equations gives the values
of kinetic constants at every AAD concentration. In the modeling experi-
ments we used the mean values of the constants over the whole range of the
blocker concentrations (Table 3).

APPENDIX C

To determine the probability of the channel to be in the open state (O) at
equilibrium, the right part of Eq. B1 should be taken as being equal to zero.
Thus we obtain the system ofn linear equations,

A X~t! 5 0 (C1)

with n variables:x1, . . . , xn. However, because of the rank ofA equal to
n 2 1, only n 2 1 equations are independent. Adding the equation for the
sum of probabilities of the channel occupying each of all possible states,

x1 1 x2 1 . . . 1 xn 5 1 (C2)

we obtain a system ofn equations withn variables. The solutions for our
models can be determined analytically. Thus the probabilities of the open
state occupancy for models 2, 3, 4, and 7 are

@O# 5 1/~1 1 ~a/b!~1 1 g/e 1 l2/~l1A!! 1 ~k1/k2!@B#! (C3)

@O# 5 1/~1 1 l2/~l1A! 1 ~k1/k2!~1 1 k3/k4!@B#! (C4)

@O# 5 1/~1 1 l2/~l1A! 1 ~k1/k2 1 k3/k4!@B#! (C5)

@O# 5 1/~1 1 l2/~l1A! 1 ~k1/k2!@B# 1 ~k1k3/k2k4!@B#2!
(C6)

respectively. The analytically determined values of [O][B]Þ0/[O][B]5O at
different [B], where [O][B]Þ0 is the probability of the open state occupancy
at [B] Þ 0 and [O][B]50 is the probability of the open state occupancy at [B]
5 0, respectively, give the dependence equivalent to the experimentally
obtained concentration dependence of the stationary block (IB/IS). The
maximum power, to which [B] rises in items of denominators of Eqs.
C3–C6, characterizes the Hill coefficient. If this power is equal to 1, the
modelingnHill is equal to 1. Only the denominator of Eq. C6 contains the
item with [B] to the second power. The expression for the probability of the
open state occupancy for model 6 is too long to be presented here, but the
maximum power of [B] is 1. Thus only model 7 can predict a Hill
coefficient greater than 1.
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Recently it has been established that the amino-adamantane

derivatives (AADs), memantine (MEM) and amantadine (AM)

belong to the class of blockers manifesting the so-called

‘trapping block’ of NMDA channels (Johnson et al. 1995).

Other representatives of this group are the well-known

non_competitive NMDA-receptor antagonists MK_801,

phencyclidine and ketamine (Huettner & Bean, 1987; Kemp

et al. 1987; MacDonald et al. 1991). When applied externally,

these drugs can enter into an open NMDA channel and bind

to its ‘blocking site’ located deep in the pore. This binding,

however, does not prevent the subsequent channel closure

after the fast removal of the agonist from the medium.

Therefore the blocking molecules can remain in the pore for

a relatively long time being trapped ‘behind the closed

activation gate’. Agonist reapplication opens the gate and

thus allows the blocker to leave the channel. The simplified

kinetic model of this block appears as follows:

where C, D and O represent the channel in closed,

desensitized and open states, respectively; the subscripts A
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1. Using whole-cell patch-clamp techniques, the mechanisms of NMDA channel blockade by

amino-adamantane derivatives (AADs) memantine (3,5-dimethyl-aminoadamantane, MEM)

and amantadine (1-aminoadamantane, AM) have been studied in rat hippocampal neurons

acutely isolated by the vibrodissociation method. A rapid concentration-jump technique was

used to replace superfusing solutions.

2. The aspartate (Asp)-induced channel opening greatly accelerated but was not a prerequisite

for the recovery from the block by MEM: it was able to leave the channel without agonist

assistance. The co-agonist (glycine) as well as the competitive NMDA antagonist dl-2-amino-

7-phosphonoheptanoic acid (APV), did not affect this recovery. Membrane depolarization

accelerated it, strongly suggesting that this process proceeded via the hydrophilic pathway

of the channel.

3. A comparison of the kinetics of the recovery from the block by AADs in the presence and

absence of the agonist prompted a hypothesis that the blocker trapped in the channel

increased the probability of its transition to the open state.

4. Both MEM and AM were able to block NMDA channels not only in the presence but also in

the absence of Asp, although in the latter case the effective blocking concentrations were

much higher and the rate of the block development was much smaller than in the former case.

The extent of the block increased with the duration of the blocker application. Glycine

enhanced this block, while APV attenuated it. The MEM-induced blockade of agonist-

unbound channels was enhanced by membrane hyperpolarization and weakened by external

Mg¥. These findings strongly suggested that the blocker reached its binding sites via the

same hydrophilic pathway both in the presence and absence of the agonist.

5. A comparative analysis of the channel unblocking kinetics in the presence of Asp after their

blockade with or without the agonist assistance led us to conclude that in the two cases

AADs were bound to the same blocking sites in the channel.
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and B indicate the binding of all agonists and blockers to

every possible site, respectively; and the asterisk indicates

the conducting state. Proceeding from this assumption, one

could expect that in the absence of the agonist both MEM

and AM will be unable to block NMDA channels. However,

this is not the case.

The data presented in this work show that in acutely

isolated rat hippocampal neurons the aspartate (Asp)-

induced opening of NMDA channels is not a prerequisite for

their blockade by MEM and AM. These cationic compounds

have proved to be able, although much more slowly, to enter

and leave the NMDA channel via the ‘hydrophilic route’

without the assistance of the agonist. Moreover, the

externally applied blocker reaches the same blocking site to

which it binds in open channels. Some preliminary results

from this study have been published in abstract form

(Sobolevsky et al. 1996).

METHODS
Two- to four-week-old Wistar rats were killed by cervical

dislocation. Hippocampal slices were prepared according to the

procedure described by Vorobiev (1991). Pyramidal neurons were

mechanically isolated from the CA-1 region of the slice by

vibrodissociation (Vorobiev, 1991). The experiments were started

no earlier than 3 h after incubation of the hippocampal slices in a

medium containing (mÒ): NaCl, 124; KCl, 3; CaClµ, 1·4; MgClµ, 2;

glucose, 10; NaHCO×, 26. The solution was bubbled with carbogen

and maintained at 32°C. During the whole period of isolation and

current recording, nerve cells were washed with a Mg¥-free solution

(mÒ): NaCl, 140; KCl, 5; CaClµ, 2; glucose, 15; Hepes, 10; pH 7·3.

All the drugs were dissolved in water. Concentrated drug stock

solutions were prepared and kept frozen until use. Fast replacement

of the superfusing solutions (ô < 30 ms) was achieved by using the

concentration-jump technique (Benveniste et al. 1990; Vorobiev,

1991). The currents were recorded at 18°C in the whole-cell

configuration by using micropipettes made from Pyrex tubes and

filled with an ‘intracellular’ solution (mÒ): CsF, 140; NaCl, 4;

Hepes, 10; pH 7·2. Electrical resistance of the filled micropipettes

was 3—7 MÙ. The analog current signals were digitized at 1 kHz

frequency.

Statistical analysis was performed with the aid of Origin 3.5

(Microcal Software Inc., MA, USA) software. All the data are

presented as means ± s.e.m. and comparisons were made using

Student’s paired t test except as noted. To distinguish between one-

and two-exponential fits, Fischer’s test was used.

Amino-adamantane derivatives were synthesized at MERZ

(Eckenheimer Landstr. 100—104, 60318 Frankfurt-am-Main,

Germany). The pKa value for MEM is 10·27. Under our experimental

conditions (pH 7·3) MEM and the more hydrophilic AM were

almost completely dissociated and carried the charge of +1.

RESULTS
Blockade of open NMDA channels by MEM and AM

In agreement with previous reports (Chen et al. 1992;

Parsons et al. 1993, 1995; Bresink et al. 1996; Blanpied et al.

1997; Chen & Lipton, 1997), MEM and AM produced a

concentration-, time- and voltage-dependent blockade of

open NMDA channels.

Ionic currents through NMDA channels were elicited by fast

application of 100 ìÒ aspartate (Asp) in a Mg¥-free, 3 ìÒ

glycine-containing solution. In all experiments except for

those studying the voltage dependencies, the membrane

potential was held at −100 mV. Asp induced an inward

current which, after an initial fast rise (ô < 30 ms) up to the

value IC, indicating the opening of NMDA channels,

decreased gradually (ôD = 374 ± 26 ms) down to a certain

plateau level I0 (Fig. 1A, first trace). Such a current decay

under continued action of the agonist is a result of

desensitization of the receptor—channel complex. The rate of

recovery from desensitization was fast (Fig. 1A). The time

constant of this process measured in six cells with a fraction

of desensitized channels, d = 1 − I0ÏIC = 0·50 ± 0·03, was

1·17 ± 0·05 s (Fig. 1B).

A. I. Sobolevsky, S. G. Koshelev and B. I. Khodorov J. Physiol. 512.148

Figure 1. Desensitization of NMDA channels

A, inward current through NMDA channels was elicited by a 3 s application of 100 ìÒ Asp at the

membrane potential of −100 mV. The dotted line indicates zero current level. The desensitization-induced

current decay during the Asp pulse was fitted with the single exponential function with the time constant

ôD = 374 ± 26 ms (continuous line). The second to the fifth traces are the currents elicited by the test Asp

application 0·6—2·4 s after the termination of the first (conditioning) Asp application. The initial current

(IR) recovered with an increase in the time interval between the Asp applications. The downward and

upward arrows indicate the beginning and termination of the Asp applications, respectively. B, time course

of the recovery from desensitization. The continuous line is the single exponential fitting of IRÏIC with the

time constant ô = 1·17 ± 0·05 s.
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MEM was applied at different concentrations in the

continuous presence of Asp (100 ìÒ). The two-exponential

fitting of the current traces (Fig. 2A) made it possible to

reveal the existence of two (fast and slow) kinetic components

in both blocking and recovery processes. The average values

of the fast and slow time constants (ôfast and ôslow,

respectively) and the amplitude of the fast component (Afast)

for the recovery from the MEM block are presented in

Table 1. Afast decreased with a rise in the blocker

concentration (the values of Afast at any two different

concentrations were significantly different, P < 0·0002). This

decrease is the evidence for two distinct blocking sites of

MEM in open NMDA channels which can be simultaneously

occupied by two blocker molecules (Sobolevsky & Koshelev,

1998). For the sake of simplicity, this point is not reflected

in Model 1.

The kinetics of AM were much faster than those of MEM

and were well fitted with monoexponential functions. The

value of the time constant for the recovery from the AM

block did not depend on the AM concentration, being on

average 0·25 ± 0·04 s (n = 8).

Figure 2B shows the concentration dependencies of the

stationary block of open NMDA channels by MEM and AM

measured according to the experimental protocol shown in

Fig. 2A. The fitting was performed in accordance with a

two-parameter logistic equation:

IsÏIo = 1Ï(1 + ([C]ÏICÛÑ)
nH

), (1)

where Io is the stationary current amplitude in the absence

of the blocker, [C] is the blocker concentration, ICÛÑ is the

concentration resulting in 50% block and nH is the Hill

coefficient. The respective ICÛÑ values and the Hill coefficient

were: 1·28 ± 0·10 ìÒ and 1·15 ± 0·07 (n = 6) for MEM and

14·9 ± 0·3 ìÒ and 0·94 ± 0·04 (n = 9) for AM.

The extent of the block increased with membrane hyper-

polarization. Figure 2C demonstrates the voltage dependence

of the stationary blockade by MEM (10 ìÒ) and AM

(200 ìÒ) examined using the experimental protocol shown

Amino-adamantanes and unliganded NMDA channelsJ. Physiol. 512.1 49

Figure 2. Kinetics, concentration and voltage dependencies of the amino-adamantane
derivative-induced blockade of open NMDA channels

A, kinetics of the open NMDA channel interaction with MEM. Asp (100 ìÒ) was applied continuously.

MEM was co-administered at different concentrations for 5 s with Asp. Original NMDA responses were

recorded at MEM concentrations of 1—16 ìÒ. The current traces presented in the left and right panels show

the onset and offset kinetics of MEM, respectively. The continuous lines show the fitting of these traces

with two-exponential functions. Afast, the fraction of the fast component, rose with the MEM concentration

at the onset and diminished at the offset. B, concentration dependence of the stationary blockade by MEM

and AM. AADs were applied at different concentrations in the continuous presence of Asp, as shown in A.

Plateau current responses (IS) divided by the control plateau value (IÑ) were plotted against the

concentration of the blockers. The continuous lines show the fittings of the data with the logistic equation

(eqn (1)). The fit parameters are: ICÛÑ = 1·28 ìÒ, nH = 1·15 for MEM and ICÛÑ = 14·9 ìÒ, nH = 0·94 for

AM. C, voltage dependence of the open-channel blockade by AADs. MEM (10 ìÒ) or AM (200 ìÒ) at

different membrane potentials were applied in the continuous presence of Asp, as shown in Fig. 2A. The

ISÏIÑ values were plotted against the membrane potential. The continous lines show the fitting of the

experimental data with eqn (2). The fit parameters are: Kd(0) = 17·9 ìÒ, ä = 0·73 for MEM and

Kd(0) = 694 ìÒ, ä = 0·90 for AM.
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in Fig. 2A. The fitting was performed according to the

equation:

IS = IÑÏ((1 + [C]ÏKd(0)) exp(äFVhÏRT)), (2)

where IÑ is the stationary current amplitude in the absence

of the blocker, [C] is the blocker concentration, Vh is the

holding membrane potential, Kd(0) is the equilibrium

dissociation constant at Vh = 0 mV, and ä is the fraction of

the membrane electric field seen by the blocker bound to a

single blocking site. F, R and T have their usual physical

meanings. The voltage dependence had the following

parameters: Kd(0) = 17·9 ± 1·0 ìÒ and ä = 0·73 ± 0·02

(n = 5) for MEM; Kd(0) = 694 ± 17 ìÒ and ä = 0·90 ± 0·01

(n = 4) for AM.

Recovery of NMDA channels from the block without
agonist assistance

Model 1 predicts that the blocker can leave the closed blocked

state of the channel, CB, only after the binding of the

agonist to the receptor. However, the data presented below

show that the channel unblocking may also proceed without

agonist assistance, the agonist greatly accelerating this

process. The time course of this unblocking was monitored

using the experimental protocol shown in Fig. 3A. The

specific blocker of the NMDA receptor, APV (100 ìÒ), was

added to the washout solution in order to avoid possible

activation of the channels by putative traces of the agonist

in the medium. At the beginning of the experiment, Asp

(100 ìÒ) and MEM (25 ìÒ) were co-applied once or several

times up to a practically complete inhibition of the

stationary current (IF). At this point, the value of IFÏIC was

0·026 ± 0·002 (n = 19). At the end of Asp and MEM co-

application, the majority of channels were in states OAB,

CAB and DAB and only a small number of them were in

states OA*, CA and DA (see Model 1). After washout during

the time interval t (from 10 to 300 s), the cell was stimulated

with an Asp (100 ìÒ) test pulse. The latter elicited a fast

current increase (IB) followed by its gradual elevation. The

A. I. Sobolevsky, S. G. Koshelev and B. I. Khodorov J. Physiol. 512.150

Figure 3. NMDA channel recovery from AAD blockade without agonist assistance

A, the experimental protocol was used to study the unblocking kinetics of the channels in the absence of

the agonist. After MEM (25 ìÒ) and Asp (100 ìÒ) co-application, the cell was washed with an agonist-free

control solution for 1 min. To ensure the absence of the agonist contamination, APV (100 ìÒ) was added to

the washout solution. The inset shows the ratio of test (2) and control (1) current traces. The linear part of

the slow gradual increase of this ratio from the moment when APV dissociated from the channel was fitted

with the linear equation Inorm = a + b (t − ta) (continous line). The value ‘a’ on this line corresponding to

the beginning of the test Asp application (t = ta) is IBÏIC. B, the superposition of control and test current

traces obtained by using the experimental protocol shown in A at different (1, 3 and 5 min) washout time

intervals. The dissociation of APV was fast; therefore the distortion of the initial current increase is not

seen on this time scale. Note that the slow component of the current recovery decreases, while the fast

component rises with an increase in t. C, the time course of the IBÏIC recovery in the absence of the agonist.

The continous line shows the fitting of the time dependence of mean IBÏIC values with eqn (3). The fit

parameters are: A = 1, A*fast = 0·13 and ô*slow = 592 s.
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slow current increase up to its control stationary level (IÑ)

evidently reflected the process of Asp-induced recovery

from the block (the transitions from states CB, CAB, DAB and

OAB to OA* in Model 1). The value of the IB time constant,

ôini, was equal to 118 ± 6 ms (n = 18), which exceeded that

measured in the absence of APV in the washout solution

(ô = 70 ± 10 ms, n = 11). This slow-down of the initial fast

component of the current recovery was evidently determined

from the dissociation kinetics of APV. As ôini was much

smaller than ôfast of the current recovery kinetics in the

presence of Asp (Fig. 2A, Table 1), IBmay be considered as a

current through those NMDA channels which had already

reached the closed state C by the beginning of the Asp test

pulse (see Model 1) and were ready to open right after APV

dissociation. To estimate the value of IB, the following

procedure was used. To exclude the influence of

desensitization of non-blocked channels (transitions to state

D) on the Asp-induced current recovery from the blocked

states (CB, CAB, DAB and OAB), the test current trace (2) was

divided by the control current trace (1). The IBÏIC value was

estimated via linear approximation of the initial phase of

this quotient to the beginning of the Asp application after

complete APV dissociation (Fig. 3A, inset). The fast

component, IB, increased with the lengthening of the

washout time interval t (Fig. 3B). The values of IBÏIC at

t = 0 s and 5 min were significantly different (P < 0·00025,

n = 10); their difference was on average 0·32 (s.d. = 0·17).

Figure 3C shows the time dependence of the IBÏIC values.

The time dependence of the mean IBÏIC values included two

components: (1) the fast component with a time constant

smaller than 10 s and (2) the slow component with a time

constant, ô *slow, greater than 100 s. To estimate the

amplitude of the fast component, A*fast, and the time

constant of the slow component, the data were fitted with

the following equation:

IBÏIC = A − (A − A*fast) exp(−tÏô*slow), (3)

where A is 1, A*fast is 0·13 ± 0·03 and ô*slow is 592 ± 129 s

(n = 18). The parameter A was taken as unity because the

fitting of the mean data and the individual fittings in the

majority of cells (n = 11Ï15) with free A gave the value

Amino-adamantanes and unliganded NMDA channelsJ. Physiol. 512.1 51

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table 1. Asp-induced dissociation kinetics of MEM
under different conditions

–––––––––––––––––––––––––––––

[MEM] Afast ôfast ôslow

(ìÒ) (s) (s)

–––––––––––––––––––––––––––––

In the continuous presence of agonist

1 0·55 ± 0·05 1·5 ± 0·3 20·4 ± 4·3

4 0·42 ± 0·03 1·3 ± 0·5 18·8 ± 1·1

16 0·19 ± 0·01 1·3 ± 0·3 17·0 ± 1·9

–––––––––––––––––––––––––––––

After blockade, without agonist assistance

50 0·24 ± 0·02 1·7 ± 0·5 21·3 ± 4·4

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 4. Voltage dependence of the recovery of the NMDA channels from the MEM block in the
absence of the agonist

A, washout of the cell for 1 min at −100 mV after a practically complete blockade by MEM (25 ìÒ) led to the

clearing of a relatively small fraction of the channels (IBÏIC = 0·19 ± 0·03, n = 9). B, many more channels

(IBÏIC = 0·30 ± 0·05, n = 9) were recovered when the membrane potential was switched to 0 mV during

the same washout interval.
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greater than or equal to 1 within the error. So in the majority

of cells, the recovery from the MEM block in the absence of

the agonist was complete. The individual fittings of MEM

kinetics performed separately for each cell yielded the

values of A*fast in the range 0 to 0·29 and ô*slow from 2·3 to

40 min. Thus, the kinetics of the recovery varied greatly in

different cells. This variability can be explained by possible

heterogeneity of NMDA receptors and their developmental

changes. This seems to be quite probable taking into account

the large number of females from which the young animals

were taken (> 100) and the range of their age (14—28 days)

during which time the properties of NMDA receptors vary

greatly (McBain & Mayer, 1994).

When both the agonist and the blocker were removed from

the medium after their co-application, all the channels

started to transit from the agonist-bound states OA*, CA,

DA, OAB, CAB and DAB to states C and CB (see Model 1). In

response to the test Asp application after the washout

interval, the activation of the channels in state C yielded

the fast component of the current (IB), whereas the transition

of the channels from state CB to state OA* yielded the slow

component of the current (IC − IB). Thus, the fast component

of the IBÏIC recovery with the amplitude of A*fast included

NMDA channels which returned quickly to state C. What is

the origin of the slow component? One possibility is the exit

from desensitization (state DA). However, the recovery from

the desensitization state was shown to be fast (Fig. 1). The

other possibility which seems to reflect the real situation is

that the slow component of the IBÏIC recovery reflects the

slow channel unblocking from state CB to state C without

the agonist assistance via a pathway that is not shown in

Model 1 (see Discussion).
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Figure 5. MEM-induced blockade of NMDA channels in the absence of Asp

A, control experiment, which shows that the external solution was not contaminated with traces of NMDA

receptor agonists. In the continuous presence of glycine (3 ìÒ), Asp (100 ìÒ) elicited a current through

NMDA channels with a peak amplitude of 2 nA. Glycine alone failed to induce even a weak current

(Iglycine = 0). Addition of APV (100 ìÒ) to a glycine-containing solution did not cause any change in the

zero-level current (IAPV = 0). Standard deviations of Iglycine (3·6 ± 0·2 pA) and IAPV (3·4 ± 0·1 pA) were

not significantly different at P > 0·26, n = 15. B, a 1 min application of 50 ìÒ MEM in the absence of the

agonist caused significant inhibition of the initial current in response to the test Asp application

(IBÏIC = 0·19). The inset shows the ratio of the test (2) and control (1) current responses. The slow gradual

increase of this ratio was well fitted by eqn (4) (continuous line) with Afast = 0·24, ôfast = 1·18 s and

ôslow = 10·9 s.
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The following experiments were carried out without

addition of APV to the washout solution. This did not affect

the rate of the NMDA channel recovery from the MEM-

induced blockade in the absence of the agonist. Thus, the

values of IBÏIC at t = 1 min were 0·20 ± 0·03 and

0·20 ± 0·02 in the presence and absence of APV (100 ìÒ),

respectively (these values were not significantly different,

P > 0·92, n = 10). This observation provided strong

evidence that our solutions were not contaminated with

traces of NMDA receptor agonists.

The recovery from the MEM block without agonist assistance

was found to be voltage dependent (Fig. 4). Membrane

depolarization accelerated this process. Thus, after a 1 min

washout at −100 mV, IBÏIC was 0·19 ± 0·03, whereas in the

case when the membrane potential was switched to 0 mV

during the washout time interval, IBÏIC was 0·30 ± 0·05

(these values were significantly different, P < 0·01, n = 9).

The switch-over of Vh to 0 mV was performed 10 s after the

Asp plus MEM co-application and the reversal switch-over

to −100 mV was performed 2 s before the test Asp pulse.

Non-addition of glycine to the washout solution did not

affect the rate of the unblocking of the agonist-independent

channels. Thus, after 3 min washout of the cell with a glycine

(3 ìÒ)-containing solution and in the case when during the

washout time interval this solution was switched to a

nominally glycine-free solution, the values of IBÏIC were

0·32 ± 0·04 and 0·31 ± 0·03, respectively (these values were

not significantly different, P > 0·5, n = 9). The switching of

the solutions was performed 10 s after the Asp plus MEM

co-application and 20 s before the test Asp pulse.

The recovery of the Asp-induced current after a practically

complete inhibition by Asp and AM (250 ìÒ) co-application

(IFÏIC = 0·029 ± 0·006, n = 8) proceeded much faster than

after the Asp plus MEM co-application. Thus, already after

10 s washout of the cell, the value of IBÏIC was 0·63 ± 0·02

(n = 8).

AAD-induced blockade of NMDA channels in the
absence of the agonist

As MEM is able to leave the NMDA channel without agonist

assistance, it may be supposed that it can enter the channel

in the absence of the agonist. Indeed, prolonged MEM

application in the absence of Asp in the superfusing solution

caused a pronounced blockade of NMDA channels. The

experimental protocol used in this study is shown in

Fig. 5B. At first, the control current was elicited by an 8 s

100 ìÒ Asp pulse. Not earlier than 20 s after this pulse, the

cell was exposed to MEM (50 ìÒ) for 1 min, then washed

for 10 s with the control solution to remove all possible traces

of MEM in the medium and, finally, once again stimulated

with the Asp test pulse. Glycine (3 ìÒ) was present in all

these solutions. In control experiments, glycine failed to

induce even a weak current through NMDA channels

(Fig. 5A). Moreover, addition of APV (100 ìÒ) to the

glycine-containing solution did not cause any change in the

zero-level current (the mean and s.d. values were not

significantly different at P > 0·26, n = 15). These

observations provide strong evidence that the glycine-

containing control solution was not contaminated with

traces of NMDA receptor agonists. The current responses to

the test Asp application following MEM washout were similar

to those observed in studies of recovery of unliganded

channels. When the inhibition of the initial current was

considerable and desensitization was not very strong, the

initial fast current increase was followed by the slow current

elevation resulting from Asp-induced channels unblocking.

However, when the inhibition of the Asp-induced current by

MEM in the absence of the agonist was modest,

desensitization caused a slow current decrease masking the

slow current recovery (see Figs 6B, 9 and 10B). The latter

became evident with more prolonged test Asp applications

(not shown). As the initial fast current increase (IB) reflects

the opening of unblocked channels, the value IC − IB may

be considered as a measure for the fraction of NMDA

Amino-adamantanes and unliganded NMDA channelsJ. Physiol. 512.1 53

Figure 6. Effect of glycine on the MEM-induced blockade
of NMDA channels in the absence of Asp

A, a 1 min application of MEM (50 ìÒ) in the absence of glycine

produced only a modest decrease in the initial current response

caused by the test application of Asp (100 ìÒ) plus glycine (3 ìÒ)

(IBÏIC = 0·78 ± 0·14, n = 6). B, a much more profound block was

produced by the same MEM application in the continuous

presence of glycine (IBÏIC = 0·51 ± 0·12, n = 6).
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channels which trapped the blocker without agonist

assistance (the number of channels in state CB of Model 1).

A more thorough analysis of the Asp-induced slow current

recovery revealed two kinetic components: one fast and one

slow. As in the case of recovery of the NMDA channels in

the absence of the agonist we fitted not the original current

trace but the result of its division by the control trace, Inorm

(Fig. 5B, inset). The parameters of the two-exponential fitting

equation:

Inorm = 1− (1− IBÏIC) {Afast exp(− tÏôfast)

+ (1 − Afast)exp(− tÏôslow)} (4)

proved to be: Afast = 0·24 ± 0·02; ôfast = 1·7 ± 0·5 s; and

ôslow = 21·3 ± 4·4 s (n = 7). A comparison of these fitting

parameters with the corresponding kinetic parameters for

the open-channel blockade is given in Table 1. As in the case

of the recovery of the channels in the absence of the agonist

(see above), the value of IBÏIC and, correspondingly, the rate

of blockade of the NMDA channels by MEM in the absence

of the agonist varied greatly in different cells. Thus, the

mean value of IBÏIC for all our experiments, in which MEM

was applied for 1 min in the absence of the agonist, was

0·35 (s.d. = 0·19, n = 33).

Addition of 3 ìÒ glycine to the MEM-containing solution

enhanced the blocking effect of MEM (Fig. 6). Thus a 1 min

application of MEM (50 ìÒ) in the presence of glycine

A. I. Sobolevsky, S. G. Koshelev and B. I. Khodorov J. Physiol. 512.154

Figure 7. Effect of APV on the MEM-induced blockade of NMDA channels in the absence of Asp

A, a 1 min application of MEM (50 ìÒ) caused significant inhibition of the initial current in response to the

test Asp (100 ìÒ) application (IBÏIC = 0·32 ± 0·04, n = 16). B, addition of APV (100 ìÒ) to a MEM-

containing solution greatly decreased the inhibition of the initial current response (IBÏIC = 0·79 ± 0·05,

n = 16).

Figure 8. AM-induced blockade of NMDA channels in the absence of Asp

A 1 min application of AM (1 mÒ) in the absence of the agonist produced only a modest reduction of the

initial current (IBÏIC = 0·8) in response to the test application of Asp (100 ìÒ). The next test application of

Asp 4 s after the first one induced a current response identical to the control.
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induced a stronger blockade of the channels without agonist

assistance (IBÏIC = 0·51 ± 0·12, n = 6) than in the nominally

glycine-free solution (IBÏIC = 0·78 ± 0·14, n = 6). These

values were significantly different (P < 0·003, n = 6).

Addition of APV (100 ìÒ) to the MEM-containing solution

considerably diminished the inhibition of the initial current

elicited by test application of Asp (Fig. 7). The IBÏIC values

after a 1 min application of MEM in the presence

(0·79 ± 0·05) and absence of APV (0·32 ± 0·04) were

significantly different (P < 10
−

É, n = 16).

AM also proved to be able to block the channels in the

absence of the agonist (Fig. 8). In this case, however, most

of the channels became cleared during a 10 s washout

interval (see above). Therefore, the AM-induced blockade of

the agonist-unbound channels was manifested only as a

reduction of the initial current value (IBÏIC < 1) in response

to the test application of Asp. Because of the fast recovery

from the block by AM, the Asp application 4 s after the test

one induced a current response identical to that of the

control (Fig. 8, last trace).

The blockade of NMDA channels by MEM in an Asp-free

medium increased with the duration of the blocker

application (Fig. 9). In Fig. 9 the desensitization of the

channels during the control Asp pulse increased slowly over

the time course of the experiment (cf. control responses in A

and C). In this case we increased the duration of MEM

application from A to C. However, we also conducted another

experiment in which the longest MEM application was used

at first and then its duration was decreased. The result was

the same: the fraction of blocked channels increased with

the lengthening of the MEM application. Thus, the fact that

the agonist-induced desensitization increased with time did

not affect the results of our experiments. The single-

exponential fit of the IBÏIC time dependence gave the value

of the time constant of 84 ± 6 s (n = 5). Neglecting the

small fast component of recovery of the channels from the

MEM-induced block in the absence of the agonist (13%, see

Fig. 3C), the unblocking of the channels can be also

considered as a single-exponential process. Thus, within the

frame of a bimolecular reaction process, the association and

dissociation rate constants for MEM binding and unbinding

in the absence of the agonist can be estimated as

2·04 (± 0·44) ² 10Â Ò¢ s¢ and 1·68 (± 0·129) ² 10¦Å s¢,

respectively. The apparent Kd value (8·3 ìÒ) proved to be

six times higher than the ICÛÑ for the MEM-induced blockade

of open channels (1·3 ìÒ). Therefore, the affinity of NMDA

channels to MEM in the absence of the agonist is about six

times smaller than in its presence.

Membrane depolarization attenuated this block (Fig. 10).

Thus, at −100 mV a 1 min MEM (50 ìÒ) treatment induced

a profound blockade (IBÏIC = 0·21 ± 0·03). Membrane
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Figure 9. Kinetics of the MEM-induced blockade of NMDA channels in the absence of Asp

Applications of MEM (50 ìÒ) for 10 s (A), 1 min (B) and 2 min (C) produced an increasing inhibition of the

initial current (IBÏIC = 0·95, 0·58 and 0·14, respectively) in response to the test Asp (100 ìÒ) application. All

recordings were made from the same cell.
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depolarization to 0 mV during the period of MEM application

diminished this block (IBÏIC = 0·39 ± 0·07; these values

were significantly different, P < 0·03, n = 4). The switching

of the membrane potential was performed 2 s after the

beginning and 2 s before the termination of the MEM

application.

Magnesium antagonized the MEM-induced blockade
of NMDA channels in both the presence and the
absence of Asp

In a Mg¥-free Asp (100 ìÒ)-containing solution, a 5 s

application of MEM (15 ìÒ) caused a practically complete

blockade of open NMDA channels. In this case, only a small

fast component (17 ± 3%, n = 5) was observed in the offset

kinetics of the MEM block (Fig. 11A, first trace). Addition

of Mg¥ (2·5 mÒ) to the MEM-containing solution (Fig. 11A,

third trace) greatly increased this fast component (48 ± 1%,

n = 5). The offset kinetics of Mg¥ (Fig. 11A, second trace)

is known to be very fast (Ascher & Nowak, 1988). Therefore,

the difference between the above-mentioned fast component

values (they were significantly different, P < 0·001) reflects

the minimal hindrance of Mg¥ to the blockade of open

channels by MEM (31 ± 3%, n = 5).

In the second series of our experiments, we examined the

effect of Mg¥ on the MEM-induced blockade of NMDA

channels in the absence of Asp (Fig. 11B). MEM (50 ìÒ)

and Mg¥ (2·5 mÒ) co-application induced a less profound

blockade (IBÏIC = 0·67 ± 0·04) of NMDA channels than

MEM itself (IBÏIC = 0·33 ± 0·05). These values were

significantly different (P < 0·03, n = 6). Thus Mg¥

prevented the MEM-induced blockade of NMDA channels

not only in the presence but also in the absence of the

agonist.

DISCUSSION
Blockade of NMDA channels by AAD does not prevent the

subsequent closure of the channel after removal of the agonist

from the medium (Johnson et al. 1995; Chen & Lipton, 1997).

The finding that Asp reapplication readily cleared the

channels was considered as an indication that the blocking

molecule had been trapped in the channel by the closed

activation gate. Our experiments showed, however, that

agonist-induced channel openings greatly accelerated but

were not a prerequisite for the recovery from the AAD

blockade (Fig. 3). What is the pathway whereby the blocker

leaves the channel without agonist assistance? The finding

that membrane depolarization accelerates recovery of the

channels from AADs not only in the presence (Fig. 2C) but

also in the absence of Asp (Fig. 4) allows us to conclude that

in the two cases the blocker exits the channel via the same

route (the ‘hydrophilic’ pathway in Hille’s (1977)

terminology). If so, provided that the blocker cannot leave

the closed channel, we have to assume that in addition to

the agonist-induced openings of NMDA channels there exist

some infrequent agonist-independent transitions between

the closed and open states of the channel. Therefore, in the
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Figure 10. Voltage dependence of the MEM-induced blockade of NMDA channels in the absence
of Asp

A, a 1 min application of MEM (50 ìÒ) at −100 mV caused significant inhibition of the initial current in

response to the test application of Asp (100 ìÒ) (IBÏIC = 0·21 ± 0·03, n = 4). B, a less profound MEM

block (IBÏIC = 0·39 ± 0·07, n = 4) was produced when the membrane potential was switched to 0 mV

during MEM application.

 by on April 3, 2006 jp.physoc.orgDownloaded from 

http://jp.physoc.org


absence of the agonist the unblocking of the channels is

thought to be as follows: CB � OB � O � C, where all the

transitions are agonist independent and the transition from

OB � O is voltage dependent. The CB � OB transition

provides a much slower recovery from the AAD-induced

block in the absence of the agonist than the transition

CAB � OAB (see Model 1) in its presence. Thus, for MEM the

slow recovery time constant in the absence of the agonist

(Fig. 3C) was approximately thirty times greater than that

for the unblocking of open channels (Table 1). If the

unblocking of the channels in the absence of Asp resulted

from spontaneous transitions of channels from the closed to

the open states, these openings would generate a permanent

inward current of only 30 times smaller magnitude than

that elicited by 100 ìÒ Asp. However, this is not the case

(Fig. 5A). To our knowledge, up to now there is still no

evidence for the existence of spontaneous NMDA channel

openings (i.e. C � O transitions), although such openings

are well known for acetylcholine-activated ligand-gated

channels (Jackson, 1986). Glycine alone was shown to

activate recombinant heteromeric NMDA channels (Meguro

et al. 1992; Monyer et al. 1992). In our experiments, glycine

alone did not induce a current through the NMDA channels

(Fig. 5A). Moreover, the glycine independence of recovery of

the NMDA channels from the MEM block in the absence of

the agonist strongly indicates that glycine alone does not

induce channel opening. Therefore, we have to assume that

the blocking molecule trapped in the channel promotes in

some way random channel openings. This supposition is in

good agreement with the recent finding that MEM binding

inside the channel pore shifts the open—closed equilibrium

towards the channel opening by •4·81 kJ Ò¢ (Chen &

Lipton, 1997).

The ability of AADs to leave the unliganded NMDA channel

led us to examine their capability of blocking the channels

without agonist assistance. It has been found that MEM and

AM are able to block the agonist-unbound channels, although

this process is much slower (Fig. 9) and requires much higher

concentrations than the open channel blockade.
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Figure 11. Effect of Mg¥ on the MEM-induced blockade of NMDA channels

A, effect of Mg¥ on the MEM-induced open-channel blockade. Asp (100 ìÒ) was applied continuously.

MEM (15 ìÒ) applied for 5 s manifested mainly slow, while Mg¥ (2·5 mÒ) manifested very fast open-

channel kinetics. After MEM and Mg¥ co-application, the double-exponential unblocking kinetics

(intermediate between those mentioned above) reflects the minimal hindrance of Mg¥ to the MEM-induced

open-channel blockade. B, effect of Mg¥ on the MEM-induced blockade in the absence of Asp. A 1 min

application of MEM (50 ìÒ) caused significant inhibition of the initial current in response to the test

application of Asp (100 ìÒ) (IBÏIC = 0·33 ± 0·05, n = 6). Addition of Mg¥ (2·5 mÒ) to a MEM-containing

solution caused a less profound inhibition of the initial current response (IBÏIC = 0·67 ± 0·04, n = 6).
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Membrane hyperpolarization enhanced the MEM-induced

blockade of agonist-unbound NMDA channels (Fig. 10) as

well as the open-channel blockade (Fig. 2C). External Mg¥

effectively antagonized the MEM block development in both

the presence (Fig. 11A) and the absence (Fig. 11B) of Asp.

These findings strongly support the hypothesis that the

blocker reaches its binding site in the agonist-unbound

channel via the same ‘hydrophilic pathway’ as in the

presence of the agonist.

By drawing an analogy with recovery from the AAD block

for unliganded channels, we may assume that the blocker

alone is able to promote agonist-independent channel

transitions to the open state which provides a subsequent

channel blockade. A possible mechanism of blockade of the

channels and, correspondingly, the unblocking in the absence

of the agonist is shown in Fig. 12. AAD binding to the

modulatory site (M_site) promotes the agonist-independent

channel openings. During these openings, AAD ‘jumps’ to

the blocking site (B_site) and becomes trapped behind the

closed activation gate. The OM state can be the non-

conducting or short-living (comparing with state OA* in

Model 1) conducting state of the NMDA channel which

cannot be detected at our time resolution. It is therefore not

surprising that no openings were observed in our

experiments with the AAD-induced blockade and recovery

from it in the absence of the agonist. Thus, the new states

(CM, OM and OB) should be added to Model 1, resulting in the

simplified Model 2.

The fact that APV effects in the absence of the agonist were

not symmetrical (APV hindered the MEM-induced blockade

but did not influence unblocking of the channels) can be

easily explained in terms of Model 2. APV can prevent the

MEM binding to the M-site but does not affect its binding to

the blocking site.

There are at least two other possible answers to the question

‘How can externally applied AAD reach its binding site

located deep in the channel pore via the hydrophilic pathway

without agonist assistance?’. (1) MEM and AM block NMDA

channels during their infrequent spontaneous openings.

(2) The NMDA receptor co-agonist glycine induces random

channel openings. As discussed above, the involvement of

spontaneous and glycine-induced openings in the recovery

of unliganded channels from the AAD-induced blockade

seems to be doubtful. As far as the blockade of the agonist-

unbound channels is concerned, our data do not allow us to

make a choice between spontaneous, glycine-induced or

blocker-induced openings.

The kinetics of recovery of the channels from the MEM

block in the presence of the agonist deserve special attention.

In our experiments, NMDA channels were blocked by MEM

in the presence (see Fig. 2A) or absence of Asp (see Fig. 5B).

In the two cases, the agonist-induced current recovery

appeared to be identical (Table 1). A good coincidence of the

corresponding time constants for single- or two-exponential

fittings allowed us to conclude that the blocking sites for

MEM in the channel did not depend on whether the channels

were blocked in the presence or absence of the agonist. The

fact that the 10 s washout interval did not change either of

the components of the Asp-induced unblocking kinetics

(Table 1) suggests that these binding sites are located ‘behind

the activation gate’ of the channel and that MEM being

bound to these sites did not prevent the channel closure

after removal of the agonist from the medium.

Our interpretation of the interaction of MEM with the

majority of NMDA channels differs from that of Blanpied et

al. (1997) who proposed two different mechanisms for MEM

action. According to their opinion, MEM is able to produce

(1) a trapping block where the blocker cannot leave without

the agonist assistance and (2) non-competitive inhibition of

NMDA channels where the blocker reaches its site via the

hydrophobic pathway. In our opinion, MEM blocks and

leaves the agonist-unbound channel via the same hydrophilic
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Figure 12. Schematic presentation of a possible mechanism of AAD interaction with the NMDA
channel in the absence of the agonist

AAD binding to the modulatory site (M-site) or the blocking site (B-site) promotes the agonist-independent

channel openings. During these openings, AAD ‘jumps’ from the M-site to the B-site or back, and either

becomes trapped by the closed activation gate or leaves the channel. OM can be the non-conducting or short-

lived conducting state of the NMDA channel.
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pathway as it does in the open channel. Even the binding

sites remain the same and only the rate of the MEM

interaction with the channels in the absence of the agonist is

slowed down. However, in our experiments the recovery

from the MEM block in the absence of the agonist was not

complete in some cells (4Ï15). In these cases, the mechanism

of MEM action can probably be described as in Blanpied et

al. (1997). The existence of different mechanisms of MEM

action can be explained by the heterogeneity of NMDA

channels in the neuronal membrane.

It is also necessary to discuss the major methodological

differences between our study and that of Blanpied et al.

(1997). We used a saturating agonist concentration (100 ìÒ

Asp), while Blanpied et al. (1997) used a very low agonist

concentration (5 ìÒ NMDA). Therefore, in the latter study

the blockade reached its steady-state level very slowly: after

1 min agonist and blocker co-application even at a high

MEM concentration (50 ìÒ). In contrast, in our experiments

2—5 s co-application appeared to be quite sufficient to induce

an almost complete block.

As MEM affinity for the NMDA channel in the absence of the

agonist is only about six times smaller than in its presence,

the wide therapeutic application of memantine (Danysz et al.

1995) can be partly due to its slow interaction with NMDA

channels during the intervals between glutamate releases.

A more profound analysis is required to explain the

difference in the mechanisms of MEM interaction with the

gating machinery of closed NMDA channels in two cases:

when the blocker trapped in the channel ‘attempts’ to leave

it and when the blocker is present in the external medium

and ‘knocks’ at the closed channel gate. Different effects of

APV point to different mechanisms of MEM action in these

two cases.
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Abstract

NMDA receptor channel responses were recorded from acutely isolated rat hippocampal neurons, using whole-cell patch-
clamp techniques. In the continuous presence of aspartate, tetraethylammonium, tetrabutylammonium, 1-amino-3-propyl-
adamantane and 9-aminoacridine caused changes in the current through NMDA channels, which were described by two-
exponential functions. It was established that depending on the behavior of the amplitude of the fast component for the
recovery kinetics, the blocker action can be assigned to one of five types described by the simplest models. The effects of
tetraethylammonium, tetrabutylammonium and 1-amino-3-propyl-adamantane were well described by these models. Using
9-aminoacridine as an example, it was shown that the simplest models cannot describe all possible types of the blocker-
channel interaction. In such cases, the method of the simplest models combination can be used. The application of the
simplest kinetic models analysis allowed to make the following conclusions: at least two molecules of 1-amino-3-propyl-
adamantane or 9-aminoacridine can simultaneously bind to the open channel and block it ; the occupation of
9-aminoacridine blocking sites in the channel can proceed in at least two different ways; the binding of tetrabutylammonium
and 9-aminoacridine prevented the closure of the activation and/or desensitization gates of the channel, while that of
tetraethylammonium did not. ß 1999 Elsevier Science B.V. All rights reserved.

Keywords: N-Methyl-D-aspartate channel; Hippocampal neuron; Patch clamp; Kinetics; Blockade

1. Introduction

The two-component kinetics of N-methyl-D-aspar-
tate (NMDA)-mediated current changes induced by
di¡erent blockers were described earlier. Thus, in the
continuous presence of the NMDA channel agonists
the existence of two kinetic components was shown
for memantine [1^3] and other aminoadamantanes
[4], long-chain adamantanes [5,6]; tetraalkylammo-
nium compounds [7,8]; 1,2,3,4-tetrahydro-9-amino-
acridine and 9-aminoacridine [9,8]. As NMDA chan-

nels play an important role in the processes of
learning and memory, it is important to gain insight
into the origin of multi-component kinetics mani-
fested by NMDA channel blockers, especially when
it is considered that some of them can be used as
drugs in the treatment of a wide variety of neuro-
degenerative diseases [10].

The present study provides a simple method of a
two-component kinetic analysis of changes induced
in the stationary NMDA-mediated current by the
blocker application. The analysis consists in the con-
sideration of the amplitude of the fast component for
the kinetics of recovery from the blockade (Afast)
depending on the blocker concentration. The study

0005-2736 / 99 / $ ^ see front matter ß 1999 Elsevier Science B.V. All rights reserved.
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of the Afast-dependence on the blocker concentration
allows one to describe the blocker action by one of
the ¢ve simplest kinetic models or by their combina-
tion. The NMDA channel blockers: tetraethylammo-
nium (TEA), tetrabutylammonium (TBA), 1-amino-
3-propyl-adamantane or MRZ 2/178 (MRZ) and
9-aminoacridine (9-AA) were analyzed according to
the Afast-criterion. The kinetic models obtained for
these blockers have made it possible to make conclu-
sions about the number of blocking sites and the
ways, by which the blockers reached these sites as
well as about the blocker interaction with the gating
machinery of the NMDA channel.

2. Materials and methods

Pyramidal neurons were acutely isolated from the
CA1 region of rat hippocampus using `vibrodissoci-
ation techniques' [11]. The experiments were begun
not earlier than after 3 h incubation of the hippo-
campal slices in a solution containing (mM): NaCl,
124; KCl, 3; CaCl2, 1.4; MgCl2, 2; glucose, 10;
NaHCO3, 26. The solution was bubbled with car-
bogen at 32³C. During the whole period of isolation
and current recording, nerve cells were washed with a
Mg2�-free solution (mM): NaCl, 140; KCl, 5;
CaCl2, 2; glucose, 15; Hepes, 10; pH 7.3. Fast re-
placement of the superfusion solutions was achieved
by using the concentration-jump technique [11,12].
The currents were recorded at 18³C in the whole-
cell con¢guration using micropipettes made from
pyrex tubes and ¢lled with an `intracellular' solution
(mM): CsF, 140; NaCl, 4; Hepes, 10; pH 7.2. Elec-
tric resistance of the ¢lled micropipettes was 3^7
M6. Analog current signals were digitized at 1 kHz
frequency.

Statistical analysis was performed using the scien-
ti¢c and technical graphics computer program Mi-
crocal Origin (version 3.5 for Windows). The data
presented are mean þ S.D. except as noted; compar-
ison of means was done by ANOVA, with P6 0.05
taken as signi¢cant.

The kinetic models used to simulate the blockers
action were based on the conventional rate theory
and used independent forward and reverse rate con-
stants to simultaneously solve ¢rst-order di¡erential
equations representing the transitions between all

possible states of the channel. The rate constants
were calculated by the method described in Appendix
A with the help of Mathcad (version 5.0). Di¡eren-
tial equations were solved numerically using the al-
gorithm analogous to that described previously [13].

MRZ 2/178 was synthesized by MERZ (Ecken-
heimer, Frankfurt-am-Main, Germany); tetraethyl-
ammonium and tetrabutylammonium were pur-
chased from Aldrich (USA); 9-aminoacridine from
Sigma (USA). The three-dimensional structures of
these compounds were obtained with the help of
the Molecular Modeling System HyperChem (Re-
lease 3 for Windows).

3. Results

Application of aspartate (ASP) in the saturating
concentration of 100 WM at the membrane potential
of 3100 mV in a Mg2�-free, 3 WM glycine-containing
solution elicited an inward current through NMDA
channels. After the initial fast rise (d6 30 ms) this
current decreased down to the value, I0, with the
time constant varying from 250 to 750 ms. Such a
current decay in the continuous presence of the ago-
nist is a result of desensitization of the receptor^
channel complex. Only after the current reached its
stationary level, IS, various NMDA channel blockers
were applied in the continuous presence of ASP.

Magnesium (1 mM) caused a practically complete
blockade of the ASP-induced current. The onset and
the o¡set kinetics of Mg2� were well ¢tted with single
exponential functions (Fig. 1). The onset and o¡set
time constants were: dON = 9.24 þ 2.84 ms and
dOFF = 137 þ 71 ms (n = 11), respectively. If these con-
stants were de¢ned by the association and dissocia-
tion of the blocker molecules, the mechanism of
Mg2� action can be described by the following sim-
plest model:

where O and OB represent the channel in the open
and the open blocked states, respectively. The aster-
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isk indicates the conducting state; k1 and k2 are the
kinetic constants. [B] is the blocker concentration. As
the experiments were carried out in the continuous
presence of high concentrations of ASP and glycine;
here and further it is suggested that all the agonist
and co-agonist sites are completely occupied and,
correspondingly, all the states of the channel repre-
sented in the models are the agonist and the coagon-
ist bound ones. The association (k1) and dissociation
(k2) constants for model 1 are de¢ned from the fol-
lowing equations:

dON � 1=�k1�B� � k2� �1�
and

dOFF � 1=k2 �2�

The values of the association and dissociation rate
constants de¢ned from Eqs. 1 and 2 were the follow-
ing: k1 = 1.01 þ 0.36U105 M31 s31 and k2 = 7.3 þ 1.1
s31. These values were much smaller than those de-
¢ned in single-channel recording experiments [14]:
k1 = 2.2U108 M31 s31 and k2 = 640 s31. Therefore,
the association and dissociation kinetics of Mg2�

are really much faster than those predicted by our
measurements and the time constants of the current
increase at the beginning, dON, and the current de-
crease at the end of Mg2� application, dOFF, depend

crucially on the onset and o¡set rates of the solution
exchange system, respectively.

Many well-known blockers manifest multicompo-
nent blocking kinetics of liganded NMDA channels.
The changes in the ASP-induced current in response
to the beginning and termination of TEA (5 mM),
TBA (2 mM), 9-AA (40 WM) and MRZ (150 WM)
applications after the plateau current had reached its
stationary level (IS) were ¢tted with the sum of the
two exponents (Fig. 2A,B,C,D, respectively). The re-
covery kinetics will be studied in order to elucidate
the mechanisms of the blockers action. These kinetics
are easier to analyze than the blocking kinetics due
to the conjectural independence of the recovery time
constants on the blocker concentration. The current
recovery after termination of the blocker action was
¢tted by the following equation (Fig. 2E):

I�t� � IS � �IB3IS�UfAfastUexp�3t=dfast��

�13Afast�Uexp�3t=dslow�g �3�

where Afast is the amplitude of the fast component,
dfast and dslow are the fast and the slow time con-
stants, respectively. The values of the parameters
proved to be as follows: Afast = 0.63 þ 0.02,
dfast = 198 þ 14 ms, and dslow = 2.43 þ 0.17 s for
TEA; Afast = 2.12 þ 0.24, dfast = 105 þ 8 ms, and
dslow = 289 þ 29 ms for TBA; Afast = 1.83 þ 0.07,
dfast = 727 þ 24 ms, and dslow = 1.54 þ 0.53 s for 9-
AA; Afast =30.36 þ 0.07, dfast = 1.35 þ 0.28 s, and
dslow = 5.48 þ 0.20 s for MRZ. The slow changes in
the unblocking kinetics do not probably result from
the action of other ion exchangers/transporters be-
cause no such slow kinetics was observed on the
recovery from the Mg2� block. It is evident that
the value of Afast did not obviously lie between
0 and 1 (TEA) but can be greater than 1 (TBA
and 9-AA) and lower than 0 (MRZ). The proximity
of dfast for TEA and TBA and the time constant of
the current recovery after termination of Mg2� ap-
plication (dOFF = 137 þ 71 ms) may imply that the
fast component of their unblocking is masked by
the rate of the solution replacement. This can explain
the apparent inadequacy of the double exponential
¢t of the recovery kinetics in the case of TBA
(Fig. 2E).

To elucidate the mechanism of the blocker action,

Fig. 1. The kinetics of Mg2�-induced changes in the NMDA-
mediated current. The current elicited by ASP (100 WM) gained
its stationary level (IS) decreasing from the maximal value (I0)
with the time constant of 482 ms (the ¢tting is shown by a sol-
id line). Mg2� (1 mM) was applied 20 s after the beginning of
ASP application and induced a practically complete inhibition
of the current. The time constant of the current decrease,
dON = 4.8 ms. After the termination of Mg2� application the
current recovered with the time constant, dOFF = 112 ms.
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all possible models with three states of the channel
were considered. These models are the simplest
which can simulate the two-component blocking ki-
netics. As in the previous study [4], the behavior of
the amplitude of the fast component (Afast) depend-
ing on the blocker concentration was taken as a cri-
terion of discrimination between these models. There
are only ¢ve simplest models with three states which
describe the blocker and the channel interaction in
the continuous presence of the saturating concentra-
tion of the agonist. Two of them are parallel. The
¢rst one is the following:

where X can represent the closed (C) or the desensi-
tized (D) state of the channel or their combination,
which provides the kinetics with the rate-limiting

Fig. 2. The two-component kinetics of the NMDA channels blockade. The experimental protocol is the same as shown in Fig. 1.
5 mM TEA (A), 2 mM TBA (B), 40 WM 9-AA (C) and 150 WM MRZ (D) were applied against the background of ASP (100 WM).
The current changes induced by the beginning and termination of the blocker application were ¢tted with double exponential func-
tions (solid lines). (E) The recovery kinetics from A^D are presented on an expanded time scale. The ¢ttings were made with Eq. 3
(solid lines). Note that the value of Afast was equal to 0.63 for TEA, 2.12 for TBA, 1.83 for 9-AA and 30.36 for MRZ. The bar is
equal to 1 s for TEA and 9-AA, 0.6 s for TBA and 4 s for MRZ.
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transitions from the open state with the constant, k3,
and to the open state with the constant, k4. The
amplitude of the fast component does not depend
on the blocker concentration and, if k2 s k3+k4, is
de¢ned by the following equation (see Appendix A):

Afast � 13
k2Wk3

k4W�k3 � k43k2� �4�

In the case when k2 6 k3+k4, the amplitude of the
fast component will be equal to 13Afast, where Afast

is de¢ned from Eq. 4. The second parallel model is :

where OB1 and OB2 represent the two open blocked
states of the channel corresponding to two di¡erent
blocker binding sites. The amplitude of the fast com-
ponent does not depend on the blocker concentration
and, if k2 s k4, is de¢ned by the following equation
(see Appendix A):

Afast � 1

1� k2Wk3

k1Wk4

�5�

The values of Afast de¢ned by Eq. 5 are within the
interval between 0 and 1. There are three sequential
kinetic models. The ¢rst one is as follows:

where XB may represent other open (OB2) or closed
(CB) or desensitized (DB) blocked states of the chan-
nel. The amplitude of the fast component does not
depend on the blocker concentration and, if
k2+k3 s k4, is de¢ned by the following equation
(see Appendix A):

Afast � 1

13
V2

1W�k4 � V2�
V2

2W�k4 � V1�
�6�

where

V1;2 =30.5W{(k2+k3+k4) þ [(k2+k3+k4)234Wk2Wk4]0:5}.

In the case when k2+k3 6 k4, the amplitude of the
fast component will be equal to 13Afast, where Afast

is de¢ned from Eq. 6. It is easy to demonstrate that
the values of Afast de¢ned by Eq. 6 lie within the
interval between 0 and 1. The second sequential ki-
netic model is as follows:

where X can represent the closed (C) or the desensi-
tized (D) and XB, the closed blocked (CB) or the
desensitized blocked (DB) states of the channel, re-
spectively. The amplitude of the fast component does
not depend on the blocker concentration either and,
when k1+k2 s k4, is de¢ned by the following equa-
tion (see Appendix A):

Afast � k4

k43k13k2
�7�

In the case when k1+k2 6 k4, the amplitude of the
fast component will be equal to 13Afast, where Afast

is de¢ned from Eq. 7. In both cases, however, the
value of the amplitude of the fast component is neg-
ative (and equal to zero when k1+k2 = k4). Finally,
the third sequential model is as follows:

where OB1B2 represents the open blocked state, in
which two blocker molecules simultaneously bind
to the channel. The amplitude of the fast component
decreases with the blocker concentration and, when
k2 s k4, is de¢ned by the following equation (see
Appendix A):
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Fig. 3. The kinetics of TBA. (A) The experimental (¢rst row) and modeling (second row) current traces in response to the application
of di¡erent concentrations of TBA (0.25^4 mM) in the continuous presence of ASP (100 WM). The recovery kinetics of the experimen-
tal currents were ¢tted with Eq. 3 at ¢xed dfast = 1 ms (solid lines). (B) The time constant, d, obtained by the monoexponential ¢tting
of the fast descending phase of the current recovery after termination of TBA application. d was essentially independent of the blocker
concentration and was equal, on average, to 163 þ 142 ms, n = 7 (horizontal line). (C,D) The slow time constant and the amplitude of
the fast component obtained by the ¢tting of the current recovery after termination of TBA application with Eq. 3 at ¢xed dfast =
1 ms. Their values were essentially independent of TBA concentration and were, on average, dslow = 304 þ 99 ms and Afast = 1.86 þ 0.24,
n = 7 (horizontal lines). (E) The concentration dependence of the stationary block (IB/IS) which was ¢tted with Eq. A9 (solid line).
The value of the parameter K is equal to 1.91 þ 0.18U103 M31, n = 7.
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Afast �
13

k3

k23k4
W�B�

1� k3

k4
�B�

�8�

In the case when k2 6 k4, the amplitude of the fast
component will be equal to 13Afast where Afast is
de¢ned from Eq. 8. Eq. 8 predicts that Afast becomes
negative at the values of the blocker concentration,
[B], greater than (k23k4)/k3.

3.1. The kinetics of TBA

Fig. 3A (¢rst row) gives an example of application
of di¡erent concentrations of TBA (0.25^4 mM) in
the continuous presence of ASP (100 WM). The ¢t-
ting of the descending phase of the current response
to the termination of TBA application by the single
exponential function yielded the fast time constant, d,
which was essentially independent (Ps 0.05) of TBA
concentration (Fig. 3B). The mean value of d proved
to be 163 þ 142 ms (n = 7) and was not signi¢cantly
di¡erent from the time constant of the current recov-
ery after termination of Mg2� application
(dOFF = 137 þ 71 ms). Thus, one may suppose that
the real fast component of the channels recovery
from the TBA block is very fast and is masked by
the process of the solution exchange. Indeed, in the
study of the interaction of TBA with the gating ma-
chinery of NMDA channels using the kinetic models
[8], the value of the fast time constant of TBA un-
blocking was 1000 s31 stipulating the fast time con-
stant, dfast = 1 ms. Thus, it is clear that the ¢tting
shown in Fig. 2E for TBA is inadequate. The ¢tting
of the current recovery by Eq. 3 after termination of
TBA application was carried out with ¢xed dfast = 1
ms in the interval excluding the fast current decrease,
which re£ected the process of solution exchange (Fig.
3A, ¢rst row, solid lines). The value of dfast was taken

to be low enough and its decrease did not lead to the
variations in other parameters (dslow and Afast) of Eq.
3. In Fig. 3C,D, respectively, the values of dslow and
Afast are plotted as a function of TBA concentration.
Neither of these parameters depended on the blocker
concentration (Ps 0.05); their mean values were as
follows: dslow = 304 þ 99 ms and Afast = 1.86 þ 0.24
(n = 7).

It is important to emphasize that ¢xation of the
parameter dfast did not a¡ect the behavior of the
parameters dslow and Afast depending on TBA con-
centration. Thus, the ¢tting of TBA recovery kinetics
with non-¢xed dfast (see Fig. 2E) gave the same re-
sult: neither dslow nor Afast depended on the blocker
concentration (Ps 0.05), although the mean value of
dslow (273 þ 94 ms) was slightly lower and the mean
value of Afast (2.29 þ 0.62) was slightly higher than
the corresponding values obtained with dfast = 1 ms.
The cases when dfast = 1 ms and with non-¢xed dfast

limited the range of dfast values, which a¡ected dslow

and Afast (in the case of dfast 6 1 ms the values of dslow

and Afast were practically the same as in the case of
dfast = 1 ms, i.e., the value dfast = 1 ms can be consid-
ered as minimal; in the case of non-¢xed dfast the
value of dfast was maximal). At any value of this
range dslow and Afast (s 1) did not vary with the
blocker concentration.

Therefore, the arbitrary choice of the value of dfast

for ¢tting did not a¡ect the choice of the kinetic
model because as the value of Afast did not depend
on the blocker concentration and was greater than
unity, the only simplest model which can describe the
kinetics of the TBA action is model 2. The degree of
the stationary blockade predicted by this model is
de¢ned by Eq. A9 (see Appendix A). The value of
the parameter K for this equation was equal to
1.91 þ 0.18U103 M31, n = 7 (Fig. 3E). The system
of equations which was obtained by the substitution
of the mean values of the parameters dslow, Afast and

Table 1
The kinetic constants for TEA, TBA and MRZ

Compound Model k1, 106 M31 s31 k2, s31 k3 k4, s31

TBA 2 3.5 103 1.52 s31 1.77
TEA 3 0.523 103 118 M31 s31 0.47

4 0.516 103 0.24 s31 0.47
MRZ 6 0.088 1.14 1.4U104 M31 s31 0.13
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K, and dfast = 1 ms into Eq. A4, Eq. A5, Eq. 4 and
Eq. A9 made it possible to estimate the values of all
kinetic constants. The values of k1, k2, k3 and k4 for
TBA are presented in Table 1. Fig. 3A (second row)
shows the currents predicted by model 2 at these
values of the kinetic constants.

As the choice of the kinetic model describing TBA
action depended on the behavior of the ¢tting pa-
rameters dslow and Afast, it is important to establish
the e¡ect of the solution exchange time, dwash, on the
values of these parameters (assuming that the solu-
tion exchange is a single-exponential process, [13]).
Fig. 4A shows the recovery of the currents predicted
by model 2 at di¡erent values of dwash. The typical
example of the experimental current recovery is
shown in Fig. 4B. This curve was ¢tted with Eq. 3
as was described above (Fig. 4B, thin smooth line).

In this case the solution exchange is instantaneous. If
we compare Fig. 4A and B, it becomes clear that
always at dwash values of the range of dfast value (1 ms)
the recovery looks like those when the solution ex-
change is instantaneous. In reality, dwash is much
greater than dfast. This is why the real experimental
curve is better approximated by the modeling curve
with dwash = 30 ms (Fig. 4B, thick smooth line). The
modeling curves at dwash = 1, 30 and 100 ms and dif-
ferent blocker concentrations were ¢tted in the same
way as the experimental curves (with dfast = 1 ms).
The values of the parameters dslow and Afast depend-
ing on the blocker concentration are shown in Fig.
4C,D, respectively. It can be seen that dslow rose with
an increase in dwash remaining practically concentra-
tion-independent. An essential increase in Afast with
concentration was observed only at high values of

Fig. 4. The dependence of the recovery kinetics predicted by model 2 for TBA on the solution exchange time. (A) The current recov-
ery predicted by model 2 at di¡erent values of the solution exchange time, dwash (1, 10, 30, 50, and 100 ms). TBA concentration is
2 mM. (B) An example of an experimental current recovery. TBA concentration is 2 mM. The thin smooth line shows the ¢tting of
the current with Eq. 3 at ¢xed dfast = 1 ms. The thick smooth line is the normalized modeling current at dwash = 30 ms. (C,D) The slow
time constant and the amplitude of the fast component obtained by the ¢tting of the modeling current recovery with Eq. 3 at ¢xed
dfast = 1 ms at di¡erent values of dwash (1, 30, and 100 ms) depending on the blocker concentration. Solid lines show the apparent
linear ¢t.
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dwash (100 ms). In experiments with TBA the mean
value of dwash was approximately 30 ms (the corre-
sponding value of d= 163 ms). At this value of dwash

the parameters dslow and Afast did not practically de-
pend on the blocker concentration (open circles in
Fig. 4C,D) and the small vertical shift of the dslow

and Afast concentration dependencies was smaller
than the value of the experimental error (cf. Fig.
4C with Fig. 3C and Fig. 4D with Fig. 3D). There-
fore, the non-instantaneous solution exchange did
not signi¢cantly a¡ect the values and behavior of
the ¢tting parameters and, correspondingly, did not
a¡ect the choice of the simplest model, which de-
scribes the kinetics of TBA action. Possible minor
changes in the values of the kinetic constants due
to the non-instantaneous solution exchange are not
a matter of principle.

3.2. The kinetics of TEA

Fig. 5A (¢rst row) shows an example of applica-
tion of di¡erent concentrations of TEA (0.625^10
mM) in the continuous presence of ASP (100 WM).
The ¢tting of the recovery kinetics with Eq. 3 by
analogy with the ¢tting presented in Fig. 2E yielded
the value of the fast time constant, which was essen-
tially independent (Ps 0.05) of TEA concentration
(Fig. 5B). The mean value of dfast proved to be
218 þ 52 ms (n = 4) and was not signi¢cantly di¡erent
from the time constant of the current recovery after
termination of Mg2� application (dOFF = 137 þ 71
ms). This ¢nding prompts an idea that, as in the
case of TBA, the fast component of the channels
recovery from the TEA block is masked by the proc-
ess of the solution exchange. Indeed, in the single-
channel study [15], the dissociation of TEA from the
NMDA channel was considered to be too fast to be
measured at the sampling frequency of 4 kHz. Thus,
the value of dfast should be less than 1 ms. It is clear
that the ¢tting shown in Fig. 2E for TEA is inad-
equate. The ¢tting by Eq. 3 of the current recovery
after termination of TEA application was carried out
with ¢xed dfast = 1 ms in the interval excluding the
fast current decrease re£ected the process of the solu-
tion exchange (Fig. 5A, ¢rst row, solid lines). The
value of dfast was taken small enough and its decrease
caused no variations in other parameters (dslow and
Afast) of Eq. 3. The values of dslow and Afast as a

function of TEA concentration are presented in
Fig. 5C and D, respectively. None of these parame-
ters depended on the blocker concentration
(Ps 0.05) and their mean values proved to be as
follows: dslow = 2.14 þ 0.61 s and Afast = 0.67 þ 0.09
(n = 4).

As in the case of TBA, ¢xation of the parameter
dfast did not a¡ect the behavior of the parameters
dslow and Afast depending on TEA concentration.
The ¢tting of TEA recovery kinetics with non-¢xed
dfast (see Fig. 2E) gave the same result: neither dslow,
nor Afast depended on the blocker concentration
(Ps 0.05), although the mean values of dslow

(2.75 þ 0.88 s) and Afast (0.72 þ 0.03) were slightly
higher than the corresponding values obtained with
dfast = 1 ms. Therefore, as in the case of TBA, the
arbitrary choice of the value of dfast for ¢tting will
not a¡ect the choice of the kinetic models describing
the TEA action.

As the value of Afast did not depend on the blocker
concentration and was greater than 0, the three sim-
plest models which can describe the kinetics of TEA
action are models 2, 3 and 4. The degree of the sta-
tionary blockade predicted by these models is de¢ned
by Eq. A9 (see Appendix A). The value of the pa-
rameter K for this equation was equal to 777 þ 82
M31, n = 4 (Fig. 5E). The systems of equations ob-
tained by the substitution of the mean values of the
parameters dslow, Afast, and K and dfast = 1 ms into Eq.
A4, Eq. A5, Eq. 4 and Eq. A9 for model 2, Eq. A4,
Eq. A5, Eq. 5 and Eq. A9 for model 3 and Eq. A4,
Eq. A5, Eq. 6 and Eq. A9 for model 4 allowed to
estimate the values of the kinetic constants. The val-
ues of the kinetic constants for model 2 proved to be
the following: k1 = 0.52U106 M31 s31 ; k2 = 0.47 s31 ;
k3 = 999 s31 and k4 = 0.69 s31. The state X cannot be
the desensitized state in this case because the value of
k3 is three order of magnitude smaller than the ki-
netic constant of the transition from the open to the
desensitized state [16]. Alternatively, if state X is the
closed state, then the open probability, P0 is equal to
k4/(k3+k4)6 1033. However, the value of P0 for
NMDA channels was found to vary from 0.04 to
0.5 [16^21]. Therefore, X in model 2 cannot be either
the closed or desensitized state of the channel. Thus,
model 2 cannot describe the real mechanism of the
TEA interaction with NMDA channels.

The values of k1, k2, k3 and k4 for models 3 and 4
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Fig. 5. The kinetics of TEA. (A) The experimental (¢rst row) and modeling (second row) current traces in response to the application
of di¡erent concentrations of TEA (0.625^10 mM) in the continuous presence of ASP (100 WM). The recovery kinetics of the experi-
mental currents were ¢tted with Eq. 3 with ¢xed dfast = 1 ms (solid lines). (B) The fast time constant obtained from the ¢tting of the
current recovery after termination of TEA application with Eq. 3. dfast was essentially independent of the blocker concentration and
was equal, on the average, to 218 þ 52 ms, n = 4 (horizontal line). (C,D) The slow time constant and the amplitude of the fast compo-
nent obtained from the ¢tting of the current recovery after termination of TEA application with Eq. 3 at ¢xed dfast = 1 ms. Their val-
ues were essentially independent of TEA concentration and were, on average, dslow = 2.14 þ 0.61 s and Afast = 0.67 þ 0.09, n = 4 (horizon-
tal lines). (E) The concentration dependence of the stationary block (IB/IS), which was ¢tted with Eq. A9 (solid line). The value of the
parameter K is equal to 777 þ 82 M31, n = 4.
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are presented in Table 1. Fig. 5A (second row) shows
the currents predicted by model 4. The currents pre-
dicted by model 3 are exactly the same.

The dependence of the recovery kinetics predicted
by model 4 for TEA on the solution exchange time is
shown in Fig. 6A. The typical experimental curve
(Fig. 6B) was well approximated by modeling curve
with dwash = 80 ms (Fig. 6B, thick smooth line). The
values of the parameters dslow and Afast depending on
the blocker concentration are shown in Fig. 6C,D,
respectively. It can be seen that dslow did not practi-
cally depend on dwash and TEA concentration. An
essential decrease in Afast with concentration was ob-
served only at high values of dwash (200 ms). In ex-
periments with TEA the mean value of dwash was
approximately equal to 80 ms (the corresponding

value of dfast is 218 ms). At this value of dwash, the
parameters dslow and Afast did not practically depend
on the blocker concentration (open circles in Fig.
6C,D) and the small vertical shift of the dslow and
Afast concentration dependencies was much smaller
than the value of the experimental error (cf. Fig.
6C with Fig. 5C and Fig. 6D with Fig. 5D). The
results for model 3 were quite the same. Therefore,
the non-instantaneous solution exchange did not sig-
ni¢cantly a¡ect the values and behavior of the ¢tting
parameters and, correspondingly, did not a¡ect the
choice of the simplest model, which describes the
kinetics of TEA action. As in the case of TBA, pos-
sible small changes in the values of the kinetic con-
stants due to the non-instantaneous solution ex-
change are not a matter of principle.

Fig. 6. The dependence of the recovery kinetics predicted by model 4 for TEA on the solution exchange time. (A) The current recov-
ery predicted by model 4 at di¡erent values of the solution exchange time, dwash (1, 20, 50, 100, and 200 ms). TEA concentration is
10 mM. (B) An example of an experimental current recovery. TEA concentration is 10 mM. The thin smooth line shows the ¢tting of
the current with Eq. 3 at ¢xed dfast = 1 ms. The thick smooth line is the normalized modeling current at dwash = 80 ms. (C,D) The slow
time constant and the amplitude of the fast component obtained by the ¢tting of the modeling current recovery with Eq. 3 at ¢xed
dfast = 1 ms at di¡erent values of dwash (1, 80, and 200 ms) depending on the blocker concentration. The solid lines show the apparent
linear ¢t.
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Fig. 7. The kinetics of MRZ. (A) The experimental (¢rst row) and modeling (second row) current traces in response to application of
di¡erent concentrations of MRZ (1.85^150 WM) in the continuous presence of ASP (100 WM). The recovery kinetics of the experimen-
tal currents were ¢tted with Eq. 3 (solid lines). (B^D) The fast and the slow time constants and the amplitude of the fast component
of the current recovery. The values of dfast and dslow were essentially independent of MRZ concentration and were equal to 0.87 þ 0.41
s and 8.0 þ 2.6 s (n = 12), respectively (horizontal lines). Afast decreased with MRZ concentration. The Afast dependence on the blocker
concentration was ¢tted with Eq. 8 at ¢xed k2 = 1.14 s31 and k4 = 0.13 s31 (solid line). The value of k3 proved to be 1.4 þ 0.2U104

M31 s31 (n = 12). (E) The concentration dependence of the stationary block. IB/IS dependence on MRZ concentration was ¢tted with
Eq. A10 (solid line). The value of the unknown parameter, k1, proved to be of 8.8 þ 3.2U104 M31 s31 (n = 12).
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3.3. The kinetics of MRZ

Fig. 7A (¢rst row) gives an example of application
of di¡erent concentrations of MRZ (1.85^150 WM) in
the continuous presence of ASP (100 WM). The ¢t-
ting of the recovery kinetics with Eq. 3 (solid lines)
showed that neither the fast, nor the slow time con-
stants depended (Ps 0.05) on MRZ concentration
(Fig. 7B,C). The mean values of dfast and dslow were
0.87 þ 0.41 s and 8.0 þ 2.6 s (n = 12), respectively. In
contrast with tetraalkylammonium compounds, the
amplitude of the fast component decreased with a
rise in the blocker concentration (Fig. 7D). The val-
ues of Afast at di¡erent concentrations were signi¢-
cantly di¡erent (P6 0.05). model 6 is the only sim-
plest model predicted the changes in Afast with the
blocker concentration. The Eq. A4 and Eq. A5 of
Appendix A for model 6 are as follows: k2 = 1/dfast

and k4 = 1/dslow. The values of the dissociation con-
stants de¢ned from them allowed to ¢t the Afast de-
pendence on MRZ concentration by Eq. 8 with only
one unknown parameter, k3 (Fig. 7D). The value of
k3 proved to be 1.4 þ 0.2U104 M31 s31. The approxi-
mated value of Afast at in¢nitely high MRZ concen-
trations is equal to 3k4/(k23k4) and is negative
(30.123). The decrease in the fraction of the station-
ary block with a rise in MRZ concentration ¢tted by
Eq. A10 with k2, k3 and k4 equal to their mean
values found above (Fig. 7E) allowed to estimate
the value of k1 = 8.8 þ 3.2U104 M31 s31. It should
be noted that the ¢tting of the concentration depend-
ence of the stationary block with the logistic equa-
tion gave the values of the half-blocking concentra-
tion, IC50 = 10.3 þ 3.3 WM and the Hill coe¤cient,
nHill = 1.34 þ 0.26 (n = 12). The high value of nHill sup-
ports the idea that not only one but two molecules of
MRZ can bind to the NMDA channel. The values of
all kinetic constants for MRZ are given in Table 1.
The corresponding current traces predicted by model
6 are shown in Fig. 7A (second row). The inad-
equacy of model 6 for the description of the MRZ
interaction with NMDA channels can be seen from
the more steeper dependence of the stationary block
fraction predicted by model 6 than that obtained in
the experiment. Thus, the changes in the stationary
current produced by the blocker application at low
concentrations are considerably smaller for the mod-
el than for the experiment (cf. Fig. 7A, ¢rst and

second rows). Correspondingly, the mean values of
IB/IS at low MRZ concentrations lay below the ¢t-
ting curve in Fig. 7E. This fact can be explained by
the existence of a NMDA channel population with a
high a¤nity for MRZ and, in contrast with model 6,
by the existence of a non-strict succession, in which
two blocking molecules can bind to their speci¢c sites
[4].

In contrast to TBA and TEA, the value of the fast
time constant for MRZ was much higher than the
value of the solution exchange time. Therefore in the
case of MRZ the solution exchange was fast enough
not to a¡ect the de¢nition of time and, correspond-
ingly, kinetic constants.

3.4. The kinetics of 9-AA

Fig. 8A (¢rst row) gives an example of application
of di¡erent concentrations of 9-AA (2.5^40 WM) in
the continuous presence of ASP (100 WM). The ¢t-
ting of the recovery kinetics with Eq. 3 (solid lines)
showed that the fast time constant increased expo-
nentially with 9-AA concentration (Fig. 8B) - from
180 þ 56 ms (S.E., n = 7) at 2.5 WM up to the sta-
tionary level of 648 þ 56 ms (S.E., n = 7), the concen-
tration constant being 6.8 þ 1.5 WM (n = 7). The val-
ues of dfast at di¡erent concentrations were
signi¢cantly di¡erent (P6 0.05). The slow time con-
stant was essentially independent (Ps 0.05) of 9-AA
concentration (Fig. 8C). The mean value of dslow

proved to be 2.13 þ 1.11 s (n = 7). The amplitude of
the fast component increased with a rise in the block-
er concentration (Fig. 8D). The values of Afast at
di¡erent concentrations were signi¢cantly di¡erent
(P6 0.05). The increase in the amplitude of the fast
component with the blocker concentration is not pre-
dicted by any simplest models. What combination of
the simplest models can simulate the experimentally
observed 9-AA kinetics? Firstly, the resulting model
should contain model 6, for which Afast changes with
the blocker concentration. Otherwise, any combina-
tion of models with Afast independent on the blocker
concentration will manifest the kinetics with the am-
plitudes of components that are also independent on
the blocker concentration. model 6 is also the only
simplest model, which suggests that not one but two
blocker molecules can bind to the NMDA channel.
This suggestion is supported by the steepness of the
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Fig. 8. The kinetics of 9-AA. (A) The experimental (¢rst row) and modeling (second row) current traces in response to the application
of di¡erent concentrations of 9-AA (2.5^40 WM) in the continuous presence of ASP (100 WM). The recovery kinetics of the experimen-
tal currents were ¢tted with Eq. 3 (solid lines). (B) The dfast (mean þ S.E.) dependence on 9-AA concentration. The fast time constant
of the recovery increased exponentially with the concentration constant of 6.8 þ 1.5 WM, n = 7 (solid line). (C) The slow time constant
of the current recovery. The value of dslow was essentially independent of 9-AA concentration and was equal, on the average, to
2.13 þ 1.11 s, n = 7 (horizontal line). (D) The amplitude of the fast component of the current recovery. Afast increased with 9-AA con-
centration. The ¢tting of the Afast dependence on the blocker concentration with Eq. 9 gave the following values of parameters:
a = 0.56 þ 0.33, b = 3.14 þ 1.00 and c = 0.30 þ 0.20 (n = 7). (E) The concentration dependence of the stationary block. The IB/IS depend-
ence on the 9-AA concentration was ¢tted with Eq. A13 (solid line). The values of parameters are as follows: a = 0.091 þ 0.045 and
b = 0.0109 þ 0.0045 (n = 7).
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9-AA dose^response relationship shown in Fig. 8E.
Thus, the ¢tting of the IB/IS dependence with the
logistic equation gave the value of IC50 = 6.3 þ 0.6
WM and a high value of nHill = 1.56 þ 0.20 (n = 7).
Secondly, the experimentally observed dependence
of Afast on 9-AA concentration contains the values
greater than 1. model 6 predicts the values of Afast

smaller than 1 and the only model, which can simu-
late Afast s 1, is model 2. It is model 2 that should
also be contained in the resulting model. The sim-
plest appropriate combination of models 2 and 6 is
as follows:

Without the state designated as OB2, this model,
similarly to model 6, is able to simulate only the
decrease in Afast with the blocker concentration.
For this reason, the existence of OB2 is necessary.
The state designated as OB2 can be designated on
equal terms as OB3 but an increase in the number
of the blocker binding sites is not necessary here.
Thus, model 7 can be interpreted in the following
way. The blocker molecule can bind to sites 1 or 2
when the channel is in the open state (O*). The bind-
ing of one blocker molecule to the shallow site 2
prevents the other molecule to reach the vacant site
1 located deep in the channel pore. The binding of

the blocker directly to site 2 allows the other blocker
to bind to site 1.

The increase in Afast with 9-AA concentration can
be explained in the following way. Let the transitions
from OB1 to O and from OB1B2 to OB1 be faster than
those from X to O and from OB2 to O. Then the
amplitude of the fast component is de¢ned as a ratio
of the total number of channels in states OB1 and
OB1B2 and in states X, OB1, OB2 and OB1B2 at the
moment of termination of the blocker application.
At low blocker concentrations, the occupation of
the OB2 state is comparable with those of the OB1

and OB1B2 states. The number of channels in the
latter two states with respect to the total number of
channels in X, OB1, OB2 and OB1B2 states is small
and, consequently, Afast is also small. After the in-
creasing of the blocker concentration more and more
channels accumulate in the double-blocked OB1B2

state. The contribution of OB1 and OB1B2 states in-
creases and Afast rises with it.

The kinetic constants for model 7 can be estimated
as follows. The theory predicts (see Appendix A) that
the process of the current recovery after termination
of the blocker application is described by a sum of
four exponents with the following time constants:
d1 = 1/(k73k8) ; d2 = 1/k2 ; d3 = 1/k4 ; d4 = 1/k6. As the
value of dfast at 2.5 WM 9-AA (180 þ 147 ms) did not
di¡er signi¢cantly from the switching solution time
(dOFF = 137 þ 71 ms), it seemed correct to suggest the
existence of a very fast component of the channels
recovery from the 9-AA block, which was masked by
the process of the solution exchange as it was sug-
gested in the cases of TBA and TEA. Therefore, the
value of the dissociation constant of the fastest tran-
sition, k2, was adopted as 1000 s31. The increase in
the dfast value with 9-AA concentration and its at-
tainment of the stationary level (649 þ 147 ms) at 40
WM (Fig. 8B) may be considered as evidence of en-
hancement and saturation in the occupation of the
OB1B2 state of the channel. Therefore, the value of
the dissociation constant of the rate-limiting fast
transition, k4, was adopted as 1/0.649 s = 1.54 s31.
The slow dissociation constant, k6, was estimated
from the value of the slow time constant, which
did not depend on 9-AA concentration (Fig. 8C):
k6 = 1/dslow = 0.47 s31. Eq. A12 (see Appendix A) de-
¢nes the amplitude of the fast component for model

Table 2
The kinetic constants for 9-AA

Kinetic constant Value

k1 2.9U107 M31 s31

k2 103 s31

k3 0.74U106 M31 s31

k4 1.54 s31

k5 0.54U105 M31s31

k6 0.47 s31

k7 0.17 s31

k8 0.3 s31
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7 as:

Afast � 1� aW�B�
b� cW�B� �9�

where

a � k2Wk3W�k23k73k8�
�k23k4�W�k23k8�

k43k8

k4W�k43k73k8�3
k23k8

k2W�k23k73k8�
� �

b � k2Wk8W�k23k73k8�
k1W�k7 � k8�W�k23k8�

k1

k2
� k5

k6

� �

c � k3Wk8W�k23k73k8�
k4W�k7 � k8�W�k23k8�

The Afast de¢ned by Eq. 9 increases with the block-
er concentration when aWbs c, decreases when
aWb6 c, and is constant (equal to 1/b) when aWb = c.
The ¢tting of the Afast dependence on 9-AA concen-
tration by Eq. 9 (Fig. 8D) and of the IB/IS depend-
ence on 9-AA concentration by Eq. A13 (Fig. 8E)
gave only four independent equations for determina-
tion of the kinetic constants k1, k3, k5, k7 and k8. The
solutions of this system of equations were found at
di¡erent values of k8, which varied from 0 to 1.5 s31

(at k8 s 1.5 s31 Afast did not increase but decreased
with a rise in 9-AA concentration). At k8 = 0.3 s31

the current curves predicted by model 7 (Fig. 8A,
second row) looked like those in the experiment.
The corresponding values of the kinetic constants
for model 7 in this case are presented in Table 2.

4. Discussion

The present study o¡ers a method for determining
the simplest kinetic model for the blocker interaction
with a ligand-gated channel proceeding from the
manifested two-component kinetics. The use of this
method supplemented, wherever possible, by other
experimental data yields valuable information about
the origin of the kinetic components and the infor-
mation for constructing a physical model of the
channel^blocker interaction. It provides the answers
to the following questions: How does the blocker
interact with the gating machinery of the channel?

How many blocker binding sites in the channel, what
is the sequence and scheme of their occupation? The
criterion of ¢nding the best model is the behavior of
the amplitude of the fast component (Afast) as a func-
tion of the blocker concentration. Depending on the
value and constancy or a decrease in Afast with the
blocker concentration, the blocker action can be de-
scribed by one of the ¢ve simplest kinetic models
(models 2^6). Models 2^5 predict the blocking ki-
netics when Afast does not depend on the blocker
concentration (Eqs. 4^7). These models di¡er by
the predicted range of Afast value: for model 2 this
parameter can be of any value, for model 3 and 4 is
greater than 0 but smaller than 1, while for model
5 it is always negative. Model 6 predicts the blocking
kinetics when Afast decreases with the blocker con-
centration (Eq. 8). The examples of the blockers, the
action of which can be described by the simplest
kinetic models, are provided by the NMDA open
channel blockers: TBA, TEA and MRZ.

The value of Afast for TBA did not depend on the
blocker concentration and was greater than 1. There-
fore, within the framework of the simplest kinetic
models the e¡ect of TBA can be described only by
model 2. The X state of this model can be the closed
or the desensitized or some combination of the
closed and the desensitized states of the channel.
However, the time constants of the transitions from
the closed to the open state of the NMDA channel
and reverse are much faster than those de¢ned by the
kinetic constants, k3 and k4, for model 2 (Table 1).
Thus, the smallest value of the kinetic constant for
the transition from the open to the closed state (140
s31) is estimated from the mean open time varying in
single NMDA channel experiments from 2.5 to 7 ms
[22^24]. Knowing this constant and the open proba-
bility of NMDA channels, P0, it is easy to estimate
the kinetic constant of the transition from the closed
to the open state. As it has been mentioned above, in
the majority of studies the value of P0 was estimated
as being rather great (0.2^0.5). But even if we adopt
the smallest value of 0.04 [21], the kinetic constant of
the transition from the closed to the open state (6 s31)
will prove to be 3^4-times higher than k3 and k4 for
TBA. Therefore, the X state in model 2 is more
probably the desensitized one or represents a combi-
nation of the closed and the desensitized states of the
channel. Thus, model 2 shows that the NMDA chan-
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nel can close and/or desensitize in the open conduct-
ing state, while this channel cannot do it when
blocked by TBA. Such asymmetry of model 2 points
to the interaction of the blocker with the gating ma-
chinery of the NMDA channel. TBA bound to its
blocking site prevents the closure of the activation
and/or desensitization gates of the NMDA channel.
This fact has been established in the experiments
where the ASP and TBA coapplication was followed
by the transient current increase (the so-called `hook'
current), which exceeded the control current level [8].

With respect to the interaction with the gating
machinery of the NMDA channel, it is interesting
to compare TBA with another tetraalkylammonium
compound, TEA. Its action can be described by
models 3 and 4. Model 3 does not contain either
closed or desensitized states of the channel and, cor-
respondingly, is symmetric with respect to the ability
of the open and the open-blocked state of the chan-
nel to close and/or desensitize. The more realistic
representation of this model is as follows:

where X, XB1 and XB2 represent the states analogous
to those in models 2, 4, 5 and 7. If we suppose for
simplicity that TEA does not a¡ect the processes of
the channel closure and/or desensitization and, cor-
respondingly, Q = Q1 = Q2 and O= O1 = O2, the kinetics
predicted by model 8 (Fig. 9A) is qualitatively the
same (Afast is within [0,1] interval and does not de-
pend on the blocker concentration) as the kinetics
predicted by model 3 (Fig. 5A, second row). The

Fig. 9. The kinetics for TEA predicted by model 8. The values of the kinetic constants, k1, k2, k3, and k4, are the same as in model 3
(see Table 1). The kinetic constants for the transitions O^X, OB1^XB1, and OB2^XB2 are the same as for the transition O^X in model
2 for TBA: Q = Q1 = Q2 = 1.52 s31 and O= O1 = O2 = 1.77 s31. TEA concentrations are: 0.625, 1.25, 2.5, 5 and 10 mM. The curves pre-
sented are the modeling currents predicted by (A) model 8; Afast = 0.84 and does not depend on the blocker concentration; (B) model
8 without the XB2 state; Afast = 0.86 and does not depend on the blocker concentration; (C) model 8 without the XB1 state; (D) model
8 without the XB1 and XB2 states. In C and D the overshoot of the modeling current (Afast s 1) is observed.
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removal of the XB2 state next to the slow blocked
state, OB2, from model 8 does not change this ki-
netics signi¢cantly (Fig. 9B). However, removal of
the XB1 state next to the fast blocked state, OB1,
from model 8 leads to the appearance of the current
overshoot (Afast s 1), which resembles that observed
in the kinetics of TBA (Fig. 9C,D). Therefore, TEA
binding to the channel in the fast blocked state, OB1,
does not prevent the closure of the activation and/or
desensitization gate. Whether this is true for TEA
binding to the channel in the slow blocked state,
OB2, remains unclear because the OB2^XB2 transition
is faster than the transition from OB2 to O.

The XB state in model 4 can be interpreted as: (1)
the second open blocked (OB2) and (2) closed
blocked (CB) or desensitized blocked (DB), or a com-
bination of the closed and the desensitized blocked
states of the channel. In the ¢rst case, the transition
from OB1 to OB2 means a `jump' of the blocker from
one blocking site to another. The succession of bind-
ing of the blocker molecule to the sites is strict: at
¢rst site 1 becomes occupied and then site 2 follows
it. In this case, models 3 and 4 can represent the
parts of a more complex model with the transitions
OB1^OB2, O^OB1 and O^OB2 (a combination of mod-
els 3 and 4). Such a model describes the situation
when the only blocker molecule can bind to any of
the two blocking sites in the channel in any succes-
sion and can `jump' from one blocking site to anoth-
er. Thus, in the ¢rst case model 4 is symmetric with
respect to the ability of the open and the open-
blocked state of the channel to close and/or desensi-
tize. The more realistic representation of this model
is as follows:

As in the case of model 8, the kinetics predicted by
model 9 is qualitatively the same as the kinetics pre-
dicted by model 3 (Fig. 5A, second row). The remov-

al of XB2 state does not signi¢cantly change the re-
covery kinetics, while the removal of XB1 state leads
to the appearance of the current overshoot
(Afast s 1), which resembles that observed in the ki-
netics of TBA. Therefore, TEA binding to the chan-
nel in state OB1 does not prevent the closure of the
activation and/or desensitization gate of the channel.
Whether this is true for TEA binding to the channel
in state OB2 remains unclear because the OB2^XB2

transition is faster than the OB2^OB1 transition.
In the second case, the existence of the closed or

desensitized (or their combination) states of the
blocked channel and their absence in the non-
blocked channel may imply: (a) the ability of the
blocker to increase the number of closed blocked
and/or desensitized blocked states when the more
realistic representation of model 4 is as follows:

and (b) the channel closes and/or desensitizes more
readily with the blocker inside (the state XB1 is ab-
sent in model 10 but the OB^XB equilibrium is
shifted to XB with respect to model 4). Both (a)
(Fig. 10A) and (b) (Fig. 10B) possibilities demon-
strate the kinetics, which are qualitatively similar
(Afast is within the [0,1] interval and does not depend
on the blocker concentration) to that predicted by
model 4 (Fig. 5A, second row), but quite di¡erent
from that which is predicted by model 4 with addi-
tion of only the X state similar to model 2 for TBA
(or by model 10 without the XB1 state) (Fig. 10C).

Thus, all the simplest models (3 and 4) describing
the mechanism of TEA action predict that this
blocker does not prevent the closure of the activation
and/or desensitization gates of the NMDA channel
when bound to at least one site and even possibly
promotes this process.

The di¡erence in the interaction of tetraalkylam-
monium compounds with the gating machinery of
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the NMDA channel can be explained by di¡erent
size of the blocking molecules [25]. Thus, the larger
blocker, TBA, prevents the closure of activation and/
or desensitization gates, while the smaller one, TEA,
which enters deep into the channel pore allows the
gates to close after it.

The value of Afast decreased with MRZ concentra-
tion. The only simplest model describing qualita-
tively such Afast behavior is model 6. This model
suggested the existence of two non-overlapping
blocking sites of MRZ in the open NMDA channel.
These two sites can be occupied simultaneously by
di¡erent blocker molecules and the succession is
strict: site 1 is occupied at ¢rst, and site 2 is occupied
secondly. In reality, the situation may be more com-
plex. It is correct to suppose that the blocker can
reach site 1 not only directly from the external solu-
tion but also by way of sequential `jumps' from the
external solution to site 2 and then to site 1 [4]. Thus,
the transition O*^OB1 of model 6 can imply two
sequential transitions: O*^OB2 and OB2^OB1. Con-
trary to TBA and TEA, the kinetics of the MRZ-
induced blockade is much slower than the kinetics of
NMDA channel closure and desensitization. There-
fore, the more realistic version of model 6:

demonstrates practically the same recovery kinetics
as model 6 (Fig. 7A, second row) in all possible cases
when: (1) XB1, or (2) XB1B2, or (3) XB1 and XB1B2

states are removed, or (4) all states of model 11 are
present. The fact is that the method used in the
present study cannot answer the question `Does the
blocker prevent the closure of the activation and/or
desensitization gate of NMDA channel?' concerning
the blockers with such slow kinetics as that of MRZ
because this method is applicable only for fast block-
ers [8]. However, other experiments do provide an
answer to this question. Thus, the ability of another

Fig. 10. The kinetics predicted by model 10 for TEA. The val-
ues of the kinetic constants, k1, k2 and k4, are the same as in
model 4 (see Table 1). The kinetic constants for the transitions
O^X and OB^XB1 are the same as for the transition O^X in
model 2 for TBA: Q = Q1 = 1.52 s31 and O= O1 = 1.77 s31. TEA
concentrations are 0.625, 1.25, 2.5, 5 and 10 mM. The curves
presented are the modeling currents predicted by (A) model 10;
the value of k3 = 118 M31s31 is the same as in model 4;
Afast = 0.86 and does not depend on the blocker concentration;
(B) model 10 without the XB1 state; the value of k3 = 1180
M31 s31 is ten times higher than that in model 4; Afast = 0.33
and does not depend on the blocker concentration; (C) model
10 without the XB1 state; the value of k3 = 118 M31 s31 is the
same as in model 4. In C the overshoot of the modeling current
(Afast s 1) is observed.
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aminoadamantane derivative, memantine, di¡ering
from MRZ by two methyl groups and hydrogen in-
stead of one propyl and two hydrogen attached to
three equivalent sites of 1-adamantanamine, to pro-
duce the trapping block of NMDA channels has
been reported previously [5,26]. (1) The existence of
two components in the kinetics of agonist-induced
channels recovery after MEM-induced open-channel
block and subsequent washout of the cell in an ago-
nist-free solution [3], and (2) the fact that two similar
components in the recovery kinetics of MEM in the
continuous presence of agonist were explained by
simultaneous occupation by MEM of two di¡erent
blocking sites in the NMDA channel [4] strongly
suggest that both MEM blocking sites are located
below the activation gate and two MEM molecules
bound to them can be closed within the NMDA
channel. The data obtained in our laboratory (un-
published observation) indicate that in all probability
this is also true for MRZ.

The only simplest model which remained without
an example of a blocker is model 5. This model pre-
dicts the blocker association not with the open but
mainly with the closed and/or desensitized states of
the channel. In my opinion, up to now nobody has
studied the NMDA channel blocker with the kinetics

predicted by model 5 (Afast 6 0 and does not depend
on the blocker concentration). Probably, such a
blocker will be found in future.

In the case when the blocker-induced kinetics can-
not be described by any of the simplest models the
method of the simplest models combination can be
used. Thus, not every simplest model describes the
increase in Afast with the blocker concentration. Such
behavior of Afast can be obtained by combination of
model 6, the only simplest model predicting a change
in Afast with the blocker concentration, with one or
several from models 2^5. 9-AA is an example of an
NMDA open-channel blocker, the amplitude of the
fast component for which increased with concentra-
tion.

As Afast was greater than unity at high 9-AA con-
centrations, the simplest model simulating 9-AA ki-
netics (except for model 6) should contain model 2.
The resulting model 8 predicts the existence of at
least two non-overlapping 9-AA blocking sites,
which can be simultaneously occupied by two di¡er-
ent blocker molecules in two di¡erent successions.
model 7 is asymmetric with respect to the ability of
the channel to close and/or desensitize in the blocked
and the non-blocked states. It predicts that 9-AA
bound to the channel prevents the closure of the

Fig. 11. Possible interpretation of the NMDA open-channel block by organic cations. The smallest cation, TEA, can bind either to
the deep blocking site 1 or the shallow blocking site 2 and does not prevent the closure of the gate. Strong electrical repulsion of two
TEA molecules prevents their simultaneous occupation of the sites. On the contrary, two molecules of MRZ being electrical dipoles
can bind to the two blocking sites simultaneously and do not prevent the closure of the gate. Due to its large size, the TBA molecule
can bind only to the shallow site 2 and thus prevents the closure of the gate. When oriented along the channel pore, the 9-AA mole-
cule can quickly reach the deep site 1 (right from the external solution or by way of sequential `jumps' from the external solution to
site 2 and then to site 1 as is in the case with MRZ) and allow another 9-AA molecule to bind to site 2 in the orientation across the
channel pore. When site 1 is vacant and the binding of the 9-AA molecule to the shallow site 2 proceeds in orientation across the
channel pore, the channel constriction between sites 1 and 2 prevents the 9-AA molecule binding to site 2 to `jump' to site 1.
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activation and/or desensitization gates. The ability of
9-AA to prevent the closure of the NMDA channel
was reported previously [9,19,8].

Previous studies on the open-channel structure al-
low to represent the NMDA channel as a pore with
large extracellular and small cytoplasmic mouths.
The narrow part of the pore (selectivity ¢lter) is short
and has a cross-sectional area of 22^26 Aî 2 [27,28].
Based on the results of kinetic analysis presented for
TBA, TEA, MRZ and 9-AA, the simplest physical
models of the open NMDA channel interaction with
organic cations can be suggested (Fig. 11).

The simplest kinetic models describing the e¡ects
of NMDA open-channel blockers with the constants
collected in Tables 1 and 2 have signi¢cance in prin-
ciple but do not pretend to describe completely all
the possible states and substates of the NMDA chan-
nel. Simpli¢cation of the models presented above can
be seen in the following facts. The value of k2 (103

s31) for TBA, TEA and 9-AA was chosen arbitrarily.
This value can be much higher. An increase in the
value of k2 may cause a considerable change in the
value of k1, although other kinetic constants will not
vary signi¢cantly. The values of k3 and k7 as well as
the values of k4 and k8 in model 2 for TBA and in
model 7 for 9-AA, respectively (see Tables 1 and 2),
were di¡erent, although the physical meaning of
these constants was the same. The concentration de-
pendence of the fraction of the stationary block by
MRZ predicted by model 6 was steeper than that
obtained in the experiment (see Fig. 7E). Depending
on the problem, each of the simplest models can be
complicated by addition of multiple closed, desensi-
tized and open states of the channel. The existence of
di¡erent populations of the channels can also be tak-
en into account. However, all these changes will not
concern such questions of principle as the minimal
number of simultaneously occupied blocking sites in
the channel and the minimal number of the ways, by
which the blocker can reach these sites [4] and the
ability of the blocker being bound to the channel to
prevent or not prevent the closure of the activation
and/or the desensitization gates.
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Appendix A

Let X(t) be the vector of probabilities of the chan-
nel occupying each of all possible states at the time,
t. The behavior of X(t) is de¢ned by the linear system
of di¡erential equations:

dX�t�
dt

AX�t� �A1�

where A is the matrix of transitions between the
states of the channel. To solve system A1, it is nec-
essary to ¢nd all the eigenvalues of A by solving the
following equation:

MA3VEM � 0 �A2�
where V is variable and E is the matrix with the
diagonal elements equal to 1 and the nondiagonal
elements equal to 0. In the case of the simplest mod-
els presented in this study, Eq. A2 has no multiple
roots and the solution of Eq. A1 can be written in
the following form:

X�t� �
Xn

i�1

CiXieVit �A3�

where Ci is the ith constant; Xi is the ith eigenvector
of A corresponding to the ith eigenvalue, Vi ; n is the
number of states. The constants Ci (i = 1,T,n) can be
estimated from the probabilities of the channel to be
in all possible states at equilibrium by posing t = 0 in
Eq. A3. Each of models 2^6 has its own transition
matrix with elements representing the sums of the
kinetic constants multiplied, where necessary, by
the blocker concentration. The number of states is
equal to 3, and the solution of Eq. A2 gives three
values of V : V1 = 0 and V2,V3g0. Let V2 correspond
to the fast and V3 to the slow component of the
kinetics. When [B] = 0, there is a case of the channels
recovery after the block. The fast and the slow time
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constants of the channels recovery, dfast and dslow,
respectively, are given by the following equations:

V2�k1; k2; k3; k4� � 31=dfast �A4�

V3�k1; k2; k3; k4� � 31=dslow �A5�

where V2(k1, k2, k3, k4) and V3(k1, k2, k3, k4) are
de¢ned from the solution of Eq. A2 relative to V2

and V3.
To determine the probabilities of the channel to be

in all possible states at equilibrium (t = 0), the right
part of Eq. A1 should be taken as being equal to
zero. Thus, we obtain a system of n linear equations:

AWX�0� � 0 �A6�

with n variables: x1(0),T,xn(0). As the rank of A is
equal to n31, only n31 equations are independent.
Adding the equation of the sum of probabilities of
the channel occupying each of all possible states:

x1�0� � x2�0� � T� xn�0� � 1 �A7�
we obtain a system of n equations with n variables
which allows to determine the probabilities of the
channel occupying each of all possible states at equi-
librium in terms of kinetic constants. The fraction of
non-blocked channels at equilibrium at the [B] block-
er concentration is de¢ned via the probabilities of the
open (jth) state occupancy in the absence,
[O]�B� � 0 = xj(0)�B� � 0, and the presence, [O]�B�g0 =
xj(0)�B�g0, of the blocker, respectively:

d � �O��B�g0=�O��B� � 0 �A8�
The calculation of d for models 2^5 leads to the
following equation:

d � 1
1� K W�B� �A9�

where K is equal to k1Wk4/k2/(k3+k4) for model 2, k1/
k2+k3/k4 for model 3, k1W(1+k3/k4)/k2 for model 4
and k1Wk3/k4/(k1+k2) for model 5. Only the denomi-
nator of the equation for model 6 contains the item
with [B] rose to the second power:

d � 1
1� �k1=k2�W�B� � �k1Wk3=k2=k4�W�B�2 �A10�

The amplitude of the fast component, Afast, for

models 2^6 is determined from Eq. A3 for the prob-
ability of the open (jth) state occupancy:

Afast�k1; k2; k3; k4; �B�� � C2WX2j

C2WX2j � C3WX3j
�A11�

The substitution of the mean experimental values
of the fast and slow time constants into Eq. A4 and
Eq. A5, the estimation of the parameters of Eq. A9
or Eq. A10 due to the ¢tting of the experimental IB/
IS dependence on the blocker concentration and the
parameters of Eq. A11 due to the ¢tting of the ex-
perimental Afast dependence on the blocker concen-
tration give a system of equations which allows to
determine all the kinetic constants: k1, k2, k3 and k4.
The values of the kinetic constants for TBA, TEA
and MRZ are presented in Table 1.

Model 7 contains ¢ve states of the channel. The
eigenvalues for the recovery process de¢ned from Eq.
A2 are the following: V1 = 0; V2 =3k73k8 ; V3 =3k2 ;
V4 =3k4 ; V5 =3k6. If the amplitude of the fast com-
ponent is de¢ned as the ratio of changes in the total
number of channels in OB1 and OB1B2 states and in
the total number of channels in C, OB1, OB2 and
OB1B2 states induced by a removal of the blocker,
then Afast will be de¢ned from Eq. A3 as follows:

Afast � C3WX3j � C4WX4j

C2WX2j � C3WX3j � C4WX4j � C5WX5j
�A12�

Eq. A8 for the fraction of non-blocked channels at
equilibrium for model 7 is de¢ned by the following
way:

d � 1
1� aW�B� � bW�B�2 �A13�

where

a � k8W�k1=k2 � k5=k6�
k7 � k8

; b � k1Wk3Wk8

k2Wk4W�k7 � k8�
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Probing of NMDA Channels with Fast Blockers

Alexander I. Sobolevsky, Sergey G. Koshelev, and Boris I. Khodorov

Institute of General Pathology and Pathophysiology, 125315 Moscow, Russia

Using whole-cell patch-clamp techniques, we studied the interac-
tion of open NMDA channels with tetraalkylammonium com-
pounds: tetraethylammonium (TEA), tetrapropylammonium (TPA),
tetrabutylammonium (TBA), and tetrapentylammonium (TPentA).
Analysis of the blocking kinetics, concentration, and agonist
dependencies using a set of kinetic models allowed us to
create the criteria distinguishing the effects of these blockers on
the channel closure, desensitization, and agonist dissociation.
Thus, it was found that TPentA prohibited, TBA partly pre-
vented, and TPA and TEA did not prevent either the channel
closure or the agonist dissociation. TPentA and TBA prohibited,
TPA slightly prevented, and TEA did not affect the channel
desensitization. These data along with the voltage dependence
of the stationary current inhibition led us to hypothesize that: (1)
there are activation and desensitization gates in the NMDA

channel; (2) these gates are distinct structures located in the
external channel vestibule, the desensitization gate being lo-
cated deeper than the activation gate. The size of the blocker
plays a key role in its interaction with the NMDA channel gating
machinery: small blockers (TEA and TPA) bind in the depth of
the channel pore and permit the closure of both gates, whereas
larger blockers (TBA) allow the closure of the activation gate but
prohibit the closure of the desensitization gate; finally, the
largest blockers (TPentA) prohibit the closure of both activation
and desensitization gates. The mean diameter of the NMDA
channel pore in the region of the activation gate localization
was estimated to be ;11 Å.

Key words: NMDA; gating machinery; tetraalkylammonium
compounds; blockade; desensitization; kinetics; patch-clamp;
whole-cell; hippocampal neurons

Considerable progress has been achieved over the last few years
in studies of the molecular structure of the NMDA subtype of
glutamate receptors (for review, see McBain and Mayer, 1994;
Dingledine et al., 1999) (Kuryatov et al., 1994; Kuner et al., 1996;
Krupp et al., 1996, 1998; Laube et al., 1997, 1998; Villarroel et al.,
1998; Anson et al., 1998; Beck et al., 1999). However, some
fundamental questions concerning their gross architecture and
gating have not yet been finally settled. Present-day views on the
functional architecture of voltage-sensitive Na1 and K1 channels
are primarily based on the data obtained in studies of the mech-
anism of their direct blockade by various quaternary ammonium
cations (for review, see Hille, 1992; Armstrong and Hille, 1998).

Probing with blocking compounds has also been used in studies
of the functional architecture of some ligand-gated channels, in
particular nicotinic acetylcholine channels and NMDA receptor
channels. The use of this method clearly demonstrated that the
activation gate of these channels is located in the external vesti-
bule (Neher and Steinbach, 1978). Then, by analogy with voltage-
sensitive channels (Armstrong, 1971; Strichartz, 1973; Yeh and
Narahashi, 1977; Cahalan, 1978; Armstrong and Croop, 1982), it
was found that, depending on the type of interaction with the
gating machinery, most of the blockers of open receptor-operated
channels can be subdivided into at least two groups, namely,
those that do not prevent the channel closure, yielding the so-
called trapping block (Neely and Lingle, 1986; Huetter and Bean,
1988; MacDonald et al., 1991; Johnson et al., 1995; Blanpied et

al., 1997; Chen and Lipton, 1997; Sobolevsky et al., 1998) and
those that prohibit the channel closure (Koshelev and Khodorov,
1992, 1995; Costa and Albuquerque, 1994; Vorobjev and Sha-
ronova, 1994; Benveniste and Mayer, 1995; Johnson et al., 1995;
Antonov and Johnson, 1996).

A comparative analysis of blocking effects of a series of organic
cations on NMDA channels led Koshelev and Khodorov (1992,
1995) to suggest that, along with the activation gate, the NMDA
channel, like the voltage-sensitive Na1 channel, is equipped with
a desensitization gate; the closure of the latter was assumed to
underlie the channel desensitization.

In the present study we investigated the interaction of tetraal-
kylammonium compounds (TAA) with open NMDA channels
using a set of kinetic models. We found the criteria for distin-
guishing the blockers with a kinetics faster than the channel
closure (fast blockers), which prohibited or did not prohibit the
channel closure, desensitization, and agonist dissociation. Ac-
cording to these criteria, we analyzed the action of tetraethylam-
monium (TEA), tetrapropylammonium (TPA), tetrabutylammo-
nium (TBA), and tetrapentylammonium (TPentA). The results of
this analysis provide new evidence in favor of the hypothesis on
the existence of functionally and spatially distinct activation and
desensitization gates in the NMDA channel and offer a radically
new approach to the study of their reciprocal position. Thus, TAA
proved to be useful tools to study NMDA channel gating.

MATERIALS AND METHODS
Pyramidal neurons were acutely isolated from the CA-1 region of rat
hippocampus using “vibrodissociation techniques” (Vorobjev, 1991). The
experiments were begun after 3 hr of incubation of the hippocampal
slices in a solution containing (in mM): NaCl, 124; KCl, 3; CaCl2, 1.4;
MgCl2, 2; glucose, 10; and NaHCO3, 26. The solution was bubbled with
carbogen at 32°C. During the whole period of isolation and current
recording, nerve cells were washed with an Mg 21-free 3 mM glycine-
containing solution (in mM: NaCl, 140; KCl, 5; CaCl2, 2; glucose, 15; and
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HEPES, 10, pH 7.3). Fast replacement of superfusion solutions was
achieved by using the concentration jump technique (Benveniste et al.,
1990a; Vorobjev, 1991) with one application tube. This technique allows
substitution of the tubular for the flowing solution with a time constant
,30 msec but backward with the time constant of 30–100 msec (Sobo-
levsky, 1999). Therefore, except where noted, the rate of the solution
exchange was fast at the beginning of any application and slightly slower
at its termination. The currents were recorded at 18°C in the whole-cell
configuration using micropipettes made from Pyrex tubes and filled with
an “intracellular” solution (in mM: CsF, 140; NaCl, 4; and HEPES, 10;
pH 7.2). Electric resistance of the filled micropipettes was 3–7 MV.
Analog current signals were digitized at 1 kHz frequency.

Statistical analysis was performed using the scientific and technical
graphics computer program Microcal Origin (version 4.1 for Windows).
The data presented are mean 6 SE; comparison of the means was done
by ANOVA, with p , 0.05 taken as significant.

The kinetic models used to simulate the action of the blockers (Fig. 1)
were based on the conventional rate theory and used independent for-
ward and reverse rate constants to simultaneously solve first-order dif-
ferential equations representing the transitions between all possible
states of the channel. These models were obtained from a completely
symmetric model for the open-channel blockade (model 5) by means of
consecutive reduction of the blocked states. The processes of NMDA
channel activation, opening, and desensitization were described in ac-
cordance with a kinetic model proposed by Lester and Jahr (1992). The
choice of values of the kinetic constants was made as described previously
(Sobolevsky and Koshelev, 1998). Thus, the values of the kinetic con-
stants for the agonist binding and unbinding were l1 5 2 mM21 z sec21

and l2 5 25 sec21, respectively; the entrance and recovery from desen-
sitization were g 5 1.2 and e 5 0.8 sec21, respectively, and the kinetic
constant of the channel closure was a 5 200 sec21. The value of the rate
constant of the channel opening, b, was chosen according to the value of
the open probability, P0 5 b/(a 1 b), which was previously defined in a
wide range of 0.04–0.5 (Jahr, 1992; Lester et al., 1993; Lin and Stevens,
1994; Benveniste and Mayer, 1995; Colquhoun and Hawkes, 1995;
Rosenmund et al., 1995; Lu et al., 1998). In the majority of computer
experiments, except where noted, the value of P0 was taken to be rather
low (0.09) by the reason clarified in Results. The values of the blocking
and unblocking kinetic constants, k1 and k2, respectively, were too fast to
be estimated. The value of the unblocking kinetic constant was taken to
be sufficiently high, k2 5 1000 sec21. The value of k1 was taken arbitrarily
(3.5 mM21 z sec21, as for TBA in the previous study by Sobolevsky, 1999)
but the blocker concentration was measured in the values of the micro-
scopic Kd 5 k2/k1. As it will be shown below from variation of the values
of k2 and k1, their arbitrary choice does not affect the major conclusions
of this paper.

Differential equations were solved numerically using the algorithm
analogous to that described previously (Benveniste et al., 1990b).

Tetraalkylammonium compounds were purchased from Aldrich (Mil-
waukee, WI). The three-dimensional structures of the blockers were
obtained with the help of Molecular Modeling System HyperChem
(release 3 for Windows).

RESULTS
Concentration and voltage dependence of the
TAA-induced blockade
At the holding potential of 2100 mV, aspartate (ASP) (100 mM)
elicited an inward current through the NMDA channels, which
after the initial fast rise (t , 30 msec) up to the value, IC0,
decreased gradually (t 5 250–750 msec) to the stationary level,
ICS. This current decay under the continuing action of the agonist
is interpreted as a result of NMDA receptor channel desensiti-
zation. When coapplied with ASP, TAA suppressed both initial,
IB0 (measured at the termination of the initial fast current in-
crease), and stationary, IBS, currents. Representative superposi-
tions of the currents elicited by ASP alone (control) or by ASP
coapplied with TEA, TPA, TBA, and TPentA used at different
concentrations are shown in Figure 2. Termination of ASP coap-
plication with each of these blockers was followed by a transient
increase in the inward current (“hooked” tail current), which was
absent in the control. In all the experiments with TEA and TPA,

the maximal value of the hooked current, IP, was smaller than ICS

at any blocker concentration. In contrast, for TBA at high con-
centrations IP was greater than ICS in 60% of the cells (n 5 32 of
53), and even greater than IC0 in three cells (n 5 3 of 53). The
maximal value of the hooked current for TPentA used at high
concentrations was always greater than ICS (n 5 22), and in six
cells (n 5 6 of 22) it was larger than IC0. The amplitude of the
hooked tail current, IP 2 IBS, increased with the blocker concen-
tration for all TAA. However, this increase was considerably
greater for TBA and TPentA than for TEA and TPA. Another
important difference between the hooked tail currents concerns
their time course. In the case of ASP coapplication with TEA or
TPA, the hooked tail current always lay below the control tail
current. In contrast, for TBA and TPentA the hooked tail current
and the control tail current intersected.

The blockade of NMDA channels by TAA was voltage-
dependent. The current responses to ASP application and to ASP
coapplication with TBA (2 mM) at the holding potential, Eh,
which varied from 2100 to 40 mV (with the step of 20 mV), are
shown in Figure 3A. The control and blocked stationary I–V
curves are shown in the inset. The degree of the stationary block,
1 2 IBS/ICS, (as well as the amplitude of the hooked tail current;
Fig. 3A) diminished with membrane depolarization (Fig. 3B).
According to the model of Woodhull (1973), the voltage depen-
dence can be fitted with the following equation:

1 2 IBS/IC S 5 1 2 1/~1 1 @B#/K0.5~0! 3 exp~dFEh/RT!! , (1)

where K0.5(0) 5 5.34 6 0.27 mM is the equilibrium dissociation
constant at Eh 5 0, and d 5 0.60 6 0.02 (n 5 7) is the fraction of
the electric field that contributed to the energy of the blocker at
the blocking site. F, R, and T have their usual meanings. The
values of d and K0.5(0) estimated for other compounds are pre-
sented in Table 1. The value of d increased for TAA with a
decrease in the alkyl chain length from 0.29 6 0.03 (TPentA) to
0.90 6 0.04 (TEA). This means that according to the Woodhull
model the smaller TAA penetrate deeper into the membrane
electric field. All the experiments described below were per-
formed at the holding potential of 2100 mV.

To study the effect of the TAA on NMDA channel closure,
desensitization, and agonist dissociation, we considered five ki-
netic models (Fig. 1; see Materials and Methods). The first model
implies that the blocker prohibits both the channel closure and
desensitization. In the second model, the blocker can be trapped
in the closed channel but does not allow the channel to desensi-
tize and the agonist to dissociate from the channel. The third
model implies that the blocker only prohibits the agonist dissoci-
ation from the blocked channel. Model 4 describes the situation
when the blocker prohibits the channel desensitization but does
not prohibit the channel closure and the agonist dissociation from
the blocked channel. The fifth model is completely symmetric and
implies that the blocker prohibits neither the channel closure and
desensitization nor the agonist dissociation.

We tried to classify the action of the fast NMDA channel
blockers according to models 1–5 assuming, for simplicity sake,
that the rate constants for the transitions between the blocked
states of the channel (a9, b9, g9, e9, l29, and l19) are equal to the
corresponding rate constants for the nonblocked channels (a, b,
g, e, l2, and l1). Multiple experimental and modeling protocols will
be used to associate each blocker with a model.

On the condition that the blocking kinetics is rather fast, all five
models predict the appearance of the hooked tail current immedi-
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ately after the termination of the agonist and the blocker coappli-
cation (Fig. 4A). The kinetic analysis showed that the ascending
phase of the hooked current reflects the blocker dissociation from
the channel (transition from OAAB to OAA* state), whereas the
falling phase reflects the processes of the channel closure, desen-

sitization and the agonist dissociation. In Figure 4A the degree of
the stationary current inhibition, 1 2 IBS/ICS, is the same for all
models (0.86). To achieve this degree of stationary current inhibi-
tion, the blocker concentration was taken equal to 175, 16, 7, 13,
and 6.5 Kd for models 1, 2, 3, 4, and 5, respectively. The significant

Figure 1. Kinetic models used to simulate the open-channel blocker action. C, D, O, Channel in closed, desensitized, and open states, respectively;
subscripts A, AA, B, binding of one agonist and two and one blocker molecules to the channel, respectively; asterisk, conducting state, [A], [B], agonist
and blocker concentrations, respectively.
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difference in blocker concentration ([B]) for different models
clearly demonstrates that the apparent affinity of the blocker (1/
IC50) is defined not only by its association–dissociation kinetics
(the association and dissociation rate constants for different models
were the same) but, to a considerable extent, by the blocker effect
on the channel closure, desensitization, and agonist dissociation.

The amplitude of the hooked current, IP 2 IBS, is different for
different models (Fig. 4A, inset). It would be tempting to choose
this amplitude as a criterion by which the action of the blocker can
be attributed to one of models 1–5. However, we found that a
number of factors affect the amplitude of the hooked current. We
illustrated this with the simplest model (model 1) as an example.

The first factor is the value of the open probability, P0. A rise
in P0 increases the magnitude of the simulated control current
and enhances the simulated current stationary inhibition at a
given blocker concentration. Thus, to achieve the same degree of
the stationary current inhibition, we took smaller [B] at higher P0;
the relative amplitude of the hooked current, (IP 2 IBS)/ICS,

decreased with increasing P0. This can be clearly seen in Figure
4B, where the stationary levels of the control simulated current at
different P0 were normalized.

The time constant of the solution exchange (assuming that the
solution exchange is a single-exponential process; Benveniste et
al., 1990b), twash, is the next factor that crucially affects the
amplitude of the hooked current (Fig. 4C). The hooked current
becomes higher and thinner with diminishing twash.

A qualitatively inverse dependence of the amplitude of the
hooked current on the value of the unblocking rate constant, k2,
is observed (Fig. 4D). The hooked current becomes smaller and
wider with the slowing of the blocking kinetics, and at k2 5
0.3–0.5 sec21 it disappears completely.

The next factor is the blocker concentration, [B] (Fig. 5A). The
higher the [B], the deeper is the block and the greater is the
amplitude of the hooked current. Such an experimental depen-
dence is clearly seen in Figure 2.

The nature of the dependencies of the hooked current ampli-

Figure 2. Coapplications of TAA with ASP. The control current elicited by ASP (100 mM) application is superimposed with the current induced by ASP
coapplication with TEA, TPA, TBA, or TPentA at different concentrations. A transient increase in the inward current (the hooked-tail current) appears
after termination of the agonist and the blocker coapplication and is more pronounced at high TAA concentrations. The same labels apply to all calibrations.
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tude on P0, twash, k2, and [B] will be considered elsewhere.
However, the variety of parameters that affect the amplitude of
the hooked current (as well as its latency) makes it doubtful to
consider this value as a criterion of choice among models 1–5.
Apparently, it would be much better to find a qualitative criterion.
For example, the intersection of the hooked tail current and the
control tail current (Fig. 4A, inset) is predicted by models 1–4

(but not by model 5) at any P0, twash, k2, and [B] values consid-
ered. Thus, we have obtained the first criterion, which allows us to
select a model for describing the action of a blocker. This crite-
rion permits one to distinguish the blockers whose action can be
described by model 5 from those whose action can be described by
models 1–4. According to this criterion, the TEA and TPA action
can be described by model 5, whereas the TBA and TPentA
action can be described by one of models 1–4. Other qualitative
criteria should be found to make a choice between models 1–4.
The first of these criteria is the plateau/peak ratio.

Plateau/peak ratio
As can be seen from Figure 2, the plateau/peak ratio for the
block, IBS/IB0, may differ significantly from that for the control,
ICS/IC0. To compare the plateau/peak ratio for the block and the
control, we calculated it at different blocker concentrations. The
mean values of the normalized plateau/peak ratio, (IBS/IB0)/(ICS/
IC0), for different NMDA open-channel blockers were plotted
against the degree of the stationary current inhibition, 1 2 IBS/ICS

(Fig. 5B), which increased monotonically with [B] (Fig. 2). The
mean (IBS/IB0)/(ICS/IC0) values for TPentA (n 5 7) and TBA (n 5
10) were greater than unity; those for TPA (n 5 5) were slightly
lower than unity. However, individual measurements for TPA
revealed three cells in which the normalized plateau/peak ratio
was lower than unity and two cells in which the normalized
plateau/peak ratio was slightly higher than unity. The (IBS/IB0)/
(ICS/IC0) values for TEA (n 5 5) were considerably lower than
unity.

Models 1–5 also demonstrate different plateau/peak ratios for
the block with respect to the control (Fig. 4A). For example, the
simulated currents at different blocker concentrations (Fig. 5A)
indicate that for model 1 the gradual current decay during the
agonist application diminishes with an increase in [B]. The values
of the normalized plateau/peak ratio calculated for all models are
plotted in Figure 5C. Evidently, these values are higher than unity
for the models that imply that the blocker prohibits the channel
desensitization (models 1, 2, and 4) and slightly lower than unity
for the models that predict that the blocker does not prohibit this
process (models 3 and 5). Therefore, the reason, why IBS/IB0 .
ICS/IC0 for models 1, 2, and 4, is the absence of the DAAB state in
which the blocked channels can be gradually accumulated during
the agonist and the blocker coapplication. Thus, the greater the
gradual decrease in the simulated currents during the agonist and
the blocker coapplication for models 3 and 5 in comparison with
that of models 1, 2, and 4 (Fig. 4A) indicates that in the first case
both blocked and nonblocked channels desensitize, whereas in
the second case it is only the nonblocked channels that
desensitize.

According to the plateau/peak ratio criterion, TPentA and
TBA prohibited channel desensitization, whereas TPA did not. In
the case of TBA, the reason by which the (IBS/IB0)/(ICS/IC0) curve
is bent down at high values of 1 2 IBS/ICS (Fig. 5B) is not clear.
Presumably, it can be explained by nonspecific TBA-induced
inhibition of NMDA receptors or a comparatively slow TBA-
induced blockade of the residual nonselective cation current
(Xiong et al., 1997). The fact that in some cells the normalized
plateau/peak ratio for TPA is slightly higher than unity indicates
that under certain conditions TPA can decrease the probability of
NMDA channel desensitization. The plateau/peak ratio criterion
is valid at any P0 (from 0.04 to 0.5) and twash (from 0 to 300 msec)
but only for fast blockers (k2 . 10 sec21), because a high value of

Figure 3. Voltage dependence of the stationary current inhibition. The
voltage dependence is illustrated with 2 mM TBA as an example. A,
Experimental curves. ASP (100 mM) was applied alone (lef t traces) or was
coapplied with 2 mM TBA (right traces) for 3 sec at different holding
membrane potentials, Eh 5 2100, 280, 260, 240, 220, 20, and 40 mV.
The degree of the stationary current inhibition, 1 2 IBS /ICS , diminished
with membrane depolarization. Inset, Control and blocked stationary I–V
curves. B, The mean 1 2 IBS /ICS values were plotted against Eh. The
fitting with Equation 1 (solid line) gave the following values of parameters:
K0.5(0) 5 5.34 6 0.27 mM and d 5 0.60 6 0.02 (n 5 7).

Table 1. Voltage dependence parameters

Com-
pound d K0.5(0) (mM) n

TEA 0.90 6 0.04 62.2 6 6.0 6
TPA 0.72 6 0.05 10.0 6 1.5 4
TBA 0.60 6 0.02 5.34 6 0.27 7
TPentA 0.29 6 0.03 1.84 6 0.11 5
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Figure 4. Simulated hooked tail currents. A, The simulated currents in response to the agonist application are superimposed with simulated currents
in response to the agonist coapplication with the blocker. All models 1–5 predict the appearance of the hooked current after termination of the agonist
and the blocker coapplication. To obtain the same degree of the stationary current inhibition, IBS /ICS , we used the blocker concentrations [B] 5 175,
16, 7, 13, and 6.5 Kd for models 1, 2, 3, 4, and 5, respectively. Hereafter (except as noted) the time constant of the solution exchange, twash , 5 30 msec,
the open probability, P0 , 5 0.09, and the kinetic constant of the blocker dissociation, k2 , 5 1000 sec21. Inset, The control tail current (dashed line) and
the hooked tail currents predicted by models 1–5 (solid lines) are superimposed. All the models except for model 5 predict the intersection of the control
and hooked tail currents. B, Hooked tail currents predicted by model 1 at different P0 values. The hooked currents at P0 5 0.04, 0.09, 0.2, and 0.5 were
plotted after the stationary levels of the control simulated current at different P0 values were normalized. The value of P0 was varied by means of change
in the value of the rate constant of the channel opening, b. The degree of the stationary block is the same at different P0 values. b 5 8.33, 20, 50, and
200 sec21; [B] 5 413, 175, 77, and 23.5 Kd for P0 5 0.04, 0.09, 0.2, and 0.5, respectively. C, Hooked tail currents predicted by model 1 at different twash
values. The hooked currents at twash 5 1, 10, 30, 50, 100, and 200 msec are presented. [B] 5 175 Kd. D, Hooked tail currents predicted by model 1 at
different k2 values. The hooked currents at k2 5 0.3, 2, 5, 20, 100, and 1000 sec21 (k1 5 1.05, 7, 17.5, 70, 350, and 3500 mM21 z sec21, respectively) are
presented. [B] 5 175 Kd.
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IB0/IBS can be a consequence of the noncomplete initial blockade
of the channels because of a slow development of the block.

The (IBS/IB0)/(ICS/IC0) curve for TEA proved to be much lower
than even those predicted by models 3 and 5 (Fig. 5B). This fact
can imply (Sobolevsky, 1999) either (1) the existence of a slow
blocking kinetics component, or (2) that TEA promotes the
channel desensitization by increasing the number of desensitized
states or because of a shift of the CAAB 2 DAAB equilibrium
toward the DAAB state. To examine the first possibility, model 5
was modified by addition of a new blocking site, site 2 (Model 5a).

Model 5a does not contain any additional assumptions. In this
sense, this model is the simplest one. Thus, the properties of site
2 are qualitatively similar to those of site 1. The blocker can bind
to site 2 during the channel opening and does not prohibit the
subsequent channel closure, desensitization, and agonist dissoci-
ation. Sites 1 and 2 cannot be occupied simultaneously, because
the amplitude of the fast component in the recovery kinetics for
TEA in the continuous presence of ASP does not depend on the
blocker concentration (Sobolevsky, 1999, his Fig. 5). The main
difference between these two sites is in their respective rates of

blocker association and dissociation. Thus, the value of the dis-
sociation rate constant from the new site 2 was taken to be 250
times lower than k2: k29 5 4 sec21. The value of the association
rate constant was lowered proportionally (k19 5 k1/250 5 0.014
mM21 z sec21), so that the value of the microscopic Kd 5 k2/k1

remained the same (0.29 mM). The (IBS/IB0)/(ICS/IC0) curve pre-

Figure 5. Plateau/peak ratio. A, The current responses to the agonist application and its coapplication with the blocker at different concentrations ([B]
5 3.5, 14, 35, 105, and 350 Kd ) predicted by model 1 are superimposed. B, The experimental values of the plateau/peak ratio normalized to the control,
(IBS /IB0 )/(ICS /IC0 ), are plotted against the degree of the stationary current inhibition, 1 2 IBS /ICS , for different TAA. C, (IBS /IB0 )/(ICS /IC0 ) curves
predicted by models 1–5 and 5a. Values of parameters for A and C: P0 5 0.09, twash 5 30 msec, and k2 5 1000 sec21.

Model 5a.
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dicted by model 5a is shown in Figure 5C. At high blocker
concentrations, the plateau/peak value becomes much lower than
unity in compliance with that observed in the TEA experiment
(Fig. 5B). The modifications of model 5 implying that the blocker
favored channel desensitization predicted a similar change in
(IBS/IB0)/(ICS/IC0) curve (data not shown). The criterion that
allows one to distinguish these modifications of model 5 from
model 5a will be considered below.

Blocking kinetics in the continuous presence of
the agonist
Investigation of the blocking kinetics in the continuous presence
of the agonist provides valuable information about the mecha-
nism of the blocker–channel interaction (Sobolevsky and Ko-
shelev, 1998; Sobolevsky, 1999). The experimental protocol is
shown in Figure 6A with TPentA as an example. The blocker was
applied when the ASP-induced current already reached its sta-
tionary level, ICS. Examples of the recovery kinetics are shown in
Figure 6B. The recovery kinetics for all TAA contained a fast

ascending component, which reflected the rapid dissociation of
the blocker from the channel (the transition from OAAB to
OAA*); the time constant of this component is mainly determined
by the process of the solution exchange (Sobolevsky, 1999).

Along with a fast component (tfast 5 155 6 27 msec; n 5 8), the
recovery kinetics for TEA also contained a slow component with
the time constant tslow 5 2.04 6 0.34 sec (n 5 8). The amplitude
of the fast component, Afast, measured as a relative weight of the
fast exponent in the sum of the fast and slow components, was
0.69 6 0.04 (n 5 8).

In the case of TPA, the slow component, if existed, was small.
The value of Afast for TPA was either slightly lower (n 5 4) or
slightly higher (n 5 4; see the example in Fig. 6B) but, on the
average, was equal to unity.

In the case of TBA, the fast component was so large that after
a rapid increase the current reached a value exceeding consider-
ably the stationary current level. As in the previous study (Ko-
shelev and Khodorov, 1995), the recovery current exceeding the
stationary level, ICS, will be referred to as an “overshoot.” In the
majority of experiments with TBA, the fast ascending phase of
the overshoot was followed by a slow (tslow 5 389 6 38 msec; n 5
10) current decrease back to ICS. However, in three cells for
which the solution exchange was comparatively fast (twash # 10
msec), the descending phase of the current contained, along with
the slow component, also a fast component.

Such a fast component was present in the recovery kinetics for
TPentA, which also exhibited an overshoot. Double-exponential
fitting of the overshoot descending phase allowed us to determine
the time constants of the fast and slow components, tfast 5 54 6
7 msec and tslow 5 596 6 85 msec (n 5 7), respectively; the
amplitude of the fast component, Afast, is 0.63 6 0.04 (n 5 7).

Computer simulation showed (Fig. 7A) that the overshoot in
the recovery kinetics is predicted by models 1, 2, and 4 but is not
predicted by models 3 and 5. Thus, the recovery kinetics predicted
by model 5 contains only a fast component (the involvement of
the second component is not justified statistically, Fischer’s test;
Korn and Korn, 1974). There is a small slow component in the
recovery kinetics predicted by model 3. The fitting of the recovery
curve predicted by model 3 gave the values of the time constants,
tfast 5 80 msec and tslow 5 1.2 sec, and the amplitude of the fast
component, Afast 5 0.93. Therefore, the existence of an overshoot
is the criterion distinguishing fast NMDA channel blockers that
prohibit channel desensitization from those that do not. This
criterion is valid at any blocker concentration in the range of the
P0, twash, and k2 values identified in the legend to Figure 4.
According to this criterion, TEA and TPA do not prohibit chan-
nel desensitization, whereas TBA and TPentA do. The above-
mentioned cases for TPA, when Afast was somewhat larger than
unity can be interpreted as cases when TPA slightly hinders
channel desensitization.

Another important conclusion, which clearly follows from the
consideration of the recovery kinetics, concerns the effect of the
blocker on the NMDA channel closure. Model 1, which is the
only one implying that the blocker prohibits the channel closure,
predicts the existence of a fast component in the falling phase of
an overshoot. Thus, the falling phase of the overshoot predicted
by models 2 and 4 contains only a slow component with the time
constant, tslow 5 600 msec. In contrast, the falling phase of the
recovery kinetics for model 1, along with a slow component,
contains also a fast component. The double-exponential fit of the
recovery kinetics illustrated in Figure 7A revealed the time con-
stant and the amplitude of this component: tfast 5 35 msec; Afast

Figure 6. The TAA recovery kinetics in the continuous presence of ASP.
A, The experimental protocol. TPentA (2 mM) was applied for 2 sec in the
continuous presence of ASP (100 mM) when the inward current gained its
stationary level, ICS. The solution exchange at the termination of TPentA
application was fast. B, Representative examples of the current recovery
after termination of TEA (5 mM), TPA (2 mM), TBA (2 mM), and TPentA
(2 mM) application in the continuous presence of ASP. The solid lines are
double-exponential fittings of the recovery kinetics in the cases of TEA
and TPentA (tfast 5 40 msec, tslow 5 440 msec, and Afast 5 0.68 for TEA;
tfast 5 74 msec, tslow 5 987 msec, and Afast 5 0.68 for TPentA) and a
single-exponential fitting in the case of TBA (t 5 368 msec).
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5 0.4. Our simulations showed that the slow component of the
falling phase reflects channel desensitization (the slow transition
from CAA to DAA) and does not depend on the agonist associa-
tion–dissociation kinetics. The latter conclusion was confirmed
by the observation that the time constant of the slow component
for the falling phase of the overshoot did not depend on the
agonist type. Thus, this time constant was 394 6 65 msec for ASP
and 377 6 32 msec for NMDA (these values were not significantly
different ( p . 0.7; n 5 6). The fast component of the falling phase
of the overshoot reflects the closure of the unblocked channels
(the transition from OAA* to CAA). The fast component for
model 1 appears if the channel closure is slower than the blocker
dissociation and is not masked by a more slow solution exchange,
i.e., b , k2 and b , 1/twash, respectively. These conditions are
fulfilled at any blocker concentrations if the channel has a low
open probability (P0 , 0.1; Fig. 7B), the solution exchange is not
very slow (twash , 50 msec; Fig. 7C), and the blocker dissociation

constant is fast enough (k2 . 20 sec21; Fig. 7D) (for models 2 and
4 the fast component in the falling phase of an overshoot does not
appear at any values of P0, twash, and k2).

Therefore, we have considered TPentA as a blocker that pro-
hibits the NMDA channel closure. Our experiments with TBA, in
which the value of twash was comparatively low (#10 msec), and
the falling phase of the recovery kinetics contained the fast
component may imply that TBA at least hampers the channel
closure if not prohibits it. The appearance of the fast component
in the falling phase of the recovery kinetics for TPentA and TBA
was that reason, which forced us to adopt the value of the open
probability, P0, to be rather low (0.09).

The experimental value of Afast for TEA (0.69 6 0.04) was
noticeably lower than the values predicted by models 3 (0.93) and
5 (1.00). The recovery kinetics predicted by model 5a is shown in
Figure 7A. The value of Afast (0.67) is close to that observed in the
experiment with TEA. As in the case of the plateau/peak crite-
rion, we also examined the modifications of model 5, implying
that the blocker promotes channel desensitization (see above).
These modifications provide similar changes in the recovery ki-
netics as those predicted by model 5a (data not shown). Only the
following criterion allows one to restrict the choice of model 5
modification, satisfactorily describing the blocking effect of TEA.

Dependence of the stationary current inhibition on the
agonist concentration
Tetraalkylammonium compounds demonstrated different depen-
dencies for the degree of the stationary current inhibition, 1 2
IBS/ICS, on the agonist concentration. The superposition of the
currents elicited by ASP application and its coapplication with
TPentA (1 mM) at different ASP concentrations is shown in
Figure 8A. As seen, the degree of TPentA-induced stationary
current inhibition increases with ASP concentration. The mean
values of 1 2 IBS/ICS for TEA (2 mM), TPA (1 mM), TBA (0.15
mM), and TPentA (1 mM) depending on ASP concentration are
shown in Figure 8B. The degree of the stationary current inhibi-
tion did not depend on the agonist concentration for TEA (the
mean values were not significantly different, p . 0.9; n 5 7) and
TPA (the mean values were not significantly different, p . 0.3;
n 5 6). In the case of TBA, 1 2 IBS/ICS decreased (the mean 1 2
IBS/ICS values were significantly different, p , 0.003; n 5 5),
whereas in the case of TPentA it rose with the agonist concen-
tration (the mean 1 2 IBS/ICS values were significantly different,
p , 1026; n 5 6).

Models 1–5 also predicted qualitatively different agonist depen-
dencies (Fig. 9). 1 2 IBS/ICS for models 1–3 increased with the
agonist concentration. The corresponding agonist dependencies
coincided at the blocker concentration, [B] 5 28, 2.6, and 1.1 Kd

for models 1, 2, and 3, respectively, and were well fitted with the
following logistic equation:

1 2
IBS

IC S
5

A1 2 A2

1 1 ~@A#/@A#0!
∧nHill

1 A2 . (2)

The values of parameters were as follows: A1 5 0, A2 5 0.515 6
0.002, [A]0 5 8.18 6 0.15 mM, and nHill 5 1.39 6 0.04. On the
contrary, the 1 2 IBS/ICS value for model 4 decreased with the
agonist concentration. The corresponding agonist dependence at
[B] 5 2.5 Kd was well fitted with Equation 2 at A1 5 0.733 6 0.003,
A2 5 0.515 6 0.001, [A]0 5 17.9 6 0.6 mM, and nHill 5 1.13 6 0.03.
The degree of the stationary current inhibition for model 5 did
not depend on the agonist concentration and was equal to 0.515

Figure 7. Modeling of the recovery kinetics in the continuous presence
of the agonist. The values of parameters are the same as listed in the
legend to Figure 4. A, Recovery kinetics predicted by models 1–5 and 5a.
B, Recovery kinetics predicted by model 1 at different open probabilities,
P0. The simulated currents at P0 5 0.04, 0.09, 0.2, and 0.5 are presented.
C, Recovery kinetics predicted by model 1 at different time constants of
the solution exchange, twash. The simulated currents at twash 5 1, 10, 30,
50, 100, and 200 msec are presented. D, Recovery kinetics predicted by
model 1 at different kinetic constants of the blocker dissociation, k2. The
simulated currents at k2 5 0.3, 2, 5, 20, 100, and 1000 sec21 are presented.
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at [B] 5 1.1 Kd. Therefore, the models that imply that the agonist
cannot dissociate from the blocked channel (models 1–3) predict
an increasing degree of block with increasing agonist concentra-
tion, whereas the models that imply that the blocker does not
prevent the agonist dissociation predict a decreasing degree of
block with increasing agonist concentration (model 4) or no
dependence of the degree of block on agonist concentration at all
(model 5). The agonist dependence criterion is valid at any values

of [B] in the range of the P0, twash, and k2 values identified in the
Figure 4 legend. By this criterion, the action of TAA must be
described by one of models 1–3 in the case of TPentA, by model
4 in the case of TBA, and by model 5 in the cases of TPA and
TEA. The corresponding simulated agonist dependencies for
TEA, TPA, TBA, and TPentA are shown in Figure 8B by solid
lines at [B] 5 0.91 Kd (model 5), 0.98 Kd (model 5), 1.02 Kd (model
4), and 51 Kd (model 1), respectively. The fitting parameters for
TBA (model 4) and TPentA (model 1) were as follows: A1 5
0.518 6 0.002, A2 5 0.304 6 0.001, [A]0 5 15.9 6 0.3 mM, and nHill

5 1.18 6 0.02 for TBA and A1 5 0, A2 5 0.655 6 0.003, [A]0 5
6.46 6 0.10 mM, and nHill 5 1.42 6 0.04 for TPentA. The agonist
dependence criterion is sensitive to the blocker effect on desen-
sitization. Thus, model 5, implying that the blocker does not
affect channel desensitization, demonstrates the absence of the
agonist dependence, although the same model without a desen-
sitized blocked state (model 4), implying that the blocker prohib-
its the channel desensitization, predicts that the degree of the
stationary current inhibition diminishes with the agonist concen-
tration. Correspondingly, all the modifications of model 5, imply-
ing that the blocker promotes channel desensitization predict an
increasing agonist dependence (data not shown). In contrast,
model 5a, implying the existence of two blocking sites, demon-
strates the absence of the agonist dependence as in the case of the
nonmodified symmetric model 5. Therefore, modifications of
model 5, implying that the blocker promotes channel desensiti-
zation, cannot describe the TEA action, for which the fraction of
the stationary current inhibition did not depend on ASP concen-
tration (Fig. 8B). However, it can be well described by model 5a
with two binding sites that cannot be occupied simultaneously by
two different TEA molecules and differing by the rates of the
blocker binding to and dissociation from them. A variety of
two-site model modifications could be also offered to describe the

Figure 8. Experimental dependence of the stationary current inhibition
on the agonist concentration. A, Example of experimental curves. ASP
alone and together with 1 mM TPentA was applied for 2.5 sec at concen-
trations of 6.25, 12.5, 25, 50, and 100 mM. The superposition of the control
and blocked currents at each ASP concentration is shown. B, The mean
values of the degree of the stationary current inhibition, 1 2 IBS /ICS , for
tetraalkylammonium compounds were plotted against the ASP concen-
tration. The 1 2 IBS /ICS values for TEA (2 mM) and TPA (1 mM) were not
significantly different at different ASP concentrations. The mean 1 2
IBS /ICS values for TEA (0.47 6 0.02; n 5 7) and TPA (0.50 6 0.01; n 5
4) are represented by horizontal lines and correspond to the agonist
dependence predicted by model 5 at [B] 5 0.91 and 0.98 Kd , respectively.
The 1 2 IBS /ICS values for TBA (0.15 mM) and TPentA (1 mM) were
significantly different at different ASP concentrations. The degree of the
stationary current inhibition decreased with the ASP concentration for
TBA (n 5 8) and increased for TPentA (n 5 6). The solid lines are the
predictions of model 4 at [B] 5 1.02 Kd for TBA and model 1 at [B] 5 51
Kd for TPentA (see Results).

Figure 9. Agonist dependencies of the stationary current inhibition pre-
dicted by models 1–5. The degree of the stationary current inhibition, 1 2
IBS /ICS , rises with the agonist concentration for models 1–3, decreases for
model 4, and is constant for model 5. The agonist dependencies predicted
by models 1, 2, and 3 coincided at [B] 5 28, 2.6, and 1.1 Kd , respectively,
and were well fitted with Equation 2 (solid line). The values of the fitting
parameters were as follows: A1 5 0, A2 5 0.515 6 0.002, [A]0 5 8.18 6
0.15 mM, and nHill 5 1.39 6 0.04. The fitting of the agonist dependence
predicted by model 4 at [B] 5 2.5 Kd (solid line) gave the following values
of the fitting parameters: A1 5 0.733 6 0.003, A2 5 0.515 6 0.001, [A]0 5
17.9 6 0.6 mM, and nHill 5 1.13 6 0.03. The degree of the stationary
current inhibition for model 5 did not depend on the agonist concentra-
tion and was equal to 0.515 at [B] 5 1.1 Kd. The values of parameters were
as follows: P0 5 0.09, twash 5 30 msec, and k2 5 1000 sec21.

10620 J. Neurosci., December 15, 1999, 19(24):10611–10626 Sobolevsky et al. • Probing of NMDA Channels with Fast Blockers



effects of TEA. Thus, the consequence of occupation of the sites
could be different (Sobolevsky, 1999): (1) any site can be available
from the external media, but the blocking molecule bound to one
of them cannot “jump” to the other; (2) only one site can be
available from the external medium, and the second site can be
occupied via a sequential jump of the blocker molecule from the
first site; and (3) both sites are available from the external me-
dium, and the blocker bound to one of them can jump to the
other. A much greater number of two binding site models could
be obtained by possible variations of the kinetic constants. Anal-
ysis of such a huge variety of two binding site models was not the
aim of the present study, and here we will not develop this topic
any more. The only clear conclusion that can be made from the
consideration of model 5a is the existence of a fast-occupied TEA
blocking site in the NMDA channel, the blocker molecule binding
to which does not prevent the channel closure, desensitization,
and agonist dissociation.

Another important criterion for the effect of the blocker on
agonist dissociation is the kinetics of tail currents after termina-
tion of the agonist application in the continuous presence of the
blocker. This criterion is not sensitive to the effect of the blocker
on channel desensitization.

Tail currents in the continuous presence of the blocker
In contrast to the agonist and the blocker coapplication (Fig. 2),
the application of ASP in the continuous presence of the blocker
was not followed by the hooked current, as illustrated in Figure
10A with TBA (1 mM). The kinetics of the tail current after ASP
application in the continuous presence of the blocker (b) was
different in comparison with that of the control (c) for different
blockers (Fig. 10B). Such blockers as TEA and TPA did not affect
the tail current kinetics: the b decay was practically identical to
the c decay. This fact is clearly illustrated in the insets, where the
normalized c and b curves are superimposed. In contrast, TPentA
caused a pronounced delay in the current recovery kinetics, which
is manifested in the intersection of curves c and b. Such an
intersection was never observed in the case of TBA: curves c and
b were tangent, or curve b was clearly below curve c (Fig. 10B).
However, there was a small delay in the recovery kinetics, which
can be revealed only after superposition of the normalized tail
currents (Fig. 10B, inset). In the majority of cells (n 5 14 of 16),
the normalized curve c was below the normalized curve b, but in
2 of 16 cells these curves coincided.

Computer simulation clarified the origin of all these effects.
Figure 11 shows that the time course of the tail current in the
continuous presence of the blocker predicted by models 4 and 5 is
very similar to the control tail current: the nonnormalized curves
b4 and b5 do not intersect with the control curve c, whereas the
normalized curves b4 and b5 coincide with curve c (see inset). In
contrast, intersection of curves b1, b2, and b3 with curve c points
to a considerable blocker-induced delay in the tail current kinetics
predicted by models 1, 2, and 3, respectively. The common feature
of these three different models (1–3) is that they exclude the
agonist dissociation from the blocked channel. Thus, it is just the
trapping of the agonist in the blocked channel that is responsible

Figure 10. Effects of the continuous presence of the blocker on tail
currents. A, Experimental protocol with TBA as an example. ASP (100
mM) was applied for 2 sec in the control external solution or in the
continuous presence of 1 mM TBA. B, The control tail currents ( c) are
superimposed with the tail currents in the continuous presence of TEA (2
mM), TPA (0.6 mM), TBA (1 mM), and TPentA (0.5 mM) ( b). The same
labels apply to all calibrations. Insets, Superposition of the normalized
curves c and b.

Figure 11. Tail currents in the continuous presence of the blocker
predicted by models 1–5. The experimental protocol is the same as shown
in Figure 10 A. The control tail current ( c) is superimposed with the tail
currents in the continuous presence of the blocker for models 1–5 (curves
b1–b5, respectively). Curves b1–b3 intersect with curve c, whereas curves
b4 and b5 do not. To achieve the same degree of the stationary current
inhibition, the blocker concentration was different for different models:
[B] 5 28, 2.55, 1.09, 2.07, and 0.98 Kd for models 1, 2, 3, 4, and 5,
respectively. The values of the parameters are as follows: P0 5 0.09,
twash 5 30 msec, and k2 5 1000 sec21. Inset, Normalized curves c and
b1-b5. The control tail current (curve c) and the normalized tail currents
in the continuous presence of the blocker predicted by models 4 and 5
(curves b4 and b5) practically coincide.
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for the delay in the final channel closure in the presence of the
blocker in the washout solution. The criterion of the tail currents
in the continuous presence of the blocker is valid at any values of
P0 (from 0.04 to 0.5), twash (from 0 to 300 msec), and [B] and k2 .
0.3 mM/sec. According to this criterion, TEA, TPA, and TBA,do
not prohibit the agonist dissociation, whereas TPentA does.

The criterion under consideration can also be named as a
criterion of the blocker-induced prolongation of NMDA channel
activation. Thus, the blocker prohibiting the agonist dissociation
induces prolongation of NMDA channel activation. If during
such prolongation we accelerate the channel transition from the
blocked state, OAAB, to the nonblocked state, OAA* (models
1–3), a large-amplitude tail current will be generated. Such accel-
eration was achieved in the experiments with 9-aminoacridine by
termination of the blocker application (Benveniste and Mayer,
1995; Koshelev, 1995) or membrane depolarization (Benveniste
and Mayer, 1995). In the latter case, the large-amplitude tail
current had an outward direction. Our computer experiments
showed that the amplitude of such tail currents increases with the
blocker concentration (when the occupation of the blocked states
increases) and a decrease in the time between the termination of
the agonist application and the accelerating stimulus, whereas
their kinetics is mainly defined by the rate constant of the blocker
dissociation, k2 (data not shown).

Consideration of TAA action according to a set
of criteria
Based on consideration of models 1–5, the present study reveals a
set of criteria that allow one to determine the effect of fast
blockers on the channel closure, desensitization, and agonist
binding (dissociation). These criteria are listed in Table 2.

According to criteria listed in Table 2 and taking into account
everything mentioned above, TEA action can be described by
model 5a with two blocking sites, to which two blocker molecules
cannot bind simultaneously. To explain the inability of the simul-
taneous occupancy, these sites can be supposed to overlap or to be
located so close that electrostatic repulsion does not allow two
TEA molecules to bind to them simultaneously (Sobolevsky,
1999). The binding of the TEA molecule to the fast occupied site
(the main site, because Afast 5 0.67) does not prohibit the channel
closure, desensitization, and agonist dissociation from the
blocked channel. Elucidation of the properties of the second,
slowly occupied TEA blocking site requires further experiment.

The effect of TPA can be best described by model 5. Therefore,

we may conclude that TPA does not prohibit the channel closure,
desensitization, and agonist dissociation from the blocked chan-
nel. The cases when the Afast and (IBS/IB0)/(ICS/IC0) values were
slightly higher than unity gave us the reason to suppose that TPA
can slightly prevent NMDA channel desensitization.

TPentA action can be well described by model 1. According to
this model, TPentA prohibits both the channel closure and de-
sensitization and the agonist dissociation from the blocked
channel.

According to the set of criteria listed in Table 2, TBA action
should rather be described by model 4. However, some observa-
tions point to the necessity of its modification. These observations
are as follows: (1) in contrast with the prediction of model 4 with
a9 5 a, b9 5 b, l29 5 l2, and l19 5 l1 (see Fig. 4A), in the majority
of experiments the hooked current exceeded the value of the
stationary control current, ICS (see Fig. 2); (2) at low values of the
time constant of the solution exchange, twash # 10 msec, the fast
component appeared in the falling phase of the recovery kinetics
of TBA in the continuous presence of ASP; (3) in accordance
with modeling prediction (Fig. 11), the control tail current and the
nonnormalized blocked tail current in the continuous presence of
TBA did not intersect (Fig. 10B). However, in the majority of
experiments the normalized blocked tail current lay above the
control tail current (Fig. 10B, inset); this circumstance is in
obvious contradiction with model 4, which predicted their coin-
cidence (Fig. 11, inset).

In principle, modification of model 4 can be fulfilled by means
of changes in the closure–opening transition (OAAB–CAAB) or
the agonist binding–dissociation transitions (CAAB–CAB–CB).
When we modified model 4 via changes in the agonist binding–
dissociation transitions, in compliance with the three facts listed
above, we were forced to predict that the blocker hampered the
agonist dissociation from the closed blocked channel. Such a
modification did not predict the fast component in the falling
phase of the recovery kinetics in the continuous presence of the
agonist (similar to model 2) and considerably changed the agonist
dependence of the stationary block by transforming it from the
“descending type” predicted by the nonmodified model 4 (Fig. 9)
to the “ascending” one similar to the agonist dependencies pre-
dicted by models 1–3. However, in the cases when the solution
exchange was comparatively fast, the descending phase of the
TBA recovery kinetics contained the fast component (see above),
and the agonist dependence observed experimentally was de-

Table 2. Criteria attributing the blocker effect to one of the kinetic models

Model

Intersection of
the control tail
current and the
tail current after
the agonist and
the blocker co-
application (Fig.
4A, inset)

Channel desensitization criteria

Channel closure
criterion, fast
component in
the falling
phase of the
overshoot
(Fig. 7A)

Agonist dissociation criteria

Examples
of the
blockers

The normalized
plateau/peak ratio
(IBS/IB0)/(ICS/IC0)
. 1 (Fig. 5C)

The recovery
current over-
shoot in the
continuous
presence of
the agonist
(Fig. 7A)

Agonist
dependence
(Fig. 9)

Intersection of the
control tail current
with the tail current
in the continuous
presence of the
blocker (Fig. 11)

1 1 1 1 1 Increasing 1 TPentA
2 1 1 1 2 Increasing 1 2

3 1 2 2 2 Increasing 1 2

4 1 1 1 2 Decreasing 2 TBA
5 2 2 2 2 Constant 2 TPA
5a 2 2 2 2 Constant 2 TEA
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scending (Fig. 8B). Therefore, the only possibility to modify
model 4 to simulate the experimental observations was to correct
the OAAB–CAAB transition, implying that the blocker increased
the open probability of the blocked channel. There are two ways
to increase the open probability. The first one is to increase the
kinetic constant of the channel opening, b9. In this case, the
blocker promotes the channel opening. The second one consists
in reducing the rate constant of the channel closure, a9. In this
case, the blocker slows the channel closure. This case is especially
natural because the larger tetraalkylammonium compound,
TPentA, was found to prohibit the channel closure. Both cases
stipulate similar changes in the modeling kinetics. An example of
predictions of model 4, implying that the blocker slows the chan-
nel closure, is shown in Figure 12. The kinetic constant of the
channel opening, b, was assumed to be the same (20 sec21) for a
blocked and a nonblocked channel. In contrast, the value of the
closure rate constant for the blocked channel was assumed to be
10 times lower (a9 5 20 sec21) than that for the nonblocked

channel (a 5 200 sec21). Thus, the open probability of the
blocked channel (0.5) proved to be greater than the open proba-
bility of the nonblocked channel (0.09). Such a modified model 4
predicts the appearance of the hooked current exceeding the
stationary level of the control current (Fig. 12A), as well as the
appearance of the fast component in the falling phase of the
recovery kinetics in the continuous presence of the agonist at high
values of twash and in its absence at low values of twash (Fig. 12B).
The agonist dependence of this modified model 4 remained
descending as for the nonmodified model 4 (Fig. 12C). Such a
descending agonist dependence is the main reason why TBA
action cannot be described, for example, by modified model 5,
because any modification of model 5 assuming that the blocker
increases the open probability for the blocked channel predicts
the ascending agonist dependence (which is intermediate be-
tween those predicted by models 1 and 5). The tail current in the
continuous presence of the blocker was delayed so that it even
slightly intersected the control tail current (Fig. 12D). The fact
that the normalized tail current in the continuous presence of the
blocker for the modified model 4 lies below the control tail
current is obvious from Figure 12D, inset. Therefore, the modi-
fied model 4 is able to simulate all the major features of the
TBA-induced kinetics and the stationary parameter behavior.
From this we may conclude that TBA allows the agonist dissoci-
ation from the blocked channel but prohibits the channel desen-
sitization and partly inhibits the channel closure.

Therefore, the blocking action of TAA can be described by
models 1, 4, and 5 (modified when necessary). This finding raises
the question, are models 2 and 3 realistic, or can the blocker
permit channel closure but not the agonist dissociation? Thus,
Benveniste and Mayer (1995) supposed that the open state should
manifest increased affinity for agonist. The best answer to this
question would be to give an example of the blocker that would
satisfy the criteria for models 2 and 3. However, we did not find
such an example. The positive answer to this question would
mean the existence of additional allosteric interaction between
the blocker binding site and the agonist receptor. In our opinion,
the existence of such a complex additional mechanism in the
NMDA channel is doubtful.

DISCUSSION
Summarizing the results of the comparative analysis of interac-
tion of different TAA with open NMDA channels, we may con-
clude that (1) there are blockers that prohibit (TPentA), partly
prevent (TBA), or do not prevent (TPA and TEA) either the
channel closure or the agonist dissociation; and (2) there are
blockers that prohibit (TPentA and TBA), slightly prevent (TPA),
or do not prevent (TEA) the channel desensitization. The first
conclusion confirms the existence of an NMDA channel activa-
tion gate postulated previously. The second conclusion speaks
well for the earlier hypothesis about the existence of a desensi-
tization gate in the NMDA channel (Koshelev and Khodorov,
1992). The existence of a blocker that prohibits channel desensi-
tization but does not prohibit the channel closure (TBA) provides
clear evidence that there are two functionally and spatially dif-
ferent NMDA channel structures responsible for the activation
and desensitization processes.

The mechanism of the blocker action affects its apparent af-
finity to NMDA channels. The apparent affinity can be measured
by the values of 1/IC50 or 1/K0.5(0) at 0 mV (Table 1). A decrease
in K0.5(0) with the lengthening of the alkyl chains can be ex-
plained by a gain in the energy of hydrophobic interactions of

Figure 12. Predictions of model 4, implying that the blocker slows the
channel closure. The open probability for the nonblocked channel (the
CAA–OAA* transition), P0 ,5 b/(a 1 b) 5 0.09, whereas the open prob-
ability for the blocked channel (the CAAB–OAAB transition), P09, 5 b/(a9
1 b) 5 0.5. The blocker concentration for A, B, and D, [B], 5 12.3 Kd. The
values of parameters, except as noted specially, are as follows: P0 5 0.09,
twash 5 30 msec, and k2 5 1000 sec21. A, The hooked current exceeds the
level of the stationary control current, ICS. B, The falling phase of the
recovery kinetics in the continuous presence of the agonist contains only
one visible component when twash 5 30 msec and two components when
twash 5 10 msec. C, Agonist dependence. The value of the stationary
current inhibition, 1 2 IBS /ICS (solid line), decreased with the agonist
concentration. This curve is the fitting of the modeling data ([B] 5 7.18
Kd ) with Equation 2. The values of the fitting parameters are as follows:
A1 5 0.423 6 0.001, A2 5 0.357 6 0.001, [A]0 5 13.0 6 0.6 mM, and nHill 5
1.19 6 0.04. The solid circles are the experimental data for TBA. D, The
tail current in the continuous presence of the blocker (b) does not lie
below the control tail current (c), as was the case with the nonmodified
model 4 (see Fig. 11), but slightly intersects it. The blocker-induced delay
in the tail current kinetics becomes clear when curves c and b are
normalized (inset).
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TAA with the NMDA channel, which affects the microscopic Kd

5 k2/k1. However, the difference between the Kd values for some
blockers is considerably greater than that between the corre-
sponding IC50 [K0.5(0)] values, because the latter depends on the
mechanism of the blocker action, and IC50/Kd increases from
TEA to TPentA. Thus, although models 5a for TEA and 5 for
TPA predict IC50/Kd 5 1, the modified model 4 for TBA predicts
IC50/Kd 5 12.7, and model 1 for TPentA predicts IC50/Kd 5 29.1.

The size of the blocking molecules that prohibit the closure or
desensitization is larger than the size of the blockers that only
partly prevent these processes and considerably larger than the
size of the blockers that do not prevent the closure or desensiti-
zation. This fact supports the earlier proposed hypothesis (Ko-
shelev and Khodorov, 1994) that the size of the blocker plays a
critical role in its interaction with the gating machinery of the
NMDA channel and provides evidence that the gating is local and
cannot be, for example, the whole pore pinch or a twist (Hille,
1992). Based on the present notion that NMDA channel is a pore
with a small cytoplasmic vestibule and a large extracellular ves-
tibule that contains a narrow region extending ;6 Å outward
from the selectivity filter with a cross-sectional area of 22–26 Å 2

(Villarroel et al., 1995; Zarei and Dani, 1995), we tried to repre-
sent schematically the pore region with two blocking sites (Sobo-
levsky and Koshelev, 1998; Sobolevsky, 1999) and binding sites
for permeant ions (Antonov et al., 1998) (Fig. 13).

In Figure 13 the positively charged nitrogens of TAA at the
blocking positions are shown to be located slightly deeper for
small TAA than for large ones. Nevertheless, the difference in the
measured d for TAA is great (0.90 for TEA and 0.29 for TPentA;
see Table 1). Although the Woodhull model can be too rough for
the description of the NMDA open-channel block because of
possible excessive “ionic pressure” in the narrow part of the pore
(Ruppersberg et al., 1994), the effect of permeant cations (An-

tonov et al., 1998), or possible surface charge effects of TAA on
the local electric field (Zarei and Dani, 1994), such a great
difference in d not only supports the notion represented in Figure
13 when the smaller blocker can penetrate deeper into the
NMDA channel pore than the larger blocker but also confirms the
suggestion that the electric field in NMDA channel is far from
being uniform and is concentrated near the blocking sites and the
selectivity filter (Subramaniam et al., 1994; Antonov et al., 1998).

In Figure 13 the two different structures responsible for channel
activation and desensitization are represented as activation and
desensitization gates located in the external vestibule of the
NMDA channel pore. This representation is in obvious contra-
diction with the conclusion made by Beck et al. (1999), who stated
that the extracellular vestibule does not contain any channel gate.
However, these authors stated that their experimental paradigm
cannot resolve possible subtle conformational changes of pre-M1,
M3C, and M4N segments that may be associated with channel
gating. Additionally, two of the mutants studied (S535C and
Y629C) failed to generate detectable glutamate-activated cur-
rents, thus indicating that the corresponding residues may partic-
ipate in the formation of the channel gate.

Taking into account that only one TAA blocking molecule can
bind to the open NMDA channel (Zarei and Dani, 1995; Sobo-
levsky, 1999), the representation in Figure 13 provides a clear
illustration of the results of the present study: TEA and TPA
permit the closure of both activation and desensitization gates;
TBA prohibits the closure of the desensitization gate but does not
exclude the closure of the activation gate; and TPentA prohibits
the closure of both activation and desensitization gates. Accord-
ing to models 1–5, the agonist can bind to or dissociate from the
channel only when the activation gate is closed but the desensi-
tization gate is open. Additionally, the desensitization gate can
close only when the activation gate is already closed.

Figure 13. Hypothetical schematic representation of the NMDA channel pore region illustrating the interaction of TAA with the gating machinery. First
line, Side view. The narrowest part of the pore is the selectivity filter. The blocking sites are indicated by 1 and 2. The binding sites for permeant ions
(one in the intracellular vestibule and two in the extracellular vestibule) are indicated by open semicircles. The activation gate is black, whereas the
desensitization gate is gray. TEA and TPA permit the closure of both activation and desensitization gates; TBA prohibits the closure of the
desensitization gate but permits the closure of the activation gate; and TPentA prohibits the closure of both activation and desensitization gates. Different
blocked states of the NMDA channel are illustrated with different TAA. A, TEA is bound to the channel in the closed, agonist-unbound state (CB ). B,
TPA is bound to the channel in the desensitized state (DAAB ). C, TBA is bound to the channel in the closed, agonist-bound state (CAAB ). D, TPentA
is bound to the channel in the open state (OAAB ). Second line, The above view illustrates the positions of the activation (black) and desensitization ( gray)
gates in different states of the channel. The four segments symbolize the four NMDA receptor channel-forming subunits.
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There are several types of NMDA channel desensitization
(McBain and Mayer, 1994). Under our experimental conditions
(3 mM glycine), glycine-dependent desensitization (Mayer et al.,
1989) was hardly probable. Calcium-dependent inactivation man-
ifested at low agonist concentrations (Legendre et al., 1993) was
not observed in our experiments either (see Fig. 8A). Thus,
practically we dealt only with glycine-independent desensitization
(Sather et al., 1990).

The small difference in the sizes of TBA and TPentA mole-
cules requires close location of the activation and desensitization
gates deep in the channel pore. It is doubtful that both gates
consist of consecutive segments of the same pore-forming amino
acid chain but, rather, of fragments of different transmembrane
domains, most probably belonging to different NMDA subunits
(Fig. 13). The latter observation is in good agreement with the
recent findings on the molecular determinants of the NMDA
channel structure and function. Thus, the NR1 (but not NR2)
subunit proved to be necessary and enough to form functional
NMDA receptors (Moriyoshi et al., 1991; Yamazaki et al., 1992;
Nakanishi et al., 1992). On the other hand, the fragments of the
NR2 subunit are responsible for NMDA receptor glycine-
independent desensitization (Krupp et al., 1998; Villarroel et al.,
1998).

One could suppose alternative structures of the NMDA chan-
nel gating machinery. For example, the structure responsible for
channel desensitization may not be obviously the gate within the
channel pore but some entity within the pore-forming walls that
is able to fix the completely closed activation gate (thus transpos-
ing the channel into the nonconducting desensitized state).
Within the frame of this hypothesis, TPentA holds the activation
gate fully open, prohibiting both desensitization and the agonist
dissociation. TBA does not allow the activation gate to close
completely, as TEA and TPA do, but only partly, and in this
“half-open” state desensitization does not occur either, but the
agonist can dissociate. However, this alternative hypothesis de-
mands the involvement of new half-open states of the channel
into the kinetic models, whereas the hypothesis illustrated in
Figure 13 is in good agreement with a simple activation kinetic
model used in the present study (Lester and Jahr, 1992).

Irrespective of the structure of the desensitization mechanism,
the diameter of the open NMDA channel pore at the level of the
activation gates is approximately equal to the size of TPentA
(11.1 Å), calculated as the mean of the two smallest dimensions of
the smallest size box containing space-filling models of the
TPentA molecule (HyperChem). The distance from the activa-
tion gate to the deep blocking site 1 should not be larger than the
length of 1-ammonio-5-(1-adamantanemethylammonio)pentane
dibzomide (16.7 Å), the stretched molecule that at holding po-
tentials more positive than 290 mV is thought to bind to site 1 by
its ammonium end group and that prevents the closure of the
activation gate by its adamantane head (Antonov et al., 1995;
Johnson et al., 1995; Antonov and Johnson, 1996).

In experiments with 9-aminoacridine (Costa and Albuquerque,
1994; Koshelev and Khodorov, 1994, 1995; Benveniste and
Mayer, 1995) it was hypothesized that this blocker prohibits
NMDA channel closure. Our study of 9-aminoacridine-induced
kinetics (Sobolevsky, 1999) revealed the existence of two non-
overlapping 9-aminoacridine blocking sites in the open NMDA
channel, which can be occupied by two 9-aminoacridine mole-
cules simultaneously. It was suggested that 9-aminoacridine bind-
ing to the shallow site (Fig. 13, site 2) in the orientation across the
channel pore prevented the closure of the activation and/or

desensitization gates. Taking into account the cross-cut size of
the 9-aminoacridine molecule (11.1 Å), we may conclude that this
suggestion is in good coincidence with the hypothesis represented
in Figure 13.

In conclusion, TAA have proved to be useful tools in studies of
the gross architecture of the NMDA channel, and one could thus
expect that a combination of this experimental approach with
molecular biology methods may ensure considerable progress in
the deciphering of molecular mechanisms of channel gating.
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The properties of the NMDA (N-methyl-D-aspartate)
subtype of glutamate channels, such as the high permeabil-
ity for calcium ions [28], potential-dependent magnesium
blockade [30], and slow activation kinetics [22, 25] deter-
mine their major contribution to physiological processes.

According to current concepts, NMDA channels play a
key role in learning and memory processes [8, 12, 29].
Their involvement in generating rhythmic movement activ-
ity has been demonstrated [36], along with their role in the
development of the nervous system at the embryo stage [13,
14, 24]. Many neurodegenerative processes are associated
with hyperactivity of NMDA channels. On this principle,
NMDA channel blockers such as memantine (1-amino-3,5-
dimethyladamantane) and amantadine (1-adamantanamine)
are used in the treatment of Alzheimer’s disease, Parkin-

son’s disease, Huntingdon’s chorea, dyskinesia, sclerosis,
allergic encephalomyelitis, epilepsy, depression, ischemia,
schizophrenia, hemiplegia, the chronic pains involved in all
types of dementia, including AIDS-associated dementia,
and paralysis [17, 18, 27, 31, 32].

Recent years have seen significant progress in studies
of the molecular structures, subunit composition, and selec-
tivity of NMDA channels [19], though the question of the
mechanisms of NMDA channel activation and desensitiza-
tion has still not been elucidated completely.

The present article summarizes the results of studies
conducted by our group in recent years with the aim of
identifying the functional architecture of NMDA channels
and their gating mechanism. The tools for these studies
were organic cations (9-aminoacridine and tetraalkylammo-
nium compounds) and magnesium ions, which can enter
open channels and interact in different ways with the struc-
tural elements of the channels responsible for activation and
desensitization processes [1, 2, 33, 35].
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Blockade of ion channels passing through the NMDA receptors of isolated rat hippocampus pyramidal
neurons with tetraalkylammonium compounds, 9-aminoacridine, and Mg2+ was studied using
patch-clamp methods in the whole-cell configuration. Currents through NMDA channels were evoked by
application of 100 µM aspartate in magnesium-free medium containing glycine (3 µM) to neurons. Anal-
ysis of the kinetics, charge transfer, and relationships between the extent of suppression of stationary cur-
rents on the one hand and membrane potential, agonist concentration, and blocker concentration on the
other showed that blockers had different effects on the closing, desensitization, and agonist dissociation
of NMDA channels. The size of the blocker was found to be the decisive factor determining its action on
the gating functions of NMDA channels: larger blockers prevented closure and/or desensitization of the
channel; smaller blockers only had partial effects on these processes, while the smallest blockers had no
effect at all. These experiments showed that the apparent affinity of the blocker for the channel (1/IC50)
depended not only on the microscopic equilibrium dissociation constant (Kd), but also on the number of
blocker binding sites, their mutual influences, and, of particular importance, the interaction of the block-
er with the gating structures of the channel. These data led us to propose hypotheses relating to the geom-
etry of the NMDA channel and the structure of its gating mechanism. The channel diameter at the level
of activated gates was estimated to be 11 Å.
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METHODS

Experiments were performed on pyramidal neurons
from field CA1 of the rat hippocampus. Sections were made
of brains from Wistar rats aged 2–4 weeks,as described pre-
viously [38]. Neurons were extracted from sections using a
vibrodissociation method [38]. Experiments were started
after at least 3 h of incubation in medium containing 124 mM
NaCl,3 mM KCl,1.4 mM CaCl2, 2 mM MgCl2, 10 mM glu-
cose, and 26 mM NaHCO3. Incubation was conducted with
the solution continuously saturated with gas mix (96% O2,
4% CO2), at a temperature of 32°C. During removal from
sections and recording of currents,neurons were kept in mag-
nesium-free medium containing 140 mM NaCl,5 mM KCl,
2 mM CaCl2, 15 mM glucose, and 10mM HEPES, pH 7.3.
All blockers were dissolved in water; solutions were stored in
a freezer and were thawed immediately before experiments.
A rapid flow control system was used for exchanging solu-
tions [11,38]. Transmembrane currents in whole cells were
recorded by a patch-clamping method at room temperature
using micropipettes made of hard borosilicate glass (Pyrex),
filled with “intracellular” solution containing 140 mM CsF,
4 mM NaCl,and 10 mM HEPES, pH 7.2. The resistance of
filled micropipettes was 3–7 MΩ. Currents were digitized at
a frequency of 1 kHz and recorded in a computer memory.

Data were analyzed statistically using Microcal Origin
version 3.5 for Windows. Data are presented as means
± standard errors.

Kinetic modeling was based on the solution of linear sys-
tems of first-order differential equations with constant coeffi-
cients by numerical methods,as described previously [11].

Three-dimensional models of blocker molecules were
calculated using the molecular modeling program Hyper-
Chem version 3 for Windows.

RESULTS AND DISCUSSION

Kinetics and Stationary Characteristics of Open
NMDA Channel Blockade. Figure 1 shows the NMDA
channel blockers used here: Mg2+, tetraethylammonium,
tetrapropylammonium,tetrapentylammonium,and 9-amino-
acridine, whose effects were studied in the present experi-
ments.

Currents through NMDA channels arose in response to
the application of 100 µM aspartate in magnesium-free
medium containing glycine (3 µM). At a membrane poten-
tial Eh = –100 mV, the current was an influx current; after a
rapid (τ < 30 msec) increase to a peak value (ICO), it start-
ed to decay slowly (τ = 570 ± 25 msec, n = 7) until it
reached a certain stationary value (ICS) (Fig. 2, A). This
decay in the current in the constant presence of agonist is
interpreted as desensitization of NMDA channels. The
extent of desensitization (1 – (ICS/ICO)) varied from cell to
cell over a wide range, from 0.08 to 0.75.

Used simultaneously with agonist, blockers decreased
both the peak (IBO) and stationary (IBS) currents (Fig. 2, A).
After coapplication ended, an influx aftercurrent appeared (a
“hook”), which quickly reached a peak (IP) and then decayed
to zero. The relative amplitude of the hook [(IP – IBS)/ICS]
increased with increasing blocker concentrations and, corre-
spondingly, with increases in the degree of suppression of the
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Mg2+ H2O TEA TPA
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Fig. 1. NMDA channel blockers: Mg2+, water (H2O), tetraethylammonium (TEA),tetrapropylammonium (TPA), tetra-
butylammonium (TBA), tetrapentylammonium (TPentA),and 9-aminoacridine (9-AA). Black circles show nitrogen and
magnesium atoms,dark gray circles show carbon and oxygen atoms,and light gray circles show hydrogen atoms.
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Fig. 2. The effects of simultaneous exposure to blockers and agonist. A) Superimposition of control current in response to application of aspar-
tate (100 µM) and the blocked current in response to simultaneous application of aspartate and tetraethylammonium (TEA,10 mM),tetrapropy-
lammonium (TPA, 2 mM), tetrabutylammonium (TBA, 2 mM), tetrapentylammonium (TPentA,3 mM), Mg2+ (100 µM), and 9-aminoacridine
(9-AA, 10 µM); B, C, D) relationships of the maximum hook amplitude (IP – IBS)/ICS) (B), the control-normalized ratio of stationary current to
peak current [(IBS/IBO)/(ICS/ICO)] (C), and the control-normalized charge transfer during the aftercurrent (Q) (D) with the extent of suppression
of the stationary current (1 – (IBS/ICS)).

TABLE 1. Parameters of Potential Dependence (from [35] with additional data)

Substance δ K0.5(0), mm n

Tetraethylammonium 0.90 ± 0.04 62.2 ± 6.0 6

Tetrapropylammonium 0,72 ± 0.05 10.0 ± 1.5 4

Tetrabutylammonium 0.60 ± 0.02 5.34 ± 0.27 7

Tetrapentylammonium 0.29 ± 0.03 1.84 ± 0.11 5

Mg2+ 0.93 ± 0.19 6.57 ± 2.95 11

9-Aminoacridine 0.65 ± 0.05 0.162 ± 0.070 4



stationary current (1 – (IBS/ICS)) (Fig. 2, B). For Mg2+,
tetraethylammonium, tetrapropylammonium, and 9-amino-
acridine, (IP – IBS)/ICSwas less than 1 – IBS/ICS, while in the
cases of tetrabutylammonium and tetrapentylammonium,
especially at high blocker concentrations, (IP – IBS)/ICS was
greater than 1 – IBS/ICS (in Fig. 2,B, the points lie above the
dotted line corresponding to (IP – IBS)/ICS= 1 – (IBS/ICS)).

Changes in the kinetics of aftercurrents in the presence
of different blockers were different. The decay phase of the
hook was delayed as compared with decay in the control
current when tetrabutylammonium,tetrapentylammonium,
and 9-aminoacridine were used (intercepts of aftercurrents
in Fig. 2, A); these coincided in the case of Mg2+ and
tetrapropylammonium,while decay in controls was slightly
delayed compared with decay of currents blocked by
tetraethylammonium.

The “desensitization” decay in the current during
coapplication of aspartate and blockers (IBO/IBS) was
smaller than in controls (ICO/ICS) in the presence of tetra-
butylammonium and tetrapentylammonium,essentially the
same in the presence of tetrapropylammonium and Mg2+,
and greater than in controls in the presence of tetraethylam-
monium and 9-aminoacridine (Fig. 2,A). This is well illus-
trated by the integral curves of (IBS/IBO)/(ICS/ICO), which
for these blockers were greater than 1,around 1,and less
than 1 respectively (Fig. 2,C).

Transfer of charge through NMDA channels,mea-
sured by integration of current curves after the end of
coapplication of aspartate and blockers, for tetrabutylam-
monium,tetrapentylammonium,and 9-aminoacridine was
greater than charge transfer after the end of exposure to
aspartate alone. The ratios of these charges (Q) were
greater than 1 and increased with increasing blocker con-
centration (Fig. 2, D). In the case of Mg2+, tetraethylam-
monium,and tetrapropylammonium,Q was less than unity
and decreased with increasing blocker concentrations
(Fig. 2, D).

All blockers decreased the level of suppression of the
stationary current (1 – (IBS/ICS)) with increases in the level
of cell membrane depolarization. The relationship between
1–(IBS/ICS) and membrane potential (Eh) fit the model [39]
described by the following equation:

1 – IBS/ICS = 1 – 1/(1 + [B]/K0.5(0)·exp(δFEh/RT)),

where K0.5(0) is the equilibrium dissociation constant at
Eh = 0 and δ is the proportion of the membrane potential
obtaining at the blocker binding site in the channel pore.
Smaller blockers penetrated deeper into the channel across
the transmembrane field than larger blockers. This is clear-
ly illustrated in Table 1,which give values for δ and K0.5(0)
for all blockers.

The degrees of suppression of the stationary current
(1 – (IBS/ICS)) for different blockers showed different rela-
tionships with agonist concentration. Figure 3, A shows,
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using tetrapentylammonium as an example, that 1 – (IBS/ICS)
increased with increases in the aspartate concentration.
Apart from tetrapentylammonium,a positive agonist rela-
tionship was seen for 9-aminoacridine. In the cases of

tetraethylammonium,tetrapropylammonium,and Mg2+, the
degree of suppression of the stationary current was indepen-
dent of the aspartate concentration, while for tetrabutylam-
monium the agonist relationship was negative (Fig. 3,B).
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10 µM) (b) superimposed on control traces (c). Inserts show current curves for b and c with normalized stationary levels.



When the blocker was constantly present in the solu-
tion washing the cell,there was no hook after the end of
agonist exposure. The experiment is illustrated in Fig. 4,A,
using 100 µM aspartate and 1 mM tetrabutylammonium as
an example. The aftercurrent kinetics after the end of aspar-
tate exposure were very interesting. Superimpositions of
aftercurrents in controls (c) and evoked by application of
agonist in the constant presence of blocker (b) are shown in
Fig. 4, B for different blockers. Curves b and c intersected
in the cases of tetrapentylammonium and 9-aminoacridine,
but not for the other blockers. The inserts in Fig. 4,B, where
the stationary levels of current curves c and b are normal-
ized, show that tetrapentylammonium and 9-aminoacridine
produced strong delays in b as compared with c, this being
very slight for tetrabutylammonium; normalized c and b
curves coincided for Mg2+, tetraethylammonium, and
tetrapropylammonium.

Figure 5,A explains the experiment using blocker on
a background of constant exposure to agonist solution,
using tetrapentylammonium (2 mM) as an example. Block-
er was used only after the aspartate-induced current had
reached its stationary level (ICS). After the end of
tetrapentylammonium application, the current increased
sharply to levels exceeding the stationary level of the con-
trol current (ICS) and then gradually decayed to this level.
The aftercurrent, which was greater than the stationary
level in the control, subsequently demonstrated “over-
shoot.” The overshoot decay in the case of tetrapentylam-
monium (Fig. 5, B) was well described by two exponents
with time characteristics for the fast and slow components
of τfast= 54 ± 7 msec and τslow = 596 ± 85 msec respective-
ly (n = 7). Overshoot was also seen with tetrabutylammoni-
um; when solution exchange was slow (τwash > 50 msec),
the descending phase of the overshoot contained one slow
component (τ = 389 ± 38 msec, n = 10),while rapid solu-
tion exchange (τwash = 5–30 msec) gave an overshoot
decay which, as in the case of tetrapentylammonium,was
well described by two exponents. In the cases of
tetrapropylammonium and Mg2+, overshoot,although pre-
sent,was hardly detectable (Fig. 5, B). On average, the
kinetics of current recovery after exposure to tetrapropy-
lammmonium and Mg2+, in the continuous presence of
aspartate, consisted of single rapid components reflecting
the rate of solution exchange. Overshoot with 9-aminoacri-
dine was only seen at high blocker concentrations,and its
ascending phase was much slower (τ = 656 ± 69 msec at
40µM, n = 7) than in the cases of tetrabutylammonium and
tetrapentylammonium. Overshoot did not develop at all
with tetraethylammonium. In fact, the kinetics of recovery
always contained a slow component,and the current was
well described by two exponents with rapid- and slow-com-
ponenttime characteristics of τfast = 155 ± 27 msec and
τslow = 2.04 ± 0.34 sec respectively; the amplitude of the
fast component was Afast= 0.69 ± 0.04 (n = 8).
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um (TBA, 2 mM), tetrapentylammonium (TPentA, 2 mM), Mg2+

(100 µM), and 9-aminoacridine (9-AA, 40 µM) in the continuous pres-
ence of ASP (100 µM).



Kinetic Modeling. The effects of blockers on open
channels were described by adding the blocked state to the
standard kinetic model for activation of NMDA channels.
Figure 6 shows five possible models obtained by sequential
addition to the scheme of activation suggested by Lester
and Jahr [26], the open blocked state (OAAB), the closed
blocked, agonist-non-bound (CAAB), the desensitized
blocked (DAAB), and closed blocked sates,in which agonist
had already vacated the channel (CAB, CB).

The five models presented in Fig. 6 can be regarded
as sequentially reduced models from the completely sym-
metrical model 5. The advantage of this set of models is
that they are simple and allow the interactions of the
blocker with the gating mechanism of the NMDA channel
to be predicted. Model 1 describes the situation in which
the blocker channel opening and, consequently, desensiti-

zation and agonist dissociation. The second model is
based on the supposition that the channel can close with
the blocker inside, but cannot undergo desensitization and
the agonist-receptor complex cannot dissociate to such a
stage that the channel is in the blocked state. The third
model forbids only dissociation of the agonist, while the
fourth only forbids desensitization. The last,fifth, model
is symmetrical and forbids neither closure of the blocked
channel,nor its desensitization, nor agonist dissociation.
The values of kinetic constants,selected from our results
and published data [7,10,16,20,33–35],were as follows:
l1 = 2 µM–1sec–1, l2 = 25 sec–1, α = 200 sec–1, β = 10sec–1,
γ = 1.2 sec–1, ξ = 0.8 sec–1, k1 = 3.5 µM–1sec–1, and k2 =
= 1000 sec–1. Testing of models 1–5 over wide ranges of
parameters led to construction of the table of predictions
(Table 2).
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Fig. 6.  Kinetic models describing different types of interaction between blocker and the NMDA channel (from [35]).
C, D, and O indicate the channel in the closed, desensitized, and open states respectively. Indexes A, AA, and B designate
the attachment of one molecule of agonist,two molecules of agonist,and one molecule of blocker respectively. Asterisks
indicate the conducting state of the channel. [A] and [B] are the agonist and blocker concentrations respectively.



Comparison of the experimental data (Figs. 2–5) with
the predictions of models 1–5 (Table 2) showed that the
interaction of tetrapentylammonium with open NMDA
channels was satisfactorily described by model 1.

The experimental data with Mg2+ and tetrapropylam-
monium were well described by symmetrical model 5. This
model suggests that the blocker binds to the channel with-
out preventing it from closing or undergoing desensitization
or dissociation of agonist. The small deviations of the
experimental data from the results of model experiments
can be explained by the fact that Mg2+ and tetrapropylam-
monium can nonetheless have some effect on the desensiti-
zation of NMDA channels.

Comparison of the predictions of models 1–5 (Table 2)
with the experimental data for tetraethylammonium sug-
gests that the best model for describing its interaction is
model 5. Two facts,however, indicate that model 5 cannot
provide a complete description of the effects of tetraethy-
lammonium:1) the depth of the experimentally observed
desensitization decay is significantly greater than predicted
by the model [values of (IBS/IBO)/(IBS/ICO) were signifi-
cantly lower than predicted by model 5; compare Fig. 7, B
and Fig. 2,C]; 2) the kinetics of recovery of the current after
tetraethylammonium application ended, with aspartate pre-
sent throughout,contained a slow component (Fig. 5, B),
which is not predicted by model 5 (Fig. 7,E).

The simplest kinetic model providing a satisfactory
description of the experimental data obtained with
tetraethylammonium is the model with two binding sites for
blocker, i.e., a fast site (1) and a slow site (2).

The binding and dissociation constants for site 2 were
taken to be 250 times smaller then the corresponding con-
stants for site 1:k2′ = k2/250 = 4 sec–1 and k1′ = k1/250 =
= 0.014 µM–1sec–1. Analysis of the results of modeling may
indicate that the NMDA channel contains two blocking
sites for the binding of tetraethylammonium,which cannot
be occupied simultaneously by two blocker molecules,and
that binding with site 1, which has rapid binding and disso-
ciation kinetics,does not prevent binding and desensitiza-
tion of the NMDA channel and dissociation of agonist.

Returning to Table 2, it seems that the best model for
describing the effects of tetrabutylammonium is model 4.

The following points,however, suggest that model 4 cannot
describe all its effects:1) the hook exceeds the stationary
level of the control current (Fig. 2,A); 2) there is a delay in
aftercurrent decay kinetics in the continuous presence of
blocker in solution,as compared with controls (Fig. 4, B);
and 3) there is a rapid phase in the overshoot decay on rapid
exchange of solutions. The simplest model satisfactorily
describing the experimental data is model 4 with an alter-
ation in the OAAB–CAAB transition.

Kinetic analysis showed that correspondence with the
experimental data needed tetrabutylammonium to increase
the maximum probability of opening of blocked channels
[(P0′ = β′/(α′ + β′))] as compared with the corresponding
value for the unblocked channel [(P0 = β/(α + β))]. There
are two possible ways to do this:to alter the closing con-
stant (α′ ) or to alter the opening constant (β′). Decreases in
α′ would suggest that the blocker prevents closure of chan-
nels,while increases in β′ would suggest that the blocker,
having entered the channel, facilitates its opening. Both
possibilities produce qualitatively identical results. Figure 7
shows the results of model experiments addressing the pos-
sibility that the blocker hinders channel closure by a factor
of 20 (α′ = α/20 = 10 sec–1, β′ = β).

The simplest kinetic model describing the effects of
9-aminoacridine supposes that the blocker prevents closure
of the channel and thus prevents desensitization and disso-
ciation of agonist [10,15, 33], and also assumes two bind-
ing sties for 9-aminoacridine in the NMDA channel and the
possibility that these can simultaneously be occupied by
two different blocker molecules [33].

This model supposes that the blocker bound with either
of the sites prevents both closure of the channel and its
desensitization and dissociation of agonist. Figure 7 shows
the predictions of model 8 with the following values of the
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kinetic constants:k1 = 29 µM–1sec–1, k2 = 1000 sec–1,
k3 = 0.74 µM–1sec–1, k4 = 1.54 sec–1, k5 = 0.054 µM–1sec–1,
and k6 = 0.47 sec–1.

Thus,description of the kinetics and stationary charac-
teristics of NMDA channel blockade by different sub-
stances needed different kinetic models. This suggests that
the mechanisms of action of these blockers are different.
The first point is that models based on different actions for
blockers on the processes of channel closure, channel
desensitization, and dissociation of agonist, with identical
microscopic equilibrium dissociation constants (Kd = k2/k1)
predict different apparent blocker affinities for channels
(IC50). This is an important question,as the microscopic
dissociation constant and the half-blocking concentration
are often the same, which in turn leads to incorrect inter-
pretation of the data and erroneous comparative analysis.

It follows that the apparent affinity of tetraalkylammo-
nium compounds [(1/IC50), 1/K0.5(0)] depend not only on
hydrophobic and steric factors (which influence the micro-
scopic Kd), but also on interactions with the gating mecha-
nism [affecting the difference between IC50 values (K0.5(0)
and Kd)]. The ratio of Kd and IC50 depends on the probabil-
ity of channel opening (P0), on the number of desensitized
channels,and also on the concentration of agonist. For
model 5,IC50/Kd is always unity. For the other models,this
ratio is always greater than unity. Thus,with P0 = 0.048,
γ/ε = 1.5 and an asparagine concentration of 2.5 µM, model1
gives IC50/Kd = 1000.

Screening Effect.A second possible source of differ-
ences between the microscopic Kd and the half-blocking
concentration IC50 is the mechanism of “screening.”
Screening means the existence of a non-blocked binding
site, such that attachment of one blocker molecule to this
site hinders the binding of another blocker molecule to the
blocked site (Fig. 8,C). The blocked binding site (1) is deep
within the channel pore, while the screening site (3) is in the

wide part of the extracellular vestibule. The screening effect
is manifest as a deviation in the value of the Hill coefficient
for the relationship between concentration and the extent of
suppression of the stationary current from unity, i.e., the
value predicted by all eight of the kinetic models analyzed
above. Thus, the greater the binding of one blocker
molecule to the screening binding site hinders binding of a
second blocker molecule to the blocked site, the smaller is
the Hill coefficient. It is logical to suppose that the larger
the blocker molecule, the greater the screening effect it
would have. The significant decrease in the Hill coefficient
with blocker molecule size seen for tetraalkylammonium
compounds (Table 3) agrees with this hypothesis. The sim-
plest kinetic model describing the screening effect is

The applicability of the screening model hypothesis was
assessed by testing model 9 with k1 = k11 = 4 sec–1µM–1,
k2 = k12 = 50 sec–1, k3 = k5 = k7 = k9 = 100 sec–1[B]–1, and
k4 = k6 = k8 = k10= k14= 100 sec–1. The rate constant k13was
varied. Calculated curves showing the relationship between
the extent of suppression of the stationary current and block-
er concentration, expressed as Kd = k4/k3 at different k13 val-
ues,are shown in Fig. 8,B. When constant k13 was less than
k3 (binding of one blocker molecule to the screening site hin-
ders binding of another blocker molecule to the blocked site),
the relationship between the extent of suppression of the sta-
tionary current and the blocker concentration was less steep
and the Hill coefficient was less than unity (Fig. 8, C). The
ratio IC50/Kd increased in these conditions and was greater
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TABLE 2. Predictions of Models 1–5 (from [35] with additional data)

Criteria for model 5 Criteria for desensitization
Criteria for 

Criteria for agonist dissociation
channel closure

Model
Probability

Intersection 
(IBS/IB0) Rapid phase Agonist

Intersection 

of IP > ICS
during 

(ICS/IC0)
Overshoot2

of overshoot3
Q4

dependence5
in the presence 

coapplication1 of blocker6

1 + + >1 + + >1 Increasing +

2 + + >1 + – >1 Increasing +

3 + + <1 – – >1 Increasing +

4 + + >1 + – <1 Decreasing –

5 – – <1 – – <1 Constant –

Notes.1Interesection (on superimposition of traces) of the aftercurrent in controls and the current after coapplication of agonist and blocker. 2Presence of
overshoot of the aftercurrent in the presence of agonist. 3Probability of the appearance of a rapid component in the overshoot decay phase. 4Magnitude of
control-normalized charge transfer during the aftercurrent. 5Agonist dependence of the extent of suppression of the stationary current. 6Intersection (on
superimposition of traces) of the control aftercurrent and the current after the end of application of agonist in the continuous presence of blocker.



than unity (Fig. 8,D). Conversely, when k13 was greater than
k3 (binding of one blocker molecule to the screening site
facilitated binding of another blocker molecule to the blocked
site), the plot showing suppression of the stationary current
was steeper and the Hill coefficient was greater than 1
(Fig. 8, C), while IC50/Kd decreased (Fig. 8,D).

The Roles of Hydrophobicity and the Size of
Tetraalkylammonium Compounds in Their Binding to
NMDA Channels. Having found the coefficients of
increase of IC50 as compared with Kd, due to the interaction
with the gating mechanism (kg), and the screening mecha-
nism (ks), values of K0.5(0) can be used to estimate micro-
scopic equilibrium dissociation constants at Eh = 0 mV:
kd(0)micro = K0.5(0)/kg/ks. Calculated values of kg, ks, and
kd(0)micro for tetraalkylammonium compounds are shown
in Table 3.

The change in the free binding energy of tetraalkylam-
monium compounds,per mole of alkyl groups,with NMDA
channels,calculated according to

δG(=CH2=) = –(1/4)RTδ[ln(Kd(0)micro),

gave δG(=CH2=) values of 318 cal/mole going from
tetraethylammonium to tetrapropylammonium, 569
cal/mole going from tetrapropylammonium to tetrabuty-
lammonium,and 555 cal/mine going from tetrabutylammo-
nium to tetrapentylammonium. Linear fitting of
ln[Kd(0)micro] for all tetraalkylammonium compounds gave
δG(=CH2=) = 489 ± 42 cal/mole (Fig. 9). This value is half
the theoretical change in the free energy of one mole of
=CH2= groups (1000 cal/mole) for transfer from an aque-
ous environment to a hydrophobic environment [23]. Con-
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sidering that the positive charge of the nitrogen atom in all
tetraalkylammonium compounds is distributed over the
alkyl chain and that the binding regions of these compounds
cannot be regarded as ideal non-polar hydrophobic environ-
ments,the transfer energy of one mole of =CH2= groups
must be less than 1000 cal/mole. Thus,hydrophobic inter-
actions play a large role in the binding of tetraalkylammo-
nium compounds with NMDA channels and it can be sug-
gested that at least half the =CH2= groups of these com-
pounds form hydrophobic bonds when blocking channels.
Contradicting the conclusions of a previous study [2], we
came to the conclusion that the absence of any significant
decrease in δG(=CH2=) with increases in the length of the
alkyl chain is evidence that the size of the tetraalkylammo-
nium compounds has no effect on their ability to form
hydrophobic bonds in NMDA channels.

A Model for the Gating Mechanism of NMDA
Channels.The difference in the mechanisms of action of
blockers is apparent mainly in their effects on channel clo-
sure, channel desensitization, and agonist dissociation.
Some blockers prevent closure of NMDA channels
(tetrapentylammonium),while others (tetrabutylammoni-

um) only decrease the probability that the blocked channel
will be in the closed state and, finally, a third group have no
effect on closure (Mg2+, tetraethylammonium, and
tetrapropylammonium). This is evidence for the existence
of activatory gates in NMDA channels,on which blockers
can act in different ways. The fact that some blockers pre-
vent desensitization of NMDA channels (tetrapentylammo-
nium , tetrabutylammonium,and 9-aminoacridine), while
others only have partial effects on NMDA channels (Mg2+

and tetrapropylammonium),and, finally, a third group has
no effect (tetraethylammonium) suggests that the NMDA
channel contains some structure responsible for its desensi-
tization and on which different blockers can act in different
ways. The existence of a blocker which does not prevent
closure of NMDA channels but does prevent desensitization
(tetrabutylammonium) shows that the activatory gate of the
NMDA channel and the structure responsible for channel
desensitization are different from each other. Since all the
study substances enter the pore and block the channel,this
structure is most likely to be located in the transmembrane
pore-forming fragments of the amino-acid sequence of the
NMDA channel.
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TABLE 3. Values of kg, nHill , ks, and Kd(0)micro for Tetraalkylammonium Compounds

Substance kg nHill ks Kd(0)micro, mM

Tetraethylammonium 1 1.22 ± 0.08 0.7 88.9 ± 8.6

Tetrapropylammonium 1 1.06 ± 0.04 1 10.0 ± 1.5

Tetrabutylammonium 16.4 0.88 ± 0.09 1.63 0.20 ± 0.01

Tetrapentylammonium 49 0.65 ± 0.02 8.5 0.0044 ± 0.0003
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Fig. 9. Relationship between Kd(0)micro and the number of carbon atoms (nC) in tetraalkylammonium compounds.



The molecules of blockers which prevent closure or
desensitization of the NMDA channel are large in size.
Blockers which do not prevent but can hinder these pro-
cesses are smaller, and blockers which hinder neither clo-
sure nor desensitization are the smallest. This is evidence
for the suggestion that blocker molecule size plays the key
role in the interactions of blockers with the gating structures
of the NMDA channel [2]. The fact that the value of δ for
small-size blockers is significantly greater than δ for large
blockers (Table 1) is indirect evidence that the former pen-
etrate more deeply into the channel pore than the latter.

According to current concepts, the NMDA channel is
a pore with a small intracellular vestibule and a large extra-
cellular vestibule containing a narrowing of length about
6 Å and a diameter of 6.4 Å; the vestibules are separated by
a selective filter with a cross-section of 22–26 Å [37,40].
Figure 10 shows part of the pore of the NMDA channel,
containing two blocking regions and binding sites for
cations which penetrate the pore. The latter are most likely
to be located in the upper part of the ion pore (the extracel-
lular vestibule), because the binding of penetrating cations
to them is independent of membrane potential [3,5]. It is
very likely that one or several binding sites for penetrating
cations are at the same time screening binding sites (Fig. 8).
The structure responsible for opening and closing of the
NMDA channel is shown in Fig. 10 as an activatory gate
separated from the selective filter by a distance no greater

than the length of the extended IEM-1754 molecule (17 Å),
whose terminal ammonium group attaches to site 1 at a
membrane potential of –90 mV, while the adamantane head
prevents closure of the activatory gates [4,6, 21].

The structure responsible for desensitization of the
NMDA channel is also shown in Fig. 10 as gates. Thus,
blockers preventing channel closure or desensitization pre-
vent closure of the corresponding gates. The difference in
the depths of the activatory and desensitizing channel gates
is determined mainly by the different in the sizes of
tetrapentylammonium and tetrabutylammonium. Since this
is small (1–2 Å),it is logical to suppose that the activatory
and desensitizing gates are formed from transmembrane
fragments of different subunits of the NMDA channel. This
suggestion is shown in diagram form as views of the chan-
nel from above (Fig. 10,lower row).

There is an alternative suggestion,that only the activa-
tory gates are within the channel pore, while the structure
responsible for desensitization is outside the pore-forming
channel walls. This structure can be illustrated as “bolts,”
which completely lock the closed activatory gates,convert-
ing the channel into the non-conducting desensitized state.

Regardless of the actual structure of the “desensitizing
gates” of the NMDA channel,the diameter of the channel
pore at the activatory gate site has to be taken as essentially
the same as the size of the tetrapentylammonium molecule
(11 Å), calculated as the mean of the two minimum sizes of
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Fig. 10. Explanation of the hypothesis that NMDA channels contain activatory and desensitizing gates,which are different from each other
(from [35]). The activatory gates are shown darker then the desensitizing gates and are located closer to the extracellular surface of the
membrane. Triangles show agonist molecules. Hemispheres in the channel walls are binding sites for penetrating cations. 1, 2) Blocker
binding sties. The upper row shows side views,and the lower row shows views from above. A) An NMDA channel with bound tetraethy-
lammonium in the closed agonist-non-bound blocked state (CB); B) a channel with bound tetrapropylammonium in the desensitized
blocked state (DAAB); C) a channel with bound tetrabutylammonium in the closed agonist-bound blocked state (CAAB); D) a channel with
bound tetrapentylammonium in the open blocked state (OAAB).



the smallest box containing the tetrapentylammonium
molecule (HyperChem) (and which is equal to the
cross-sectional size of the 9-aminoacridine molecule). This
is in good agreement with data obtained by Koshelev and
Khodorov [2], who came to the conclusion that only those
blockers whose maximum molecular size is greater than the
critical size of the window, 11 Å, have the ability to immo-
bilize the open configuration of the channel. In this case, if
the desensitizing mechanism shown in Fig. 10 is correct,the
diameter of the channel pore in the region of the desensitiz-
ing gates is essentially equal to the size of the tetrabutylam-
monium ammonium molecule (10 Å).

Thus,the present results lead to the conclusion that
blockers are useful tools for studying the functional archi-
tecture of receptor-controlled channels in neuron mem-
branes.

This study was supported by the Russian Fund for
Basic Research (Grant Nos. 96-15-97866 and 99-04-48770)
and a grant from the Physiological Society of Great Britain.
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