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Two Blocking Sites of Amino-Adamantane Derivatives in Open
N-Methyl-p-Aspartate Channels

Alexander Sobolevsky and Sergey Koshelev
Institute of General Pathology and Pathophysiology, 125315 Moscow, Russia

ABSTRACT Using whole-cell patch-clamp techniques, we studied the blockade of open N-methyl-p-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-for Mg?*, which demonstrated high values®f1.0 (Ascher
pounds with N-methylo-aspartate (NMDA) channels is and Nowak, 1988) and 0.8 (Jahr and Stevens, 1990).
complex and cannot be described by a simple one binding Both parameters);, ands, proved to have high values
site model. The existence of two blocking sites in NMDA for amino-adamantane derivatives (AADs) used in the
channels was established for long-chain adamantane deripresent study. This fact led us to analyze the AAD-induced
atives (Antonov and Johnson, 1996) amdlkyl diamines kinetics of open channels to verify the hypothesis about the
(Subramaniam et al., 1994). Intracellular and extracellulamultisite interaction of these compounds with NMDA chan-
Mg?* ions blocked the channels interacting with differentNels. We actually revealed fast and slow components of
binding sites (Johnson and Ascher, 1990). Mutagenesigh@nnel blockade and recovery, which was in agreement
experiments on NMDA receptor subunits showed that'Ca With the two components of recovery from block by me-
and Mg were likely to bind to multiple sites within the mantine and gma_ntadme qbserveq ear!ler by Johnson et al.
pore that were contributed by both the NMDAR1 and NR2(1995). The kinetic analysis descrlbgd in the present study
subunits (MacBain and Mayer, 1994). Spermine and spergllowed us to conclude that Fhe AAD-mducgd .blOCk ofopen
midine were suggested to act at distinct sites on NMDANMDA channels was mediated by two distinct blocking

receptors, thereby producing potentiation and block (Rocl?'tes' These sites are located in the depth of the channel pore

and MacDonald, 1992 Benveniste and Mayer, 1993;61nd can be simultaneously occupied by two blocking mol-

Araneda et al., 1993). The high value of the Hill coefficient ecules.

(g > 1) characterizing the concentration dependence of

the block by tetraalkylammomqm derivatives (KOSheleVMATERIALS AND METHODS

and Khodorov, 1992) and bepridil (Sobolevsky et al., 1997)

can be considered as evidence in favor of the existence d¢fyramidal neurons were acutely isolated from the CA-1 region of rat

more than one blocking site for these compounds in NMDA!PPocampus by “vibrodissociation techniques™ (Vorobjev, 1991). The
experiments were begun not earlier than rafieh of incubation of the

channels. Antonov and Johnson (1996) found that the apsippocampal slices in a solution containing (in mM) 124 NaCl, 3 KCI, 1.4
parent fractional electrical deptld, of the site at which cacl, 2 MgCl,, 10 glucose, 26 NaHCQThe solution was bubbled with
IEM-1754 and IEM-1460 bound to the channel was differ-carbogen at 32°C. During the whole period of isolation and current record-

: ._1ing, nerve cells were washed with a Rfgfree solution (in mM): 140
ent for two different ranges of the membrane pOtermal'NaCI, 5 KCl, 2 CaCJ, 15 glucose, 10 HEPES (pH 7.3). Fast replacement

These different values d@fallowed them to hypOtheS|Ze the of superfusion solutiong (< 30 ms) was achieved using the concentration-
existence of deep and shallow blocking sites for these drug@mp technique (Benveniste et al., 1990b; Vorobjev, 1991). The currents
in NMDA channels. The same assumption could be madeere 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 M. Analog current signals were digitized at 1-kHz
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senting the transitions between all possible states of the channel. The raighere A = 0.79 = 0.01 is the constant, I = 8.7 = 0.8

constantsk, (i = 1, ... 4), were calculated by the method described in uM and K—%o = 0.010 = 0.004 uM are the apparent

Appendix B with the help of Mathcad (version 5.0). Differential equations . - _ + 1
were solved numerically by using the algorithm analogous to that describe!jmlf—blOCkIng Concentraﬂon@“”' B _1_'26 +0.08 andr_‘““'
previously (Benveniste et al., 1990a). = 1.83 = 0.99 are the Hill coefficients, and [B] is the

Amino-adamantane derivatives were synthesized by MERZ (Eckenheiblocker concentration. The concentration dependencies of
mer Landstr. 100-104, 60318 Frankfurt-am-Main, Germany) (see Table 1).qther AADs were studied at the blocker concentrations in
approximately the following range: from 10 times lower to
10 times higher than I§. The degree of the stationary
open-channel blocki £/1¢) for these blockers was fitted by
the following logistic equation:

RESULTS
Concentration dependence

lonic currents through NMDA channels were elicited by
fast application of 10QuM aspartate (ASP) in a Mg -free, Ig A

3 uM glycine-containing solution. At a holding potential of Is 1+ ([B)/1Cs0) N @)
—100 mV, ASP induced an inward current which, after its
initial fast rise ¢ < 30 ms) up to the valué,, indicating the
opening of NMDA channels, decreased gradualty &

The values of the fitting parametets ICg,,, andn,y;, are
N ; presented in Table 2. It is interesting that the valué &ér
449 = 27 ms,n = 21) down to a certain plateau levés 5 AADs proved to be lower than 1. Taking into account the
(Fig. 1,|nse_9. S_uch a current decay_qndgr continued aCt'Or‘heterogeneiw of NMDA channels, this finding can be ex-
of the agonist is a result of desensitization of the receptor: lained by the existence of another qualitatively different
channel complex. The fraction of desensitized channel igh-affinity binding of AAD to NMDA channels, due to
g (Tslto_o IYSISI%r:/;\r/Iveads boer':vf[ﬁgr;\tre]?aceensmgeaoglge:rzgge of which some of these channels become inactive or blocked.
DO o ge, ; : The kinetics of the open-channel blockade were studied
AAD inhibited the ASP-induced currents in a concentra- ving AAD in th i f ASP (100
tion-dependent manner. Two-second coapplications of ASIQy appying In Ihe continuous presence o (
uM). Only the cells with parameted smaller than 0.33

with the blocker were repeated eye8 s up to thepoint ) )
where the plateau current reached its stationary leyg! ( were selected for these experiments. The current traces in
Stationary current responses to MRZ 2/178 at differenf€SPONSe t0 5-s applications of MRZ 2/178 at different
concentrations are shown in Fig.A The degree of the concentrations are shown in Fig. 2. The blocking as well as
stationary open-channel block(ls) was fitted by the lo- the recovery kinetics of current responses were poorly fitted
gistic equation (Fig. B) with single exponential functions (Fig.A). In contrast, the

lg

A

1-A

fittings with double-exponential functions proved to be
quite satisfactory (Fig. B). The mean values of the ampli-

Is 1+ ((BJICs) Ny + 1+ ([BJICssY) Ny @ tude of the fast component, fast and slow time constants, for
the blocking A%y, s, and o, respectively) and recov-
ery kinetics A2, 2 and 2, respectively) of meman-

. . tine (MEM) and MRZ 2/178 are shown in Fig. 3. Both time
TABLE 1 Chemical structures of the amino-adamantane on on .
derivatives used in the study constarlts;rfas.t and 7., decreased with the blocker con-
. centration (Fig. 3A and C), whereasroft, and =2 were
NHs practically concentration-independent (Fig. B,and D).
The values of the amplitude of the fast component at any
two different concentrations were significantly different:
Ra °n increasedgf < 0.03) andA®™ decreased with a rise in
R1 the blocker concentratiorp(< 0.0002) (Fig. 3E andF).
For all AADs, in 67% of cellsif = 69) A2 was equal to
R2 zero at high blocker concentrations. This fact provides
direct evidence that the two components observed in the
Compound R1 R2 rR3  AAD-induced kinetics cannot be explained by the exis-
Memantine CH CH, H tence of two different populations of NMDA channels.
Amantadine H H H Otherwise we would observe some fast component, even
MRZ 2/150 -GHs -C,Hs -H at infinitely high blocker concentrations. Moreover, two
MRZ 2/151 GHs -CH, ‘CH;  Kinetic components were observed in the recovery kinet-
e ;ﬁ;; éﬂ: E:E:;Z;’I;’yl) o ! ics of MEM and amantadine in homogeneous NRi1a/
MRZ 2/184 -GHs -CoHe H NR2A and NR1a/NR2B populations of NMDA channels
MRZ 2/239 -GH, (-propyl) -C;H, (-propyl) -H (Blanpied et al., 1997).
MRZ 2/372 -GH; (disopropyl)  -GHy (-isopropyl) ~ -H According to previous reports (Chen et al., 1992; Parsons
MRZ 2/457 -GHs -CH, -H

et al., 1993, 1995), AADs are uncompetitive NMDA chan-
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and last tracesand presence of MRZ W‘H ls f

500 pA

2/178 (0.6, 1.9, 5.6, 16.7, and HM). /\Mﬂ
The inset shows the control response 2s

to ASP application on an expanded
time scale. The current decrease from
I to |5 was fitted with the exponent,
75 = 320 ms. B) Plateau current re-
sponses I§) divided by the control wij
plateau valuel) were plotted against

the MRZ 2/178 concentration. The

solid line shows the fitting of the ex-

1.0—‘
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0.8+

0.6+

I/l

perimental data to Eq. 1. The fitting 0.4+

parameters areA = 0.79 = 0.01, /S

ICqo = 8.7+ 0.8 uM, Ny = 1.26* s 021

0.08, IC, = 0.010+ 0.004 M, and 8

1o - 0.0 . . . . :
Mhn = 1.83+ 0.99 f = 6). /0 1s 0.001 0.01 0.1 1 10 100

[MRZ 2/178], uM

nel antagonists. Their action can be illustrated by a simple Is it possible to explain the two components in the open-

one-site model: channel blocking kinetics without the addition to model 1 of
LlA] B ki[B] another blocked state? Obviously it could be done by taking
C Ca 04" Oas into account the existence of desensitized states of the
b @ k2 channel. For the sake of simplicity, let us consider the
Model 1 model with only one desensitized state,(D
where C, G, O,, and Qg represent the channel in closed Da
agonist-unbound, closed agonist-bound, open, and open
blocked states, respectively. The asterisk indicates the con- 4 Hs
ducting statel,, I, a, B, k; andk, are the kinetic constants. h[A] B ki[B]
[A] is the agonist concentration. Model 1 is a priori unable C Ca 04" Oas
to explain the existence of two components observed in the b a k
open-channel blocking kinetics, because the time constants Model 2

of the transitions between the C,Cand G, states (see o ]
Appendix A) are much higher than even fast time constants 1€ kinetic constants, I, «, andp were determined by
of the AAD-induced kinetics (Fig. 3A-B). using the data from literature; arld and k, were found

TABLE 2 The concentration and voltage-dependence parameters for AAD

Concentration dependence Voltage dependence
Compound Nein ICso uM A ) Kd(0) uM A
Memantine 0.92+ 0.06 0.80+ 0.21 0.79+ 0.07 0.73+ 0.03 18.5+ 2.7 0.99+ 0.04
Amantadine 1.02-0.13 145+ 4.4 0.83+ 0.10 0.92+ 0.02 737+ 36 0.99+ 0.01
MRZ 2/150 1.28+ 0.13 0.37+= 0.11 0.79+ 0.08 0.73+ 0.07 8.4+ 2.6 1.04+ 0.12
MRZ 2/151 1.19+ 0.15 0.70+ 0.14 0.75+ 0.05 1.03+ 0.12 36.1+ 14.8 0.83+ 0.07
MRZ 2/177 1.03* 0.07 0.43+ 0.07 0.85+ 0.05 0.82+ 0.03 128+ 1.4 0.95* 0.03
MRZ 2/178 1.26+ 0.08 8.7 0.8 0.79+ 0.01 0.82+ 0.08 102+ 33 0.90=* 0.09
MRZ 2/184 1.39+0.14 2.49+ 0.36 0.84+ 0.04 0.87+ 0.08 39.3+ 13.0 1.01+ 0.10
MRZ 2/239 1.34+ 0.20 2.78+ 0.61 0.88+ 0.04 0.89+ 0.09 39.2+ 12.3 0.98+ 0.08
MRZ 2/372 1.19+ 0.07 0.72+ 0.08 0.85+ 0.02 0.90+ 0.06 25.6*+ 6.1 0.90=+ 0.05
MRZ 2/457 1.14+ 0.08 0.39+ 0.06 0.80+ 0.03 0.88+ 0.06 13.4+ 2.6 0.98+ 0.05

The values presented are meanSE.n = 4-14 cells.
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MRZ 2/178

FIGURE 2 The fast and slow compo-
nents in the kinetics of the NMDA open-
channel blockade by MRZ 2/178. ASP
(100 M) was applied continuously.
MRZ 2/178 at various concentrations
was coadministered f@ s with ASP. )
Original NMDA responses at the 5.6,
16.7, and 5QuM MRZ 2/178 concentra-
tions were fitted with single exponential
functions. B) The same responses were
fitted with double exponential functions. B
The amplitude of the fast component in-
creased with a rise in the blocker concen-
tration for the channels blockadéy)
and decreased for their recovedgfl).

16.7 uM

 Ap=0.42
Agget=0.78

from the analysis of mean values &, and 72, (Fig. 3,  (see Appendix A), the processes of the agonist binding and

C and D) for open-channel blockade by MEM and MRZ the subsequent channel opening are represented as a straight
2/178 (see Appendix A). The values gfand e, the rate transition from the closed state (C) to the open statg) (O
constants of transitions into and out of, Drespectively, When only one blocker molecule binds to the channel,
were defined from the results of studies of control currentthere are two simplest possibilities to add one new blocked
responses to 2-s ASP application (Figirise). We found  state to Model 1. The first one can be expressed by a
the numerical solutions at different values {Fig. 4 A) sequential kinetic model:

and fitted them in the same way as the experimental curves.
The modeling values o2, o, 21, and 2 were of

the same range as the experimental o¢g, however,
remained constant at different AAD concentrations, irre-
spective of thed value (Fig. 4B). Moreover, at a compar- Model 3

atively low value ofd (but an extremely high value for .
kinetic experiments) of 0.32, the fast component of the Xe €an represent the second opemgf) desensitized

recovery kinetics was negligibled", = 0.014 for MEM  (Dag), or closed () blocked states of the channel. In the
and AT = 0.045 for MRZ 2/178). The Hill coefficient for latter case, the blocker can be trapped in the closeq channel.
model 2 is exactly equal to 1 (see Appendix C) and thusl Ne trapping block of NMDA channels by memantine and
cannot explain the experimentally observed values,gf ~ @mantadine was reported earlier (Johnson et al., 1995; Chen
exceeding 1. and Lipton, 1997). In this case gtan be designated agC

Thus we failed in our attempt to explain the two compo-and the kinetic constari, can be written in more detail as
nents in the open-channel blocking kinetics of AAD by anks = |1 - [A]. However, under our conditions of the contin-
addition of the desensitized state to one-site model 1. So i#ous presence of ASP at a constant concentration M)
is necessary to increase the number of blocked states of ttiis more accurate definition is unimportant. Thus all three
channel. Let us consider the appropriate simplest kinetigossible representations of the sequential model are kineti-
models. As the behavior of other parameters predicted bgally equivalent.
model 2 was qualitatively the same as the experimental one, Another simplest possibility, adding the second blocking
the main object of our observation will be the behavior of site when only one blocker molecule binds to the channel,
A for the channel recovery from the AAD-induced block- can be expressed in the form of a parallel kinetic model:
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 r

L 3[B] || ks

states to the kinetic model not only leav&&’, constant at H

L[A] k1[B] k3
C On” Oas Xp
I k2 ka

Oan2

different blocker concentrations but, in our experimental c hiA) o kBl o
range ofd, it also allows one to consider it as practically ) b A< ks ABL

zero. For the sake of simplicity and without any loss for our
analysis due to the high value of the opening probability Model 4
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FIGURE 3 The fitting parameters of the kinetics of the ; o oo 01 ] o o
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 D
current responses are shownAnC, E and inB, D, F,
respectively. The fast and slow time constants decreased ¥ .
with the blocker concentration for the blockadeahdC, o o - i ]
respectively) and were practically concentration-indepen- 3 g "
dent for the recoveryR andD, respectively). The value <" = [ % x
of 72 for MEM at 64 uM was poorly defined because of ~ ° 3 ° z o -
the low value ofA%™ The corresponding recovery kinet- o 14 A
ics were fitted with fixed72™, mean for lower MEM
concentrations. The amplitude of the fast component in-
creased with the blocker concentration for the channel y T o y " e
blockade E) and decreased for their recovery)( The
slope of A% dependence on the blocker concentration E 1.0+ F o1
AAT/A[B] = —0.29 + 0.02 f = 6) for MEM, and
AATIA[B] = —0.44 + 0.04 ( = 5) for MRZ 2/178. 08 08l
0.6 064 1
5. 5,
8 04l - & 4.
& 0.4 <& o4
0.2 0.2
0.0 : T \ 0.0 T r N
1 10 100 1 10 100
Concentration , uM Concentration , uM

According to model 4, the blocker binds to one or another(Table 2), because they predict the value of the Hill coef-
blocking site in the channel. The jumps from one blockingficient as being exactly equal to 1 (see Appendix C).
site to another are impossible. The kinetic constants for Model 4 can be complicated by the transition between
models 3 and 4 (Table 3) were defined unambiguously fronD,5, and Qg,:
the analysis of mean values ef, 72, 720 ., and 72"
(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 k3[B]Hk4 Nﬁ
as in the experiment; however, the modeling valueA%,

OaB2

: LlA ki[B]
for the channel recovery from the AAD-induced blockade Al £
. . . ] C Oa OaB1
did not change with the blocker concentration (cf. Figs. 5 s ko
and 3F). The inadequacy of these models can also be seen
in their inability to explain high experimental valuesrgf;, Model 5
TABLE 3 The modeling kinetic constants for MEM and MRZ 2/178
MEM MRZ 2/178
K, uM~1s7t k, st kg uM 157t k,st K, uM st ky, st ky uM~1s72 k, st
Model 3 1.92+0.28  0.23+0.02  0.37+0.01  0.158+ 0.005  0.98-0.42  0.88+ 0.17 0.73+ 0.03 0.29+ 0.06

Model 4 0.24+ 0.18 0.77+ 0.07 1.29+0.28 0.056+ 0.005 0.50* 0.27 1.76+ 0.13 0.48+ 0.15 0.136+ 0.019
Model 7 1.15* 0.24 0.77+ 0.07 0.33+ 0.22 0.056+ 0.005 0.89*+ 0.37 1.76+ 0.13 0.080+ 0.043 0.136*+ 0.019
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MRZ 2/178 MEM

20s

AnoT=0.045

Mode! 3 Model 4
e e o e e - 0.5+ 0.5
F Apa = 0.49 “‘ B = Model 3
04 o Model 4 0.4
0.3 0.3
5.
5s {g 62 02
01 01
B 101 10-‘ 0.0 o1 p 0.0 T Yy
[MEM], uM [MRZ 2/178], yM
081 = d=032 0.8+
o d=0.59 FIGURE 5 The kinetics of responses predicted by models 3 and)4. (
061 4 d=077 056+ The modeling current traces for models 3 and 4. MEM at different
5 - a A A A concentrations (0.125, 0.25, 0.5, angll¥) was applied in the continuous
8 04l 04l presence of ASP (10QM). (B) The values of the amplitude of the fast
< component for the recovery from the block by MEM and MRZ 2/178 for
02l 02 models 3 and 4 were plotted against the blocker concentration. For both
modelsAST did not depend on the blocker concentration.
0.0+—=M———2 . : 0.0 t . T
10 100 10 100
MEM], uM [MRZ 2/178], uM by the following scheme:
FIGURE 4 The kinetics of responses predicted by modelA2. MRZ . ki[BI]
2/178 at different concentrations (20, 60, 180, and A¥) was coapplied 0a1 =——0a1B
with ASP (100 uM) after the agonist-induced current had reached its ke .
stationary level. The modeling current traces are presented for two values LAl 1, | i
of the fraction of the desensitized channelsin both cases the amplitude i
of the fast componen2, did not depend on the MRZ 2/178 concentra- C MY i
tion, but increased from 0.045 to 0.49 whdrrose from 0.32 to 0.77, LIATN ii
respectively. B) The values oA for MEM and MRZ 2/178 at different ks[B] vi
d (0.32, 0.59, and 0.77) are plotted against the blocker concentration. OA2*_> Oazp

Despite the common independenceAdf., on the concentration for MEM
and MRZ 2/178, MEM, the blocker slower than MRZ 2/178, demonstrated
a lower increase i, with d. Model 6

ks

where Q; and Q,, are the two different open states of the

channel and Q,5 and Qg are its blocked states, respec-

tively. Thus the two blocked states in model 6 can corre-

Model 5 describes the situation in which either blocking spond to only one binding site of the blocker. The transi-

site can be occupied at first and the blocker can jump fromjons C-Q,; and C-Q, are not slower than the transition
one site to another. As a combination of models 3 and 4, ibetween C and Qin model 4 because the mean open time
cannot simulate the experimentally observed kinetics eithegiistribution was not shown to contain any components with
(Fig. 6). Furthermore, in the framework of the simplestr > 10 ms; the transition between,Qand Q,, is very fast
models with two blocked states, the kinetic model can alsqr << 1 ms) and, in the majority of NMDA channels,
be complicated by the appearance of two open states of thymmetrical (Gibb and Colquhoun, 1992). To our knowl-
channel. The existence of two to five conductance levelgdge, the existence of temporal asymmetry was found only
was shown in experiments with native and recombinanfor NMDA NR1a/NR2D recombinant channels (Wyllie et
NMDA channels (Gibb and Colquhoun, 1992; Wyllie et al., al., 1996). Despite the possible asymmetry of the transitions
1996). This complication of the model can be representethetween C, Q,, and Q,, with respect to the transitions
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FIGURE 6 The kinetics of responses predicted by model 5. All of the < - _ -
kinetic constants exceft andks are the same as for model 4 (see Table 024 " " " -
3). The constant¥ks and kg are mutually dependent according to the N N ~
equatiork, - k, - ks = k; - ks - ks. (A) The modeling current traces in the cases 0.0
when the transition between,@, and Q,g, States wasa) slower than both o 1

Op-Opp; @and Q-O,p, transitions,ks = 0.006 2, ks = 0.0153 s*; (b)

comparable to the slow onle; = 0.06 s %, ks = 0.153 §'*; (C) comparable to

the fast oneks = 0.6 s°%, ks = 1.53 s'%; and () faster than both of thenkg

=6 Sﬁl, kG =15.3s 1. MEM at different concentrations (0125, 0.25, 0.5, and FIGURE 7 The kinetics of responses predicted by model 6. The kinetic

1 uM) was applied in the continuous presence of ASP (@RD). The recovery ~ constantdy, |, ky, Ky, ks, andk, are the same as those for model 4 (see

kinetics ina are practically the same as shown in Fig. 5 for modef, = Table 3). The constangsandv were taken to be high enough to ensure the

1.46+ 0.01 5,2 = 16.3+ 0.1 s. Inb the kinetics are faster2™ = 1.32+ rapidity of the transition between the,Qand Q,, states with respect to the

0.01 5,2 = 9.7+ 0.1 s. Inc and d, the recovery kinetics are single other transitions in model 6 and not too high to simplify the modeling

exponential, with the time constants intermediate between the time constants ffocess. The constantgandl, were of the same range asandl, and

a andb. These time constants can be defined as slow; their valuessiiere ~ Were changed symmetrically witlh and v to comply with the equatioty -

= 4,69+ 0.01 s and3, = 4.09+ 0.01 s forc andd, respectively. B) The ly+ w=1,-15-v. (A) The modeling current traces in the cases when the

values of the amplitude of the fast component for the recovery from the blocklynamic equilibrium along the transition,@O,, Was @) symmetrical,

by MEM for all four cases described i were plotted against the blocker p = v = 1000, 15 = I3, 1, = I,; (b) shifted to Q;, u = 4 v = 2000

concentration. In contrast to the experimesft, did not depend on the blocker  §™% I3 = 2+ 13, I, = 0.5+ I; (c) shifted to Q,, . = 0.25- v = 500 s *,

concentration; it decreased from 0.280.01 inato 0.19+ 0.01 inband I3 =0.5-1;,1, = 2-1,. MEM at different concentrations (0.125, 0.25, 0.5,

became equal to zero mandd. and 1uM) was applied in the continuous presence of ASP (L80. The
values of72T and 73, were practically the same as for model 4 and did

. not depend on the blocker concentratioB) The values of the amplitude

Oa1-Oa1p @nd Qy,-Oppp due to the different conductance of the fast component for the recovery from the block by MEM for all three

of O,; and Q,, states or the temporal asymmetry betweencases described iA were plotted against the blocker concentratiéff,

them, the rapidity of these transitions provides qualitativelydid not depend on the blOCﬁer concentration and was the Saféfife#

the same kinetics as in the case of models 2-5 A%, is 028 0.01)ina smaller 5, = 0.09 = 0.01) inb, and larger Afzs: =

. . . ., 0.63* 0.01) inc than for model 4 (see Fig. B).
concentration-independent (Fig. 7). Model 6 also predicts
the value of the Hill coefficient as being exactly equal to 1

(see Appendix C).

Concentration , uM
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Thus no models considered above can qualitatively deMEM and AAST/A[B] = —0.44 + 0.04 for MRZ 2/178). It
scribe the kinetics of NMDA channel recovery from the is interesting that taking into account the open probability of
AAD blockade. The only way to solve this problem within less than 1 by involving the closed agonist-bound state of
the framework of simplest models with two blocked states ishe channel in model 7,
to suppose that not one, but at least two blocking molecules

can simultaneously bind to open NMDA channels. In a hlA] B , kBl kBl
kinetic model this fact will be expressed by the appearance c Ca Oa Onp2 OaB1B2
of the double-blocked state, \@5,. The resulting kinetic L “ ka ka
model with a double-blocked open-channel state is sequential: Model 7a
L[A] ki[B] ks[B] we did not change considerably the recovery kinetics (the
C 04 Oxg2 OaB1B2 values ofP, were varied by means of variation pata =
I ks ka 200 s *; see Appendix A). Thus the kinetic constanfg,
and=2 | remained the same at differeg. A2, changed a
Model 7 little with a change in the open probability. The slope of the

Model 7 suggests the strong order for the blocker mole/as: dependence on the blocker concentration changed
cules to occupy their binding sites: site 2 is occupied firstWithin the error limits (cf. for MEMAA?QL{A[B] = —0.53=
site 1 is occupied thereafter. The constdqiss, ks, andk, ~ 0:04 atP, = 1, model 7,solid line in Fig. 8 B; and
(Table 3) were defined unambiguously according to thedAs/A[B] = —0.51 = 0.03 atP, = 0.04, model 7a,
experimental kinetics (see Appendix B). Finally, in this casedashed linein Fig. 8 B). Contrary to the kinetics, the
off depends on the blocker concentration qualitatively inconcentration dependence of the stationary blockade pre-
the same way as in the experiment: it decreased with cordlicted by model 7a strongly depended on the open proba-
centration for both MEM and MRZ 2/178 (Fig. 8). It bility (Fig. 8 C). n,y;, increased for MRZ 2/178 from 1.48
should be noted, however, that the slope of A&, depen-  0.05 atP, = 1 (model 7) to 1.81+ 0.04 atP, = 0.04 (for
dence on the blocker concentration (FIB8\AZT/A[B] =  MEM ny, = 1.60+ 0.04 atP, = 1 andn,y;; = 1.90=* 0.02

as

—0.53+ 0.04 for MEM andAAZ™/A[B] = —0.61+ 0.03  atP, = 0.04). Thus, in accordance with theoretical predic-

a

for MRZ 2/178) was much steeper than that observed in théions (see Appendix C), the modeling kinetics gayg,

experiment (Fig. 3F, AA°TJA[B] = —0.29 = 0.02 for  values within the interval from 1 to 2, despite being con-
FIGURE 8 The kinetics of responses and MEM MRZ 2/178
the concentration dependence of the stationary A — 1

blockade predicted by model 7 (7ap)(The 7 °  w7mrmmmmmmmmssmsmosssosmosmmon s
modeling current traces predicted by model 7.
MEM at concentrations 0.125, 0.25, 0.5, and 1
M and MRZ 2/178 at concentrations 1, 2, 4,
and 8 uM were applied in the continuous
presence of ASP (100M). (B) The amplitude

of the fast component predicted by model 7
(7a) at different blocker concentratio$t, de-
creased with the blocker concentration for both
MEM and MRZ 2/178. The slope @€ depen-
dence on the blocker concentration predicted by
model 7 P, = 1) wasAAYTJA[B] = —0.53 +
0.04 for MEM andAAZT/A[B] = —0.61+ 0.03

for MRZ 2/178 (shown bysolid lineg. A2,
dependence on the blocker concentration did not
practically change when the open probability B 104
was decreased according to model 7a (for MEM
AATIAIB] = —0.51 = 0.03 atP, = 0.04, 0.8
shown bydashed ling (C) Concentration de-
pendencies of the stationary blockade by MRZ
2/178 predicted by model P§ = 1) and model

1.0
® MRZ2/178 C
A& MEM,P,=1
v MEM, P, =0.04

0.6 064

7a atP, = 0.04 were superimposed on the nor- E % :w

malized concentration dependence observed in q:& 0.4 o 044

the experiment (all of the points except for the A Py=1

two left ones shown in Fig. B are represented 024 o2l ¥ Po=004

here). The fittings to Eq. 2 witlA = 1 of the O Experimental

modeling and experimental data are shown by X

solid and dashed lines, respectively. The dose- 00+ ™ i 5o 00+ T ™ o0
response curve predicted by model 7a was Concentration , uM Concentration , M

shifted to the right with a decrease .
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siderably larger than those observed in the experiment (Taand slow time constants for the blocking, and the recovery

ble 2). The value of Ig, differed considerably at low and
high values ofP,. Thus, for MRZ 2/178, |G, increased
from 1.22+ 0.03 to 8.42+ 0.10 uM with a decrease iR,
from 1 to 0.04 (for MEM, IG, = 0.28=* 0.01 atP, = 1 and
IC5o = 1.63 = 0.01 atP, = 0.04), and at the low open

kinetics of MEM and MRZ 2/178 depending df, are
shown in Fig. 11. It should be noted that both time con-
stants, 7o and 72, in the kinetics of recovery from MRZ
2/178 decreased with membrane depolarization (FigBl11,

andD), whereas in the case of MEMZ, was practically

probability was approximately the same as in the experivoltage-independent (Fig. 1B). We modeled the kinetics

ment (8.7 0.8 uM).

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
The current responses to AAD application in the continuougransition from C to Q was assumed to be voltage-inde-
presence of ASP (100M) were different at different mem- pendent. This assumption can be confirmed by the fact that
brane potentials (Fig. 9nse). The voltage dependence of the whole-cell current-voltage dependence curve irf Mg
the stationary blockade of open NMDA channels by MEM free solutions for NMDA channels is practically linear
and MRZ 2/178 is shown in Fig. 9. The fitting was done (Nowak and Wright, 1992; Parsons et al., 1993, 1995) and
using the equation by the observation that the inhibition of NMDA responses
by the competitive antagonists was not voltage-dependent
lg/ls = A/(1 + [BJ/Kd(0) X exp(6FE/RT)) @) (Benveniste and Mayer, 1991a). The other constants de-
whereA is the constantg,, is the membrane potential, and Pending ork;, are defined according to the following equa-
Kd(0) is the equilibrium dissociation constantigt= 0.F,  Uons:

Potential dependence

R, and T have their usual meanings. The valuesépthe 8o F AE,
fraction of the electric field that contributed to the energy of kyg) = Kyg o™ [{—Mém_) 4)
AAD at the blocking sites, proved to be very high (Table 2).
The values ofA were close to 1. 8.2 F AE
P . _ L—100mV 12) h
The double-exponential fit of the 10M MEM-induced Koy = Koy €X RT (5)

blocking kinetics (Fig. 10) showed tha&{}, decreased at

first from 0.79 to 0.54 with an increase in the holding wherek.~'°° ™V is theith kinetic constant at the holding
potential from—100 to—40 mV and then was enhanced to potential of —100 mV, 3, and &, are the fractions of the
0.65 with a rise inE, to —20 mV. A% for the channel electric field corresponding to the first (from,Qo Opg;)
recovery from the MEM blockade increased from 0.27 toand second (from £;; to O,g,5,) blocking transitions, and
0.79 with an increase ik, from —100 to —20 mV. The AE, is the difference betwees, and —100 mV. All of the
mean values of the amplitude of the fast component, the fastalues of the kinetic constants atLl00 mV were the same

MRZ 2/178
—

FIGURE 9 The voltage depen-
dence of the stationary NMDA open-
channel block by MEM (1QuM) and
MRZ 2/178 (80uM). The stationary
current values in the presence of the
blocker (g) divided by the corre-
sponding control current valuess(
were plotted against the membrane
potential E,). The solid lines show
the fitting of the experimental data
with Eq. 3. The fitting parameters are
A=0.99+ 0.04,Kd(0) = 18.5+ 2.7
uM, & = 0.73 = 0.03 = 5) for
MEM, andA = 0.90* 0.09,Kd(0) =
102+ 33uM, 6 = 0.82+ 0.08 (=

6) for MRZ 2/178. The inset shows
the original current traces at various
membrane potentials (from100 to
40 mV). MRZ 2/178 was applied for 1
6 s in the continuous presence of ASP 00
(100 uM).

0.8 —

0.6 —

0.4 <

¢ MEM
o MRZ2/178

0.2 H

-100 -50 9] 50 100
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FIGURE 10 The kinetics of the 0 — — — —
NMDA open-channel block by MEM

depending on the membrane potential.

ASP (100uM) was applied continu-

ously. MEM (10uM) was coadminis-

tered fo 6 s with ASP at various
membrane potentials (from-100 to

—20 mV) (E,). The solid lines show

the fitting of the current traces with

double exponential functions. The am-  Awe™"=0.78
plitude of the fast component for the
channels blockade ", decreased
from 0.79 to 0.54 with an increase in
E;, from —100 to —40 mV and then
was enhanced to 0.65 with a riselp
to —20 mV. AT increased from 0.27
to 0.79 with a rise irE;, from —100 to
—20 mV.

A =065

Afastw:0'57 Ay =065
st A

Ayt =054

-20 mV

<<
Q
o
o
[Te]

lg- 10s

as in previous experiments with model 7 (Table 3). WeAADs, not only second but also the first transition in model
considered three different situations for a qualitative kinetic7 is potential-dependent. Therefore two blocking sites of
analysis depending on the membrane potential when 1) botAADs are located in the depth of the channel pore.
the first and second blocking transitions of modelsy €
0.45,8, = 0.45), 2) only the first transitiond¢ = 0.9, 6, =
0), and 3) only the second transitiosy (= O, 82'— 0.9) Were  bISCUSSION
voltage-dependent. The results of modeling experiments
with MRZ 2/178 are shown in Fig. 12 (for MEM the results In our experiments we studied the concentration- and volt-
are qualitatively similar). In the first situation both the fast age-dependent blockade of open NMDA channels by AAD.
and slow time constantsJt, and 727 ) for the recovery The kinetics of AAD-induced responses in the continuous
kinetics decreased with the membrane potential (FigBL2, presence of ASP contained fast and slow components (Fig.
andD). In the second situation this decrease was observed). This fact is not due to the existence of two different
only for 72 and in the third one, only for . A com-  populations of NMDA channels. We made an attempt to
parison of ther2  behavior for the model (Fig. 1R) and  explain the appearance of the second kinetic component by
the experiment (Fig. 1D) allows one to reject the second the process of desensitization (models 2 and 3), the ability
situation and to conclude that the second transition in modedf the channels to close with the blocker inside (model 3),
7 for both MRZ 2/178 and MEM is potential-dependent. Asthe existence of two different AAD blocking sites on con-
for the first transition (cf. Fig. 12 and Fig. H), the kinetics  dition that only one blocker molecule can bind to the chan-
of MRZ 2/178 indicates that it is strongly voltage-depen-nel (models 3, 4, and 5), as well as by taking into account
dent, whereas in the case of MEM the situation remainsnultiple open states of the channel (Model 6). However,
unclear. A comparison of other kinetic parameters (Fig. 12hese attempts failed to model the experimentally observed
and Fig. 11A, C, E, andF) suggests that most probably the decrease i, with an increase in the blocker concentra-
first transition for MEM depends on the membrane poten-tion (Fig. 3F). Moreover, the Hill coefficient higher than 1
tial, although to a much smaller degree than for MRZ 2/178for practically all AADs (Table 2) cannot be predicted by
The voltage dependence of the stationary block by MEMthese models (see Appendix C). The low valuengf, for
and MRZ 2/178 for model 7 in the three situations men-MEM can be explained by its ability not only to block
tioned above is shown in Fig. 13. The fit with Eq. 3 gave NMDA channels but also to potentiate agonist-induced re-
high values of the integral fraction of the membrane electricsponses (Koshelev et al., 1997). It is clear that any combi-
field, 6: 0.70 for MEM and 0.66 for MRZ 2/178 in the first nation of models 2—6 cannot simulate the dependence of
situation and 0.90 in the second and third situations for bottAS™ on the blocker concentration or a Hill coefficient higher
MEM and MRZ 2/178. Contrary to the first and second than 1. Thus the addition of any states to the model will not
cases, in the third case the essential decrease in the limgxplain the experimentally observed kinetics on condition
fraction of unblocked channels at an infinitely high positive that only one blocker molecule can bind to the channel.
potential (parameteh in Eqg. 3) is observed for both MEM The ability of two blocking molecules to bind simulta-
(Fig. 13A, A= 0.65) and MRZ 2/178 (Fig. 1B, A= 0.43), neously to a NMDA channel and, correspondingly, the
although in the experiment this value was close to 1 (Tableppearance in model 7 of the “double-blocked” state al-
2). This fact can be considered strong evidence that for alowed us to resolve qualitatively the difficulties mentioned
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FIGURE 11 The fitting parameters of

the kinetics of the NMDA open-channel
blockade by MEM and MRZ 2/178 de- C
pending on the membrane potentii) 1.6+ 121

The experimental scheme is shown in }
Fig. 10. The mean fitting parameters for
the blocking and recovery phases of the ¢ 1.2

Q
current responses are shownAnC, E b E E 3 81 §\§
and in B, D, F, respectively. Fast and - -
slow time constants for the recovery & 3 081 S5
from MRZ 2/178 decreased with mem- o ke
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brane depolarizationB{ D), whereas in & %’/ =
the case of MEM,, was practically 04 §/ \g
voltage-independen8j. The amplitude )
of the fast component for the recovery ; . : . . 0 . . ; . .
from MRZ 2/178 had a nonmonotonous <100 80 -60 -40 -20 100 -80 60 -40 -20
dependence orE,, whereasAlT for
MEM was enhanced with a rise iB, E 1.01 F 1.0+
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above. It is impossible, however, not to notice some quansite (2). Thus, by adding the new statesg@and G;,, to
titative discrepancies: 1) the slope of tA&", dependence model 7, we obtain the following model:
on the blocker concentration (Fig B is much steeper than

that observed in the experiment (FigF}, and 2) the Hill Oani Cp2

coefficient (Fig. 8 C) is much higher than that in the H \ H

experiment. Furthermore, model 7 is unable to explain the

nonmonotonous dependenceAf’, on the membrane po- C N Oag2 OARIB2
tential for the channel recovery from the MRZ 2/178-in-

duced blockade (cf. Figs. 1& and 12F). Evidently, the Model 8

defects of model 7 are the strict succession, in which twayhich is the combination of models 3, 4, and 7. Unlike
blocking molecules can bind to their sites, and the failure tanodel 7, where the first blocking molecule reaches the deep
take into account the trapping block of NMDA channels by blocking site 2 right from the external solution, model 8
AAD. By analogy with Johnson et al. (1995), it is right to gives this molecule another possibility to gain site 2 by way
suppose that the channel cannot close with the blocker at thef sequential “jumps” from the extracellular medium to site
shallow site (1), but can do it with the blocker at the deeperl and from site 1 to site 2 (Fig. 14). For the sake of
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predicted by model 7. The experimental scheme is the

same as that shown in Fig. & The mean fitting C D

parameters for the blocking and recovery phases of

] : ; 754 o
modeling responses are shownAnC, E and inB, D, ‘/‘ \

F, respectively. The fast and slow time constants, and 6 /
the amplitude of the fast component were plotted 8 A S ©.
againstg, in three following cases when 1) both the & ;| / 7] \
first and second blocking transitions of model 7 de- 5 ) a £ " ° O
pended on the membrane potenti& € 0.45,8, = 3 /o ° Z 45l \
. i - — % 41 o= 0 @ ©
0.45); 2) only the first§, = 0.9,8, = 0) and 3) only g -~ — K S
the second transitiord{ = 0, 5, = 0.9) were voltage- -~ \ °
dependentrit, for MRZ 2/178 did not decrease with 3+ * 3.0+ »
E,, only in situations 3B), and73 , did not decrease . . . . , , . : . ;
with E,, only in situation 2 D). A2, for MRZ 2/178 0 80 80 40 20 -0 -0 60 40 20
did not decrease witl,, in all three situationsK). 10- 10
The parameters for the blockade demonstrated qual o« " F .
itatively different voltage dependencies in the three /o/ ./
cases considered\(C, E). 0.8+ . 0.81
/ o/o
0\0 o ° o
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simplicity, this model does not contain all possible desenthat for MRZ 2/178. Perhaps the long hydrophobic “tail” of
sitized and multiple open states of the channel. Nonetheles8]RZ 2/178 promotes the deeper binding of the blocker in
model 8 can predict any slope Af™, and any value ofi, the vicinity of site 1 by way of its interaction with the
intermediate between the values given by models 3, 4, andydrophobic site in the channel pore (Subramaniam et al.,
7, i.e., it allows one to obtain the correspondence with thel994).
experimental values. This model, however, has many more
degrees of freedom than the previous ones, and its constan
cannot be defined unambiguously from the experimental
data. The process of NMDA channel opening consists of two main events: its
The potential dependence of the kinetics of AAD-inducedactivation by means of agonists and coagonists binding to their sites and
responses allows one to understand why such high values 8f °Pening of the gate, which proceeds with the probabffigy The

. process of agonist binding was well described by a two-equivalent site
b were observed for the stationary block of NMDA Channelsmodel (Benveniste and Mayer, 1991b). Apparent microscopic association

(Table 2). Being some integral fraction of the electric field, anqg dissociation rate constants for NMDA were determined to be 2.1 s
o reflects the penetration of the membrane electric field byuM~* and 24 s, respectively. For the single binding site model 1(2),
two charged blocking molecules up to their binding sites inthese constants were approximately two times as high. In our modeling
the pore. Within the framework of model 7. we showed thatexperiments the values of dissociatidg) (@nd associationl{) rate con-

. . ; stants were taken to be 50%and 4 s* uM %, respectively. The choice
_bOth bIOCkmg sites for MEM and MRZ _2/178 were Iocgted of the value ofa was based on investigations of single NMDA channels
in the depth of the membrane electric field. However, site Jascher et al., 1988; Cull-Candy and Usowich, 1989; Jahr and Stevens,

for MEM s located at a point much more shallower than 1990). As the mean open time in these works varied from 2.5 to 7 ms, we

PENDIX A
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FIGURE 14 The two blocking sites of AADs in the open NMDA chan-

B 1~0W MRZ 2/178 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
0.84 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
06 (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
o 04 - in the open NMDA channel can be occupied simultaneously.
2 . )
0 At the moment when the control current reaches its stationary viajue,
we will obtain an equilibrium between states C,,8,, and D,. The
0.0 , . ; ) ili i i i
50 00 2 3 0 probability of occupying of the open state will be defined as
E, , mv [Onz] = U2l (1,[A]B) + /B + 1+ vyaleB)  (A3)

FIGURE 13 The voltage dependence of the stationary block by MEM ~ Substituting Egs. A2 and A3 into the equation

and MRZ 2/178 predicted by model 7. The experimental scheme is the 1 _ A

same as that shown in Fig. A& The stationary values of the modeling IS/IO 1-d [OAZJ/[OM] (4)

responses ?n the presence of MEM and MRZ 2/1I7_58 @livided by the we obtain the equation for the ratio gfande:

corresponding control valuedf were plotted against the membrane

potential E,)) in A andB, respectively, in three different cases described in vle = (11— d))(1 + Bla + 1/(1,[A]) (A5)

Fig. 12. The solid lines show the fitting of the modeling data with Eg. 3.

The fitting parameteA is equal to 1 in the first and second situations for ~ Thus, from Eqgs. A1 and A5 we define unambiguously the valueg of

both MEM and MRZ 2/178. In the third situatioA, = 0.65 for MEM and ~ ande. In accordance with the experiment, the suny@inde was taken to

A = 0.43 for MRZ 2/178. The parametéris equal to 0.70 and 0.66 for be constant (2's"), whereas their ratio varied in accordance with different

MEM and MRZ 2/178, respectively, in the first situatioh= 0.90 in the ~ values ofd (Eq. AS). _

second and third situations for both MEM and MRZ 2/178. Because of the rapidity (k(+ €) = 0.5 s) with respect to the slow
component of the channel recovery from the AAD blockadg = 8 s for
MRZ 2/178 and2ff,, = 18 s for MEM), desensitization was proposed to
explain the fast component of the AAD-induced kinetics. Then we had to

adopted the value of 2003 for a. The estimations of the opening consider the slow component as a result of one-site binding of the blocker

probability of the activated channel in the majority of previous studies gavel® the channel. Thus the association rate constamias defined from the
values between 0.2 and 0.5 (Jahr, 1992; Lester et al., 1993; Lin an&esults of the double-exponential fit (Fig.Q3 by using the equation
Stevens, 1994; Benveniste and Mayer, 1995; Colquhoun and Hawkes, on __

1995), although Rosenmund et al. (1995) showed the low open probability Urgiow = ki[B] + ko (AB)
for synaptic NMDA receptor channels. We adopted a value of 0.5. Thusthe  \1aan values of 21, for the channel recovery from the AAD-induced

corresponding value foB proved to be 200°s.. Taking into account the blockade (Fig. 3D) gave values of the dissociation rate constdet,
rapidity of the agonist binding (we used the saturating concentration Ofaccording to the equation

ASP, 100uM) and channel opening, the time constant characterizing the

process of desensitization is defined from the equation 1/7-glfz;w =k, (A7)
™ =1Uy+¢€ (A1) The calculations gave the following values of association and dissoci-

ation rate constant, = 0.031uM *s % k, = 0.056 s * for MEM and
wherey and e are the constants for the transition to and from the desenk, = 0.058uM *s™%, k, = 0.136 s* for MRZ 2/178.
sitized state, respectively. The ratiopfnde can be obtained by using the
value d = I4l, At the moment when the control current reaches its
maximum valud, (see Fig. 1jnse), the channels are distributed between APPENDIX B
states C, &, and Q, (model 2) in quasi-equilibrium. Assuming that the
sum probability of occupying the states is equal to 1, the probability of TO Solve the linear system of differential equations
occupying the open state will be defined as dX(t)

[Opa] = LU,/ (L[A1B) + ol + 1) (A2) o - AXO (B1)
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where X(t) is the vector of variables ané is the matrix of constant respectively. The analytically determined values of fO]/[O]g - at
coefficients, we have to find all of the eigenvalues/tby solving the different [B], where [O}g; .., is the probability of the open state occupancy
equation at [B] # 0 and [O]g; — is the probability of the open state occupancy at [B]

= 0, respectively, give the dependence equivalent to the experimentally

A —AE|=0 (B2)  obtained concentration dependence of the stationary blagk)( The

maximum power, to which [B] rises in items of denominators of Egs.
whereA is variable andE is the matrix with the diagonal elements equal to C3-C6, characterizes the Hill coefficient. If this power is equal to 1, the
1 and the nondiagonal elements equal to 0. As far as our models argodelingn,;, is equal to 1. Only the denominator of Eq. C6 contains the
concernedX(t) represents the vector of probabilities of the channel occu-item with [B] to the second power. The expression for the probability of the
pying each of all possible states at tirheA, the matrix of transitions  open state occupancy for model 6 is too long to be presented here, but the
between these states, has special properties (Colquhoun and Hawkes, 19%faximum power of [B] is 1. Thus only model 7 can predict a Hill

that allow one to write the solution of Eq. B1 in the following form: coefficient greater than 1.
n
X(t) = X(0) E Cie(\'t (B3) The authors thank B. |. Khodorov for critical discussions and helpful
i=1 comments on the earlier version of the manuscript. We are very grateful to

our colleagues at Merz and Co., who kindly supplied us with amino-
whereX(0) is the vector of initial probabilities of the channel state occu- adamantanes.
pancies before t.he a_ddmon or removal of_the blockers theith solution This work has been supported by Russian Fund of Fundamental Investi-
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-gatlons (no. 96-04-49228).
senting the sums of the kinetic constants multiplied, where necessary, by
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