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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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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.

Recently it has been established that the amino-adamantane  thus allows the blocker to leave the channel. The simplified
derivatives (AADs), memantine (MEM) and amantadine (AM)  kinetic model of this block appears as follows:

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 1,
non-competitive NMDA-receptor antagonists MK-801, 1
phencyclidine and ketamine (Huettner & Bean, 1987; Kemp ¢ =0, =05
et al. 1987; MacDonald et al. 1991). When applied externally, 1
these drugs can enter into an open NMDA channel and bind Op=Cyp= O4p
to its ‘blocking site’ located deep in the pore. This binding, 1
however, does not prevent the subsequent channel closure D

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

Model 1

where C, D and O represent the channel in closed,
desensitized and open states, respectively; the subscripts A
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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 Kkilled 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 (mm): NaCl, 124; KCl, 3; CaCl,, 1-4; MgCl,, 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
(mm): NaCl, 140; KCl, 5; CaCl,, 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 (7 < 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 (mwm): CsF, 140; NaCl, 4;

Figure 1. Desensitization of NMDA channels

J. Physiol. 512.1

Hepes, 10; pH 7-2. Electrical resistance of the filled micropipettes
was 3—7 MQ. 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 ¢ 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 pK, 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.

Tonic currents through NMDA channels were elicited by fast
application of 100 um aspartate (Asp) in a Mg**-free, 3 um
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 (7 < 30 ms) up to the
value I,, indicating the opening of NMDA channels,
decreased gradually (7, =374 £ 26 ms) down to a certain
plateau level I, (Fig. 14, 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. 14). The time
constant of this process measured in six cells with a fraction
of desensitized channels, d =1 — I,/I,= 050 + 0-:03, was
1-17 + 0-:05 s (Fig. 1 B).

| l/ri e
08

00 05 10 15 20 25 3p
Time, s

A, inward current through NMDA channels was elicited by a 3 s application of 100 um 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
Tp = 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
(Ig) 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 I, /I, with the

time constant 7 =117 + 0:05 s.
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MEM was applied at different concentrations in the
continuous presence of Asp (100 um). The two-exponential
fitting of the current traces (Fig.2A4) 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 (7;, and 74w,
respectively) and the amplitude of the fast component (4¢,q;)
for the recovery from the MEM block are presented in
Table 1. A, decreased with a rise in the blocker
concentration (the values of A; 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

4 M

500 pA

16 uM

/0 I
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block did not depend on the AM concentration, being on
average 0:25 + 004 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.24. The fitting was performed in accordance with a
two-parameter logistic equation:

I/1,=1/(1 + ([C1/1C;50)"™), (1)

where [ is the stationary current amplitude in the absence
of the blocker, [C] is the blocker concentration, 1C,, is the
concentration resulting in 50% block and ny is the Hill
coeflicient. The respective I1C,, values and the Hill coeflicient
were: 1°28 + 0:10 gm and 115 £+ 0:07 (n = 6) for MEM and
1494+ 0-3 ym 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 gm) and AM
(200 gMm) examined using the experimental protocol shown

s MEM

0.8 o AM

0,64

I/ hy

0,44
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1 10 100
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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 um) was applied continuously.
MEM was co-administered at different concentrations for 5s with Asp. Original NMDA responses were
recorded at MEM concentrations of 1-16 um. 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. Ag,,

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 4.
Plateau current responses (Ig) divided by the control plateau value (I,) 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: 1C;, =128 um, ny = 1-15 for MEM and IC;, = 149 um, ny = 0-94 for
AM. C, voltage dependence of the open-channel blockade by AADs. MEM (10 um) or AM (200 um) at
different membrane potentials were applied in the continuous presence of Asp, as shown in Fig.24. The
1y/1, values were plotted against the membrane potential. The continous lines show the fitting of the
experimental data with eqn(2). The fit parameters are: Ko =179 um, 6 =073 for MEM and

Ky = 694 pm, & = 0-90 for AM.
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in Fig.2A. The fitting was performed according to the
equation:

Iy = 1,/((1 +[Cl/Kqo) exp(d FV,/ RT)), (2)

where I is the stationary current amplitude in the absence
of the blocker, [C] is the blocker concentration, V; is the
holding membrane potential, Ky, is the equilibrium
dissociation constant at ¥V}, = 0 mV, and ¢ is the fraction of
the membrane electric field seen by the blocker bound to a
single blocking site. #, R and T have their usual physical
meanings. The voltage dependence had the following
parameters: Ky =179+ 10 um and =073 £ 002
(n=135) for MEM; K, =694 & 17 pm and ¢ = 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, Cy, only after the binding of the

MEM
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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.3A4. The
specific blocker of the NMDA receptor, APV (100 um), 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 pm) and MEM (25 um) were co-applied once or several
times up to a practically complete inhibition of the
stationary current (). At this point, the value of /1, was
0:026 + 0:002 (n=19). At the end of Asp and MEM co-
application, the majority of channels were in states O,p,
C,p and D,y and only a small number of them were in
states O,*% C, and D, (see Model 1). After washout during
the time interval ¢ (from 10 to 300 s), the cell was stimulated
with an Asp (100 um) test pulse. The latter elicited a fast
current increase (I;;) followed by its gradual elevation. The
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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 pm) and Asp (100 1) 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 gm) 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 I,

=a + b({— ¢,) (continous line). The value ‘@’ on this line corresponding to

the beginning of the test Asp application (¢ = t,) is Iy/I,. B, the superposition of control and test current
traces obtained by using the experimental protocol shown in 4 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 ¢. C, the time course of the I/l recovery in the absence of the agonist.
The continous line shows the fitting of the time dependence of mean I;/1, values with eqn (3). The fit

parametersare: A =1, A%, =013 and 7%

=592s.
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Table 1. Asp-induced dissociation kinetics of MEM
under different conditions

[leNl] Afast Trast Tslow
(pan1) ) (s)

In the continuous presence of agonist

1 055 £ 005 1:5+£03 204+43
4 042 £ 003 1-3+£05 188411
16 0-19 £ 0-01 1-3+£03 170+ 19

After blockade, without agonist assistance
50 0244002 17+05 213144

slow current increase up to its control stationary level (1)
evidently reflected the process of Asp-induced recovery
from the block (the transitions from states Cg, C,5, D g and
O,p to O,* in Model 1). The value of the Iy time constant,
Tini> Was equal to 118 + 6 ms (rn = 18), which exceeded that
measured in the absence of APV in the washout solution
(r=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 7,,; was much
smaller than 7., of the current recovery kinetics in the
presence of Asp (Fig. 24, Table 1), I;; may be considered as a
current through those NMDA channels which had already
reached the closed state C by the beginning of the Asp test
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pulse (see Model 1) and were ready to open right after APV
dissociation. To estimate the value of I;, 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 (Cy, Cyp, Dap and O, ), the test current trace (2) was
divided by the control current trace (1). The I;/1, 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.34, inset). The fast
component, I, increased with the lengthening of the
washout time interval ¢ (Fig.3B). The values of I;/l, at
t=0s and 5 min were significantly different (P < 0-00025,
n=10); their difference was on average 0:32 (s.n.=0-17).
Figure 3C shows the time dependence of the /1, values.
The time dependence of the mean I;;/1, 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, 7*.,, greater than 100s. To estimate the
amplitude of the fast component, A%, and the time
constant of the slow component, the data were fitted with
the following equation:

IB/I‘ =4- (A - A*fast)exp(_t/T*slow)a (3)

where 4 is 1, A%, 18013 £ 0:03 and 7%, 18 592 + 129 5
(n=18). The parameter 4 was taken as unity because the
fitting of the mean data and the individual fittings in the
majority of cells (n=11/15) with free A gave the value
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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 gm) led to the
clearing of a relatively small fraction of the channels (I;/f. =019 + 0:03, n=9). B, many more channels
(Is/I.=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%, in the range 0 to 0:29 and 7*, , from 23 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 O,% C,,

J. Physiol. 512.1

Dy, Oups Cag and D5 to states C and Cy (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 (I), whereas the transition
of the channels from state Cj; to state O,* yielded the slow
component of the current (I, — I;). Thus, the fast component
of the I/l recovery with the amplitude of A*.,., 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 D,). 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 I/l recovery reflects the
slow channel unblocking from state Cy to state C without
the agonist assistance via a pathway that is not shown in
Model 1 (see Discussion).

20s

MEM J0s

g/l =019

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 gm), Asp (100 um) elicited a current through
NMDA channels with a peak amplitude of 2nA. Glycine alone failed to induce even a weak current

(I

glycine

zero-level current (/,py = 0). Standard deviations of [,

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

(36 £ 0-2 pA) and I,py (3'4 + 0-1 pA) were

glycine

not significantly different at P> 0-26, n=15. B, a 1 min application of 50 um MEM in the absence of the
agonist caused significant inhibition of the initial current in response to the test Asp application
(Is/I, = 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 A, =024, 74, =118 s and

Taow = 109 8.

slow
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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 I;/I, at {=1min were 020+ 0-03 and
0:20 4+ 0-02 in the presence and absence of APV (100 pm),
respectively (these values were not significantly different,
P>092, 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, I;/1, was 019 £ 0:03, whereas in the
case when the membrane potential was switched to 0 mV
during the washout time interval, I;/I, was 0-30 + 0:05
(these values were significantly different, P <0:01, n=9).
The switch-over of ¥V, 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 pv)-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 I/l were
0:32 4 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 um) co-application
(Ig/1y= 0029 £+ 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 I;/I, was 0:63 + 0-02
(n=23).

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

A, a1 min application of MEM (50 M) in the absence of glycine

produced only a modest decrease in the initial current response

caused by the test application of Asp (100 um) plus glycine (3 um)
(I/Io =078 £+ 0-14, n=6). B,a much more profound block was

produced by the same MEM application in the continuous
presence of glycine (I;/l, =051 + 0:12, n = 6).
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A AD-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 um Asp pulse. Not earlier than 20 s after this pulse, the
cell was exposed to MEM (50 um) 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 gm) was present in all
these solutions. In control experiments, glycine failed to
induce even a weak current through NMDA channels
(Fig.54). Moreover, addition of APV (100 um) to the
glycine-containing solution did not cause any change in the
zero-level current (the mean and s.p. values were not
significantly ~different at P> 026, 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 (I;) reflects
the opening of unblocked channels, the value I, — Iy may
be considered as a measure for the fraction of NMDA

10s

A MEM -
Asp+glycine —— /‘_‘1

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

A, a1 min application of MEM (50 gm) caused significant inhibition of the initial current in response to the
test Asp (100 pm) application (Iz/I, =032 + 0:04, n=16). B, addition of APV (100 gm) to a MEM-
containing solution greatly decreased the inhibition of the initial current response (Iy/I,= 079 + 0:05,

n=16).

channels which trapped the blocker without agonist

assistance (the number of channels in state Cy 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, I, ;m
(Fig. 5B,inset). The parameters of the two-exponential fitting
equation:
[norm =1- (1_ jB/IC) {Afast eXp(— t/Tfasn)
+ (1 - Afasb)exp(_ t/Tslow)} (4)

proved to be: Ap, =024 + 0:02; 74 =17 £ 0:5 §; and

AM ‘

Tgow =213+ 448 (n="T). 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 I/l 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 I/I, for all our experiments, in which MEM
wasg applied for 1 min in the absence of the agonist, was
0-35 (s.0.= 019, n=33).

Addition of 3 gm glycine to the MEM-containing solution
enhanced the blocking effect of MEM (Fig. 6). Thus a 1 min
application of MEM (50 um) in the presence of glycine

10s

s =

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

A 1 min application of AM (1 mm) in the absence of the agonist produced only a modest reduction of the
initial current (I;/1, = 0-8) in response to the test application of Asp (100 gm). 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 (I/I, = 0-51 + 0:12, n = 6) than in the nominally
glycine-free solution (I;/I, =078+ 0:14, n=6). These
values were significantly diftferent (P < 0:003, n = 6).

Addition of APV (100 gm) to the MEM-containing solution
considerably diminished the inhibition of the initial current
elicited by test application of Asp (Fig. 7). The I/, values
after a 1 min application of MEM in the presence
(079 + 0-05) and absence of APV (0-32 4 0:04) were
significantly different (P < 107°, 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 10s 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 (I3/1, < 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
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and (). In this case we increased the duration of MEM
application from A4 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 I/l time dependence gave the value
of the time constant of 84 + 6s (n=15). 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) x 10> M 's™ and 168 (+ 0-129) x 107 7",
respectively. The apparent K, value (8-3 um) proved to be
six times higher than the ICy, for the MEM-induced blockade
of open channels (1-3 um). Therefore, the aftinity 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 gm) treatment induced
a profound blockade (I;/I,=0-21 4 0-03). Membrane

MEM 155
10s
A =
<
Qo
(=3
L=
2s ®
s
10s
1 min
B [
2 min 10s

”’i'

Figure 9. Kinetics of the MEM-induced blockade of NMDA channels in the absence of Asp
Applications of MEM (50 gm) for 10 s (4), 1 min (B) and 2 min (C) produced an increasing inhibition of the
initial current (I/I, = 095, 0-58 and 0-14, respectively) in response to the test Asp (100 gm) 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 (I5/ly=0-39 £+ 0-07; these values
were significantly different, P < 0:03, n = 4). The switching
of the membrane potential was performed 2s after the
beginning and 2s 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 um)-containing solution, a 5
application of MEM (15 um) 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. 114, first trace). Addition
of Mg** (2:5 mm) to the MEM-containing solution (Fig. 114,
third trace) greatly increased this fast component (48 + 1 %,
n=>5). The offset kinetics of Mg®" (Fig. 114, 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 um)
and Mg®* (25 mm) co-application induced a less profound
blockade (Iz/Ilo= 067 £+ 0:04) of NMDA channels than
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MEM itself (Ig/l,=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 Hilles (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

F A —
100 mV
. MEM . 10s,
3|  ——
A L= =k
1 e .
| s
IC 1s N
0mv
100 mV | ﬁ
10s
B ) M\M—«—Nf
IB
’C

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 gm) at —100 mV caused significant inhibition of the initial current in
response to the test application of Asp (100 um) (Iz/L. =021 £ 0:03, n=4). B, a less profound MEM
block (Iz/Io =039+ 0:07, n=4) was produced when the membrane potential was switched to 0 mV

during MEM application.
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absence of the agonist the unblocking of the channels is
thought to be as follows: C; = O = O — C, where all the
transitions are agonist independent and the transition from
Op — O is voltage dependent. The Cy — Oy transition
provides a much slower recovery from the AAD-induced
block in the absence of the agonist than the transition
Cap = O, (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 gm Asp. However, this is not the case
(Fig.54). 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
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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. 54). 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 kJm ™" (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.

MEM+Mg?*
[ — |

10s
MEM+Mg?*
e

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 gnm) was applied continuously.
MEM (15 pm) applied for 5s manifested mainly slow, while Mg** (2:5 mm) 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 M) caused significant inhibition of the initial current in response to the test
application of Asp (100 um) (I/I, = 0-33 £ 0:05, n= 6). Addition of Mg*" (2:5 mm) to a MEM-containing
solution caused a less profound inhibition of the initial current response (Iy/Il, = 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. 20). External Mg®*
effectively antagonized the MEM block development in both

the presence (Fig. 114) 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 Gumps’ to
the blocking site (B-site) and becomes trapped behind the
closed activation gate. The O, state can be the non-
conducting or short-living (comparing with state O,* 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
(Cyps Oy and Og) should be added to Model 1, resulting in the
simplified Model 2.

D,
o
e =0 =08
On T 1
N0p 2 Cp = Cap=Oun
[’
I)A 13
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

M-site

B-site
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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. 24) 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

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. Oy 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 (4/15). 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 ym
Asp), while Blanpied et al. (1997) used a very low agonist
concentration (5 yum 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 gm). 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. Difterent 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. © 1999 Elsevier Science B.V. All rights reserved.

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

1. Introduction nels play an important role in the processes of

learning and memory, it is important to gain insight

The two-component kinetics of N-methyl-p-aspar-
tate (NMDA)-mediated current changes induced by
different 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-

* Fax: +7-095-151-0421; E-mail: rans@rans.msk.ru

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 (Afg)
depending on the blocker concentration. The study

0005-2736/99/8 — see front matter © 1999 Elsevier Science B.V. All rights reserved.
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of the Ag,i-dependence on the blocker concentration
allows one to describe the blocker action by one of
the five simplest kinetic models or by their combina-
tion. The NMDA channel blockers: tetraecthylammo-
nium (TEA), tetrabutylammonium (TBA), 1-amino-
3-propyl-adamantane or MRZ 2/178 (MRZ) and
9-aminoacridine (9-AA) were analyzed according to
the Ag.g-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
CALI 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; CaCl,, 1.4; MgCl,, 2; glucose, 10;
NaHCO3;, 26. The solution was bubbled with car-
bogen at 32°C. During the whole period of isolation
and current recording, nerve cells were washed with a
Mg**-free solution (mM): NaCl, 140; KCI, 5;
CaCly, 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 18°C in the whole-
cell configuration using micropipettes made from
pyrex tubes and filled with an ‘intracellular’ solution
(mM): CsF, 140; NaCl, 4; Hepes, 10; pH 7.2. Elec-
tric resistance of the filled micropipettes was 3-7
MQ. Analog current signals were digitized at 1 kHz
frequency.

Statistical analysis was performed using the scien-
tific and technical graphics computer program Mi-
crocal Origin (version 3.5 for Windows). The data
presented are mean = S.D. except as noted; compar-
ison of means was done by ANOVA, with P <<0.05
taken as significant.

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 first-order differential
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). Differen-
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); tetracthyl-
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 uM at the membrane potential
of —100 mV in a Mg?*-free, 3 uM glycine-containing
solution elicited an inward current through NMDA
channels. After the initial fast rise (7<<30 ms) this
current decreased down to the value, [, 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 (I mM) caused a practically complete
blockade of the ASP-induced current. The onset and
the offset kinetics of Mg?* were well fitted with single
exponential functions (Fig. 1). The onset and offset
time constants were: Ton=9.24%12.84 ms and
Torr = 137171 ms (n=11), respectively. If these con-
stants were defined by the association and dissocia-
tion of the blocker molecules, the mechanism of
Mg?* action can be described by the following sim-
plest model:

_ halB]
O —= OB

ks
Model 1

where O and Og represent the channel in the open
and the open blocked states, respectively. The aster-
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Fig. 1. The kinetics of Mg?*-induced changes in the NMDA-
mediated current. The current elicited by ASP (100 uM) gained
its stationary level (Is) decreasing from the maximal value (Zy)
with the time constant of 482 ms (the fitting is shown by a sol-
id line). Mg?* (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,
Ton =4.8 ms. After the termination of Mg>* application the
current recovered with the time constant, Topp =112 ms.

isk indicates the conducting state; k; and k, 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 (k) and dissociation
(k») constants for model 1 are defined from the fol-
lowing equations:

Ton = 1/(ki[B] + k2) (1)
and
Torr = 1/ks (2)

The values of the association and dissociation rate
constants defined from Egs. 1 and 2 were the follow-
ing: k;=1.01%£0.36x10° M~ 's™! and k,=7.3%1.1
s~!'. These values were much smaller than those de-
fined in single-channel recording experiments [14]:
k1=22%x108 M~ !s™! and k, =640 s~!. Therefore,
the association and dissociation kinetics of Mg>*
are really much faster than those predicted by our
measurements and the time constants of the current
increase at the beginning, Ton, and the current de-
crease at the end of Mg?* application, 7orr, depend

crucially on the onset and offset 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 uM) and MRZ (150 uM)
applications after the plateau current had reached its
stationary level (Is) were fitted 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
fitted by the following equation (Fig. 2E):

I(t) = IS + (IB_IS) X {Afast Xexp(_t/Tfast)+

(1= Agast) X exp(—1/Tstow) } (3)

where Ap is the amplitude of the fast component,
Trast and Tyow are the fast and the slow time con-
stants, respectively. The values of the parameters
proved to be as follows: Apg=0.63%£0.02,
Trast =198+ 14 ms, and 70w =2.43%£0.17 s for
TEA; A =2.12£0.24, 15=105x8 ms, and
Taow =289229 ms for TBA; Apg=1.83%0.07,
Trast = 727124 ms, and Tyow =1.54%£0.53 s for 9-
AA; Apg=—0.36%20.07, Tpse=1.35+0.28 s, and
Tslow = 5.48 £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 Mg?t block. It is evident that
the value of Apy 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 Tt for TEA and TBA and the time constant of
the current recovery after termination of Mg>* ap-
plication (7opr=137%*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
fit of the recovery kinetics in the case of TBA
(Fig. 2E).

To elucidate the mechanism of the blocker action,
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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 uM 9-AA (C) and 150 uM MRZ (D) were applied against the background of ASP (100 uM).
The current changes induced by the beginning and termination of the blocker application were fitted with double exponential func-
tions (solid lines). (E) The recovery kinetics from A-D are presented on an expanded time scale. The fittings were made with Eq. 3
(solid lines). Note that the value of Apg was equal to 0.63 for TEA, 2.12 for TBA, 1.83 for 9-AA and —0.36 for MRZ. The bar is

equal to 1 s for TEA and 9-AA, 0.6 s for TBA and 4 s for MRZ.

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 (A4s.) depend-
ing on the blocker concentration was taken as a cri-
terion of discrimination between these models. There
are only five 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
first one is the following:

ki[B]
O'=—=05
ks
k| | ka

X
Model 2
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
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transitions from the open state with the constant, ks,
and to the open state with the constant, k4. The
amplitude of the fast component does not depend
on the blocker concentration and, if k, > ky+ky, is
defined by the following equation (see Appendix A):

koks
Apsi=1—7-—""-"T"—— 4
fast kg (k3 + ka—k?) 4)
In the case when k, < k3+ky, the amplitude of the
fast component will be equal to 1— Ay, where A
is defined from Eq. 4. The second parallel model is:

ki[B]

S ——10

ka
ks[B ]ﬂ ks

Og2

Model 3

where Opg; and Op; represent the two open blocked
states of the channel corresponding to two different
blocker binding sites. The amplitude of the fast com-
ponent does not depend on the blocker concentration
and, if kp > ky, is defined by the following equation
(see Appendix A):

1
Afast = W (5)

1
ks

The values of A, defined by Eq. 5 are within the
interval between 0 and 1. There are three sequential
kinetic models. The first one is as follows:

ki[B] ks
O* b — OB P — XB

ky ks

Model 4

where X may represent other open (Og;) or closed
(Cp) or desensitized (Dg) blocked states of the chan-
nel. The amplitude of the fast component does not
depend on the blocker concentration and, if
ky+ks >ky, is defined by the following equation
(see Appendix A):

1
Apst = —————— 6
fast 1_7\,%'(/{4—*—}\,2) ( )
M3+(ka + A1)
where

Mg = —0.5{(katksthy) * [(kotks+hs)?—4koks]™}.

In the case when ky+k3 < ky, the amplitude of the
fast component will be equal to 1—Agy, where Apg
is defined from Eq. 6. It is easy to demonstrate that
the values of A, defined by Eq. 6 lie within the
interval between 0 and 1. The second sequential ki-
netic model is as follows:

. ky ks[B]

0 X XB
k, ka

Model 5

where X can represent the closed (C) or the desensi-
tized (D) and Xg, the closed blocked (Cg) or the
desensitized blocked (Dg) states of the channel, re-
spectively. The amplitude of the fast component does
not depend on the blocker concentration either and,
when kj+k, >ky, is defined by the following equa-
tion (see Appendix A):

ky
Afast - m (7)

In the case when k;+k; < ky, the amplitude of the
fast component will be equal to 1—Agy, where Apg
is defined from Eq. 7. In both cases, however, the
value of the amplitude of the fast component is neg-
ative (and equal to zero when k;+k; =k4). Finally,
the third sequential model is as follows:

. k[B] ks[B]
(0] Og) Ogin2
ky ks
Model 6

where Opgpy 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
ky > ky4, 1s defined by the following equation (see
Appendix A):
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Fig. 3. The kinetics of TBA. (A) The experimental (first row) and modeling (second row) current traces in response to the application
of different concentrations of TBA (0.25-4 mM) in the continuous presence of ASP (100 uM). The recovery kinetics of the experimen-
tal currents were fitted with Eq. 3 at fixed 7,5 =1 ms (solid lines). (B) The time constant, 7, obtained by the monoexponential fitting
of the fast descending phase of the current recovery after termination of TBA application. 7 was essentially independent of the blocker
concentration and was equal, on average, to 163+ 142 ms, n=7 (horizontal line). (C,D) The slow time constant and the amplitude of
the fast component obtained by the fitting of the current recovery after termination of TBA application with Eq. 3 at fixed 7ps =
1 ms. Their values were essentially independent of TBA concentration and were, on average, Tgow =304 £99 ms and Apy =1.8610.24,
n=17 (horizontal lines). (E) The concentration dependence of the stationary block (/g/ls) which was fitted with Eq. A9 (solid line).

8001

600+

Tslow ms

200

400

01

1 10
[TBA], mM

0,0

The value of the parameter K is equal to 1.91 £0.18 X 103 M™!, n=7.
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(8)

In the case when k; < ky, the amplitude of the fast
component will be equal to 1—Agg where Agyg is
defined from Eq. 8. Eq. 8 predicts that A, becomes
negative at the values of the blocker concentration,
[B], greater than (k,—ka)/ks.

3.1. The kinetics of TBA

Fig. 3A (first row) gives an example of application
of different concentrations of TBA (0.25-4 mM) in
the continuous presence of ASP (100 uM). The fit-
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, 7,
which was essentially independent (P > 0.05) of TBA
concentration (Fig. 3B). The mean value of 7 proved
to be 163+142 ms (n=7) and was not significantly
different from the time constant of the current recov-
ery after termination of Mg?* application
(torr=137%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 s™! stipulating the fast time con-
stant, Tre =1 ms. Thus, it is clear that the fitting
shown in Fig. 2E for TBA is inadequate. The fitting
of the current recovery by Eq. 3 after termination of
TBA application was carried out with fixed py =1
ms in the interval excluding the fast current decrease,
which reflected the process of solution exchange (Fig.
3A, first row, solid lines). The value of 17,5 was taken

to be low enough and its decrease did not lead to the
variations in other parameters (7%yow and Agpg) of Eq.
3. In Fig. 3C,D, respectively, the values of 7,y and
Apgast are plotted as a function of TBA concentration.
Neither of these parameters depended on the blocker
concentration (P> 0.05); their mean values were as
follows: Tgow=304%+99 ms and Apg=1.8610.24
n=17).

It is important to emphasize that fixation of the
parameter T did not affect the behavior of the
parameters Tyow and Apg depending on TBA con-
centration. Thus, the fitting of TBA recovery kinetics
with non-fixed 7. (see Fig. 2E) gave the same re-
sult: neither 7y, nor Apg depended on the blocker
concentration (P > 0.05), although the mean value of
Tsow (273 94 ms) was slightly lower and the mean
value of Apg (2.29£0.62) was slightly higher than
the corresponding values obtained with 7y =1 ms.
The cases when 7 =1 ms and with non-fixed T
limited the range of 7.5 values, which affected 7oy
and Agg (in the case of 75 <1 ms the values of Tyoy
and A, were practically the same as in the case of
Trast = 1 ms, 1.e., the value 7 =1 ms can be consid-
ered as minimal; in the case of non-fixed 7, the
value of 1,5 was maximal). At any value of this
range Tsow and Apg (>1) did not vary with the
blocker concentration.

Therefore, the arbitrary choice of the value of Ty,
for fitting did not affect the choice of the kinetic
model because as the value of Apy 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
defined by Eq. A9 (see Appendix A). The value of
the parameter K for this equation was equal to
1.91£0.18%x10> M~!, n=7 (Fig. 3E). The system
of equations which was obtained by the substitution
of the mean values of the parameters 7oy, Afast and

Table 1
The kinetic constants for TEA, TBA and MRZ
Compound Model ky, 106 M~ 1s7! ky, 7! k3 kg, 57!
TBA 2 3.5 10° 1.52 s7! 1.77
TEA 3 0.523 103 118 M~ 157! 0.47

4 0.516 10° 0.24 s7! 0.47
MRZ 6 0.088 1.14 1.4x10* M~ 157! 0.13
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K, and 1, =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 ki, k», 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 fitting pa-
rameters Tyow and Apg, it is important to establish
the effect of the solution exchange time, Tyasn, 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 different values of 7y,s. The typical
example of the experimental current recovery is
shown in Fig. 4B. This curve was fitted with Eq. 3
as was described above (Fig. 4B, thin smooth line).

C 800+ " = 1ms
o z,.,=30ms
600 A 7 .,=100ms
[7)
€ 400 . a s 2 a
3 8 o o
W
200
0_
0.1 1 10
[TBA], pM

In this case the solution exchange is instantaneous. If
we compare Fig. 4A and B, it becomes clear that
always at T,.sn values of the range of 7, value (1 ms)
the recovery looks like those when the solution ex-
change is instantaneous. In reality, Ty, 1S much
greater than 7p,g. This is why the real experimental
curve is better approximated by the modeling curve
with Tyasn =30 ms (Fig. 4B, thick smooth line). The
modeling curves at Ty,sn = 1, 30 and 100 ms and dif-
ferent blocker concentrations were fitted in the same
way as the experimental curves (with Tpg =1 ms).
The values of the parameters 70w and Apg depend-
ing on the blocker concentration are shown in Fig.
4C,D, respectively. It can be seen that 7,y rose with
an increase in Ty,sn remaining practically concentra-
tion-independent. An essential increase in Agg with
concentration was observed only at high values of

0+ T T
0,1 1 10

[TBA], pM

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 different values of the solution exchange time, Tyasn (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 fitting of
the current with Eq. 3 at fixed s =1 ms. The thick smooth line is the normalized modeling current at Ty,s, =30 ms. (C,D) The slow
time constant and the amplitude of the fast component obtained by the fitting of the modeling current recovery with Eq. 3 at fixed
Trst =1 ms at different values of Ty,sn (1, 30, and 100 ms) depending on the blocker concentration. Solid lines show the apparent

linear fit.
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Twash (100 ms). In experiments with TBA the mean
value of 7yn Was approximately 30 ms (the corre-
sponding value of 7=163 ms). At this value of Tyush
the parameters 7yow and Apg did not practically de-
pend on the blocker concentration (open circles in
Fig. 4C,D) and the small vertical shift of the 7oy
and Apg 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 significantly affect the values and behavior of
the fitting parameters and, correspondingly, did not
affect 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. 5SA (first row) shows an example of applica-
tion of different concentrations of TEA (0.625-10
mM) in the continuous presence of ASP (100 uM).
The fitting of the recovery kinetics with Eq. 3 by
analogy with the fitting presented in Fig. 2E yielded
the value of the fast time constant, which was essen-
tially independent (P >0.05) of TEA concentration
(Fig. 5B). The mean value of 7ty proved to be
218 + 52 ms (n=4) and was not significantly different
from the time constant of the current recovery after
termination of Mg>t application (topp=137%71
ms). This finding 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 7p, should be less than 1 ms. It is clear
that the fitting shown in Fig. 2E for TEA is inad-
equate. The fitting by Eq. 3 of the current recovery
after termination of TEA application was carried out
with fixed 1, =1 ms in the interval excluding the
fast current decrease reflected the process of the solu-
tion exchange (Fig. 5A, first row, solid lines). The
value of 7,5 was taken small enough and its decrease
caused no variations in other parameters (7o, and
Agst) of Eq. 3. The values of 7gow and Apg as a

function of TEA concentration are presented in
Fig. 5C and D, respectively. None of these parame-
ters depended on the blocker concentration
(P>0.05) and their mean values proved to be as
follows: Tyow=2.14%£0.61 s and Apg =0.6710.09
(n=4).

As in the case of TBA, fixation of the parameter
Trst did not affect the behavior of the parameters
Tsgow and Apg depending on TEA concentration.
The fitting of TEA recovery kinetics with non-fixed
Trast (see Fig. 2E) gave the same result: neither 7oy,
nor Apg depended on the blocker concentration
(P>0.05), although the mean values of Ty
(2.75£0.88 s) and Apg (0.72%£0.03) were slightly
higher than the corresponding values obtained with
Trast = 1 ms. Therefore, as in the case of TBA, the
arbitrary choice of the value of gy for fitting will
not affect the choice of the kinetic models describing
the TEA action.

As the value of Ay, 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 defined
by Eq. A9 (see Appendix A). The value of the pa-
rameter K for this equation was equal to 777 £82
M~!, n=4 (Fig. 5E). The systems of equations ob-
tained by the substitution of the mean values of the
parameters Tyow, Afst, and K and 7, = 1 ms into Eq.
A4, Eq. AS, Eq. 4 and Eq. A9 for model 2, Eq. A4,
Eq. AS, 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 =0.52X10° M~ 's7!; k, =0.47 s7';
k3=999 s7! and k4 =0.69 s~!. 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, Py is equal to
kal(ks+ks) <1073, However, the value of Py 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 ki, k>, k3 and k4 for models 3 and 4
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Fig. 5. The kinetics of TEA. (A) The experimental (first row) and modeling (second row) current traces in response to the application
of different concentrations of TEA (0.625-10 mM) in the continuous presence of ASP (100 uM). The recovery kinetics of the experi-
mental currents were fitted with Eq. 3 with fixed g =1 ms (solid lines). (B) The fast time constant obtained from the fitting of the
current recovery after termination of TEA application with Eq. 3. 7, was essentially independent of the blocker concentration and
was equal, on the average, to 218 £ 52 ms, n=4 (horizontal line). (C,D) The slow time constant and the amplitude of the fast compo-
nent obtained from the fitting of the current recovery after termination of TEA application with Eq. 3 at fixed 7, =1 ms. Their val-
ues were essentially independent of TEA concentration and were, on average, Tyow =2.1420.61 s and Ap,s =0.67 £ 0.09, n=4 (horizon-
tal lines). (E) The concentration dependence of the stationary block (Ig/ls), which was fitted with Eq. A9 (solid line). The value of the
parameter K is equal to 777+82 M1, n=4.
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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 different values of the solution exchange time, Ty,sn (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 fitting of
the current with Eq. 3 at fixed 7,5 =1 ms. The thick smooth line is the normalized modeling current at 7,5, =80 ms. (C,D) The slow
time constant and the amplitude of the fast component obtained by the fitting of the modeling current recovery with Eq. 3 at fixed
Trst = 1 ms at different values of 7yaqn (1, 80, and 200 ms) depending on the blocker concentration. The solid lines show the apparent

linear fit.

are presented in Table 1. Fig. 5SA (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 Ty.sn =80 ms (Fig. 6B, thick smooth line). The
values of the parameters 7o, and Apg depending on
the blocker concentration are shown in Fig. 6C,D,
respectively. It can be seen that ty,, did not practi-
cally depend on 7., and TEA concentration. An
essential decrease in A With concentration was ob-
served only at high values of Ty, (200 ms). In ex-
periments with TEA the mean value of 7y, was
approximately equal to 80 ms (the corresponding

value of 7 is 218 ms). At this value of Ty, the
parameters Tyow and Apg did not practically depend
on the blocker concentration (open circles in Fig.
6C,D) and the small vertical shift of the 7y, and
At 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-
nificantly affect the values and behavior of the fitting
parameters and, correspondingly, did not affect 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.
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Fig. 7. The kinetics of MRZ. (A) The experimental (first row) and modeling (second row) current traces in response to application of
different concentrations of MRZ (1.85-150 uM) in the continuous presence of ASP (100 uM). The recovery kinetics of the experimen-
tal currents were fitted 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 g and 7y, Were essentially independent of MRZ concentration and were equal to 0.87 +0.41
s and 8.0+2.6 s (n=12), respectively (horizontal lines). Ay decreased with MRZ concentration. The Ap,y dependence on the blocker
concentration was fitted with Eq. 8 at fixed k, =1.14 s™' and k4 =0.13 s~ (solid line). The value of k3 proved to be 1.4+0.2x10*
M~'s™! (n=12). (E) The concentration dependence of the stationary block. Iz/Is dependence on MRZ concentration was fitted with
Eq. A10 (solid line). The value of the unknown parameter, ki, proved to be of 8.8+3.2x10* M~!s™! (n=12).
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3.3. The kinetics of MRZ

Fig. 7A (first row) gives an example of application
of different concentrations of MRZ (1.85-150 uM) in
the continuous presence of ASP (100 uM). The fit-
ting of the recovery kinetics with Eq. 3 (solid lines)
showed that neither the fast, nor the slow time con-
stants depended (P >0.05) on MRZ concentration
(Fig. 7B,C). The mean values of tpy and 70w Were
0.8710.41 s and 8.0 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 Apg at different concentrations were signifi-
cantly different (P <0.05). model 6 is the only sim-
plest model predicted the changes in Apg with the
blocker concentration. The Eq. A4 and Eq. AS of
Appendix A for model 6 are as follows: ky = 1/7p,
and k4 =1/740w. The values of the dissociation con-
stants defined from them allowed to fit the A 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+0.2x10* M~ !s™!. The approxi-
mated value of Apg at infinitely high MRZ concen-
trations is equal to —k4/(ko—ks) and is negative
(—0.123). The decrease in the fraction of the station-
ary block with a rise in MRZ concentration fitted by
Eq. A10 with k,, k3 and k4 equal to their mean
values found above (Fig. 7E) allowed to estimate
the value of k;=8.8+3.2x10* M~ 's~!. It should
be noted that the fitting of the concentration depend-
ence of the stationary block with the logistic equa-
tion gave the values of the half-blocking concentra-
tion, ICs0=10.3+3.3 uM and the Hill coefficient,
nyin = 1.34+0.26 (n=12). The high value of ny;y; 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, first and

second rows). Correspondingly, the mean values of
Ig/ls at low MRZ concentrations lay below the fit-
ting curve in Fig. 7E. This fact can be explained by
the existence of a NMDA channel population with a
high affinity 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 specific 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 affect the definition of time and, correspond-
ingly, kinetic constants.

3.4. The kinetics of 9-AA

Fig. 8A (first row) gives an example of application
of different concentrations of 9-AA (2.5-40 uM) in
the continuous presence of ASP (100 uM). The fit-
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+ 56 ms (S.E., n=7) at 2.5 uM up to the sta-
tionary level of 648 + 56 ms (S.E., n="7), the concen-
tration constant being 6.8+ 1.5 uM (r=7). The val-
ues of 1 at different concentrations were
significantly different (P <0.05). The slow time con-
stant was essentially independent (P > 0.05) of 9-AA
concentration (Fig. 8C). The mean value of 7oy
proved to be 2.13x+1.11 s (r=7). The amplitude of
the fast component increased with a rise in the block-
er concentration (Fig. 8D). The values of Agpy at
different concentrations were significantly different
(P <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 A4, changes with
the blocker concentration. Otherwise, any combina-
tion of models with A, 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 (first row) and modeling (second row) current traces in response to the application
of different concentrations of 9-AA (2.5-40 uM) in the continuous presence of ASP (100 uM). The recovery kinetics of the experimen-
tal currents were fitted with Eq. 3 (solid lines). (B) The 7,5 (mean+S.E.) dependence on 9-AA concentration. The fast time constant
of the recovery increased exponentially with the concentration constant of 6.8+ 1.5 uM, n=7 (solid line). (C) The slow time constant
of the current recovery. The value of 7y, was essentially independent of 9-AA concentration and was equal, on the average, to
2.13%1.11 s, n=7 (horizontal line). (D) The amplitude of the fast component of the current recovery. A,y increased with 9-AA con-
centration. The fitting of the Apg dependence on the blocker concentration with Eq. 9 gave the following values of parameters:
a=0.56%0.33, »=3.14+1.00 and ¢=0.30£0.20 (r=7). (E) The concentration dependence of the stationary block. The Ig/Is depend-
ence on the 9-AA concentration was fitted with Eq. A13 (solid line). The values of parameters are as follows: a=0.091£0.045 and
b»=0.0109£0.0045 (n=7).
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9-AA dose-response relationship shown in Fig. 8E.
Thus, the fitting of the Ip/Is dependence with the
logistic equation gave the value of ICsy=6.3%£0.6
uM and a high value of nygy=1.5620.20 (n=7).
Secondly, the experimentally observed dependence
of Apg on 9-AA concentration contains the values
greater than 1. model 6 predicts the values of Apg
smaller than 1 and the only model, which can simu-
late Af. > 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:

b kBl kB
X——=0 < 2 Og &=——0giR2
k4 k; ks
ks[B]l ks
Og2
Model 7

Without the state designated as Op,, this model,
similarly to model 6, is able to simulate only the
decrease in Apg with the blocker concentration.
For this reason, the existence of Og, is necessary.
The state designated as Op, can be designated on
equal terms as Ops 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

Table 2

The kinetic constants for 9-AA

Kinetic constant Value

ky 29%x10" M~ 157!

k» 103 s7!

k3 0.74%x10° M~ !s7!
ky 1.54 s7!

ks 0.54x10° M~ 157!
ke 0.47 s7!

k7 0.17 s7!

kg 0.3 57!

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

The increase in Agg with 9-AA concentration can
be explained in the following way. Let the transitions
from Opg; to O and from Opg;py to Op; be faster than
those from X to O and from Ogy to O. Then the
amplitude of the fast component is defined as a ratio
of the total number of channels in states Ogp; and
Ogip2 and in states X, Op;, Opy and Opg;py at the
moment of termination of the blocker application.
At low blocker concentrations, the occupation of
the Opg, state is comparable with those of the Og;
and Ogipy states. The number of channels in the
latter two states with respect to the total number of
channels in X, Opg;, Opy; and Ogipy states 1s small
and, consequently, A is also small. After the in-
creasing of the blocker concentration more and more
channels accumulate in the double-blocked Opgip;
state. The contribution of Op; and Opg;py states in-
creases and Ap, 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:
T = WUk7—ks); ©n=1lky; 13=1/ky; 175=1/kg. As the
value of 7 at 2.5 uM 9-AA (180 £ 147 ms) did not
differ significantly from the switching solution time
(torr = 137171 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, k», was adopted as 1000 s~!. The increase in
the 7 value with 9-AA concentration and its at-
tainment of the stationary level (649 £ 147 ms) at 40
uM (Fig. 8B) may be considered as evidence of en-
hancement and saturation in the occupation of the
Ogipy 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 s 1.
The slow dissociation constant, kg, was estimated
from the value of the slow time constant, which
did not depend on 9-AA concentration (Fig. 8C):
ke =1/T4ow =0.47 s~!. Eq. A12 (see Appendix A) de-
fines the amplitude of the fast component for model
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7 as:

1 + a[B]
Afast - b + C‘[B} (9)
where

_ koks(ko—kq7—ks)
(ka—ka)-(ka—ks)

{ ki—ks  ko—kg }
kg (ka—k1—ks) ka-(ko—k1—ks)

_kokg(ka—kq—ks) {ﬁ E}
k]‘(k7+kg)‘(k2—kg) k2 k6

. keskeg(ky—kq—kg)
k4'(/€7 + kg)'(kz—kg)

The Ap,g defined by Eq. 9 increases with the block-
er concentration when a-b>c¢, decreases when
ab <c, and is constant (equal to 1/b) when a-b=c.
The fitting of the Ap, dependence on 9-AA concen-
tration by Eq. 9 (Fig. 8D) and of the Iy/Is depend-
ence on 9-AA concentration by Eq. Al3 (Fig. 8E)
gave only four independent equations for determina-
tion of the kinetic constants ki, k3, ks, k7 and kg. The
solutions of this system of equations were found at
different values of kg, which varied from 0 to 1.5 s™!
(at ks> 1.5 s7! Apg did not increase but decreased
with a rise in 9-AA concentration). At kg=0.3 s~!
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 offers 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 finding the best model is the behavior of
the amplitude of the fast component (A4, ) as a func-
tion of the blocker concentration. Depending on the
value and constancy or a decrease in Apg with the
blocker concentration, the blocker action can be de-
scribed by one of the five simplest kinetic models
(models 2-6). Models 2-5 predict the blocking ki-
netics when Apg does not depend on the blocker
concentration (Egs. 4-7). These models differ by
the predicted range of Apg 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 Agg 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 A, 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 effect 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 defined 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
s~!) 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, Py, 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 Py 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 s~ ')
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:

g R kl[B] n
X —— 0 ——0g;—— Xg|
Y kz &1
s[B]|| k4
72
Op——Xp;
&
Model 8

where X, Xp; and Xg, represent the states analogous
to those in models 2, 4, 5 and 7. If we suppose for
simplicity that TEA does not affect the processes of
the channel closure and/or desensitization and, cor-
respondingly, ¥y =% =% and €=¢ = &, the kinetics
predicted by model 8 (Fig. 9A) is qualitatively the
same (A i1s 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, k;, k,, k3, and k4, are the same as in model 3
(see Table 1). The kinetic constants for the transitions O-X, Og;—Xpg;, and Og,—Xp; are the same as for the transition O-X in model
2 for TBA: y=y7=%=152s"! and e=¢ =& =1.77 s~!. 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; Ap =0.84 and does not depend on the blocker concentration; (B) model
8 without the Xg, state; Ap =0.86 and does not depend on the blocker concentration; (C) model 8 without the Xp; state; (D) model
8 without the Xp; and Xgp; states. In C and D the overshoot of the modeling current (A > 1) is observed.
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removal of the Xp, state next to the slow blocked
state, Og,, from model 8 does not change this ki-
netics significantly (Fig. 9B). However, removal of
the Xp; state next to the fast blocked state, Opg,
from model 8 leads to the appearance of the current
overshoot (A > 1), which resembles that observed
in the kinetics of TBA (Fig. 9C,D). Therefore, TEA
binding to the channel in the fast blocked state, Og;,
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,
Ogy, remains unclear because the Og,—Xpg, transition
1s faster than the transition from Og, to O.

The Xp state in model 4 can be interpreted as: (1)
the second open blocked (Opy) and (2) closed
blocked (Cp) or desensitized blocked (Dg), or a com-
bination of the closed and the desensitized blocked
states of the channel. In the first case, the transition
from Op; to Op; 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
first 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
Og1—Og2, O-Og; and O-Op; (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 first 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:

) ki[B] ks
O — Op; 2 Og2
k; ks
P P
XB1 Xr2
Model 9

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 Xp, state does not significantly change the re-
covery kinetics, while the removal of Xg; state leads
to the appearance of the current overshoot
(Agast > 1), which resembles that observed in the ki-
netics of TBA. Therefore, TEA binding to the chan-
nel in state Og; 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 Op, remains unclear because the Og,—Xg;
transition is faster than the Og,—Og; 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:

) ki[B] ks
@) Og XB
k; ks
o]
X Xgi
Model 10

and (b) the channel closes and/or desensitizes more
readily with the blocker inside (the state Xg; is ab-
sent in model 10 but the Op—Xp equilibrium is
shifted to Xg with respect to model 4). Both (a)
(Fig. 10A) and (b) (Fig. 10B) possibilities demon-
strate the kinetics, which are qualitatively similar
(Agast 1s 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 different
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 Xg; 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 difference in the interaction of tetraalkylam-
monium compounds with the gating machinery of
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1s

Fig. 10. The kinetics predicted by model 10 for TEA. The val-
ues of the kinetic constants, k|, k» and k4, are the same as in
model 4 (see Table 1). The kinetic constants for the transitions
O-X and Op—Xp; are the same as for the transition O-X in
model 2 for TBA: y=9%=1.52 s! and e=¢ =177 s~!. 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 M~ 's7! is the same as in model 4;
Apast =0.86 and does not depend on the blocker concentration;
(B) model 10 without the Xg; state; the value of k3;=1180
M~ !s7! is ten times higher than that in model 4; Apy =0.33
and does not depend on the blocker concentration; (C) model
10 without the Xg; state; the value of k3 =118 M~ !s7! is the
same as in model 4. In C the overshoot of the modeling current
(At > 1) is observed.

the NMDA channel can be explained by different
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 Ap decreased with MRZ concentra-
tion. The only simplest model describing qualita-
tively such Ay 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
different blocker molecules and the succession is
strict: site 1 is occupied at first, 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*-Og; of model 6 can imply two
sequential transitions: O*-Opg; and Og,-Opg;. 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:

_ kiB] k[B]
O = Og Ogi2
k, ks
Yl € nil|é vl &
X XB1 XBI1B2
Model 11

demonstrates practically the same recovery kinetics
as model 6 (Fig. 7A, second row) in all possible cases
when: (1) XBI: or (2) XBle, or (3) XB] 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
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aminoadamantane derivative, memantine, differing
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 different
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

MRZ

predicted by model 5 (Apst <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 Ap, with the blocker concentration. Such
behavior of Agg can be obtained by combination of
model 6, the only simplest model predicting a change
in A 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 A, 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 differ-
ent blocker molecules in two different 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

TBA

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 filter) is short
and has a cross-sectional area of 22-26 A2 [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 effects
of NMDA open-channel blockers with the constants
collected in Tables 1 and 2 have significance in prin-
ciple but do not pretend to describe completely all
the possible states and substates of the NMDA chan-
nel. Simplification of the models presented above can
be seen in the following facts. The value of k, (103
s~!) for TBA, TEA and 9-AA was chosen arbitrarily.
This value can be much higher. An increase in the
value of k, may cause a considerable change in the
value of k), although other kinetic constants will not
vary significantly. The values of k3 and k7 as well as
the values of k4 and kg in model 2 for TBA and in
model 7 for 9-AA, respectively (see Tables 1 and 2),
were different, 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
different 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(¢) be the vector of probabilities of the chan-
nel occupying each of all possible states at the time,
t. The behavior of X(¢) is defined by the linear system
of differential equations:

dX(z)

—>AX(t Al
~ PAX() (A1)

where A is the matrix of transitions between the

states of the channel. To solve system Al, it is nec-

essary to find all the eigenvalues of A by solving the

following equation:

IA—AE| =0 (A2)

where A 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. Al can be written in
the following form:

X(1) =) Civie! (A3)
i=1

where C; is the ith constant; v; is the ith eigenvector
of A corresponding to the ith eigenvalue, A;; n is the
number of states. The constants C; (i=1,..,n) can be
estimated from the probabilities of the channel to be
in all possible states at equilibrium by posing =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 A: A4, =0 and A,,437#0. Let A, correspond
to the fast and A; 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, T and Tyow,
respectively, are given by the following equations:

Mk, ko, k3, ks) = —1/Tpas (A4)

Ak, ko, k3, ka) = —1/Tgow (AS)

where lz(kl, kz, k3, k4) and l}(kl, kz, k}, k4) are
defined from the solution of Eq. A2 relative to A,
and A3.

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

A-X(0)=0 (A6)

with n variables: x;(0),..,x,(0). As the rank of A is
equal to n—1, only n—1 equations are independent.
Adding the equation of the sum of probabilities of
the channel occupying each of all possible states:

Xl(O) + Xz(O) + ..+ xn(O) =1 (A7)

we obtain a system of n equations with » 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 defined via the probabilities of the
open (jth) state occupancy in the absence,
[Oligj=0 =x%j(0)Bj—0, and the presence, [O]pj=o=
Xj(0)(B)0, of the blocker, respectively:

d = [O]pj0/[Olp) =0 (A3)

The calculation of d for models 2-5 leads to the
following equation:

1

=TTk

(A9)
where K is equal to ky-ks4l/ko/(k3+ks) for model 2, ki/
ky+kslky for model 3, kyi-(1+kslkq)/k, for model 4
and ky-kslk4/(k1+ky) for model 5. Only the denomi-
nator of the equation for model 6 contains the item
with [B] rose to the second power:

1

d= 1 + (k1 /ka)[B] + (kiks/ka/k4)+[B]?

The amplitude of the fast component, Ay, for

(A10)

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

C 2°V2j

Ay, ko, ks, koo [B)) = vy
) )

(A1)

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 fitting of the experimental Ig/
Is dependence on the blocker concentration and the
parameters of Eq. All due to the fitting of the ex-
perimental Ag, dependence on the blocker concen-
tration give a system of equations which allows to
determine all the kinetic constants: ki, k>, k3 and k4.
The values of the kinetic constants for TBA, TEA
and MRZ are presented in Table 1.

Model 7 contains five states of the channel. The
eigenvalues for the recovery process defined from Eq.
A2 are the following: A, =0; A, = —k;—kg; A3 =—ky;
Ay =—ky; As = —kg. If the amplitude of the fast com-
ponent is defined as the ratio of changes in the total
number of channels in Og; and Og;p; states and in
the total number of channels in C, Og;, Op, and
Opp> states induced by a removal of the blocker,
then Apg will be defined from Eq. A3 as follows:

C3'V3j + C4'V4j
Corvaj + C3v3) + Cavagy + Csevs

Afast — (A12)

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

1

d:1+ﬂm+me (A13)
where
4 ks(ki/ky + ks/ke) b kikskg

k7 + kg ’ kz'k4‘(k7 + kg)
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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 A.

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 Na* and K* 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
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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 Na ™ 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; CaCl,, 1.4;
MgCl,, 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?*-free 3 uMm glycine-
containing solution (in mm: NaCl, 140; KCl, 5; CaCl,, 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 M{).
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 = 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 [, = 2 um~! - sec™?
and [, = 25 sec™ !, respectively; the entrance and recovery from desen-
sitization were y = 1.2 and € = 0.8 sec™ !, respectively, and the kinetic
constant of the channel closure was o = 200 sec™'. The value of the rate
constant of the channel opening, 3, was chosen according to the value of
the open probability, P, = B/(a + 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 P, was taken to be rather
low (0.09) by the reason clarified in Results. The values of the blocking
and unblocking kinetic constants, k, and k,, respectively, were too fast to
be estimated. The value of the unblocking kinetic constant was taken to
be sufficiently high, k, = 1000 sec™'. The value of k, was taken arbitrarily
(3.5 um~ ! - sec™ !, as for TBA in the previous study by Sobolevsky, 1999)
but the blocker concentration was measured in the values of the micro-
scopic Ky = k,/k,. As it will be shown below from variation of the values
of k, and k,, 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 —100 mV, aspartate (ASP) (100 um)
elicited an inward current through the NMDA channels, which
after the initial fast rise (7 < 30 msec) up to the value, I,
decreased gradually (7 = 250-750 msec) to the stationary level,
I~s. 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,
I, (measured at the termination of the initial fast current in-
crease), and stationary, Igg, 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,
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the maximal value of the hooked current, Ip, was smaller than /g
at any blocker concentration. In contrast, for TBA at high con-
centrations I was greater than I-g in 60% of the cells (n = 32 of
53), and even greater than I, in three cells (n = 3 of 53). The
maximal value of the hooked current for TPentA used at high
concentrations was always greater than I~g (n = 22), and in six
cells (n = 6 of 22) it was larger than I~,. The amplitude of the
hooked tail current, Ip, — Igg, 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, E,,
which varied from —100 to 40 mV (with the step of 20 mV), are
shown in Figure 34. The control and blocked stationary /-
curves are shown in the inset. The degree of the stationary block,
1 — Igg/l s, (as well as the amplitude of the hooked tail current;
Fig. 34) 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= Ips/llcs =1 — 1/(1 + [B]/Ky5(0) X exp(8FEW/RT)), (1)

where K, 5(0) = 5.34 = 0.27 mwm is the equilibrium dissociation
constant at £, = 0, and & = 0.60 = 0.02 (n = 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 8 and K, 5(0) estimated for other compounds are pre-
sented in Table 1. The value of 8 increased for TAA with a
decrease in the alkyl chain length from 0.29 = 0.03 (TPentA) to
0.90 = 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 —100 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 («', B', v/, €', [,’, and 1,") are equal to the
corresponding rate constants for the nonblocked channels (a, S,
v, € 1,, and /,). 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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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.

ately after the termination of the agonist and the blocker coappli-
cation (Fig. 4A4). The kinetic analysis showed that the ascending
phase of the hooked current reflects the blocker dissociation from
the channel (transition from O, ,p to O.* state), whereas the
falling phase reflects the processes of the channel closure, desen-

sitization and the agonist dissociation. In Figure 44 the degree of
the stationary current inhibition, 1 — Izg/I~g, 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 K, for models 1, 2, 3, 4, and 5, respectively. The significant
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Figure 2. Coapplications of TAA with ASP. The control current elicited by ASP (100 um) 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.

difference in blocker concentration ([B]) for different models
clearly demonstrates that the apparent affinity of the blocker (1/
ICs) 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, I, — Igg, is different for
different models (Fig. 44, 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, P,. A rise
in P, 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 Py;
the relative amplitude of the hooked current, (I, — Igg)/lcs,

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

The time constant of the solution exchange (assuming that the
solution exchange is a single-exponential process; Benveniste et
al., 1990b), 7,..n 1S the next factor that crucially affects the
amplitude of the hooked current (Fig. 4C). The hooked current
becomes higher and thinner with diminishing 7,,,.

A qualitatively inverse dependence of the amplitude of the
hooked current on the value of the unblocking rate constant, &,
is observed (Fig. 4D). The hooked current becomes smaller and
wider with the slowing of the blocking kinetics, and at k, =
0.3-0.5 sec ! it disappears completely.

The next factor is the blocker concentration, [B] (Fig. 54). 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-
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Figure 3. Voltage dependence of the stationary current inhibition. The
voltage dependence is illustrated with 2 mm TBA as an example. A4,
Experimental curves. ASP (100 um) was applied alone (left traces) or was
coapplied with 2 mm TBA (right traces) for 3 sec at different holding
membrane potentials, £, = —100, —80, —60, —40, —20, 20, and 40 mV.
The degree of the stationary current inhibition, 1 — Igg/Ig, diminished
with membrane depolarization. Inset, Control and blocked stationary /-
curves. B, The mean 1 — Igq/I-g values were plotted against E,. The
fitting with Equation 1 (solid line) gave the following values of parameters:
K;,5(0) = 534 = 027 mM and 8 = 0.60 = 0.02 (n = 7).

Table 1. Voltage dependence parameters

Com-

pound ) K, 5(0) (mm) n
TEA 0.90 = 0.04 62.2 = 6.0 6
TPA 0.72 = 0.05 10.0 = 1.5 4
TBA 0.60 = 0.02 5.34 £0.27 7
TPentA 0.29 = 0.03 1.84 = 0.11 5

tude on Py, T,.p ko 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. 44, inset) is predicted by models 1-4
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(but not by model 5) at any P, 7,,.n, 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, Igg/Ig,, may differ significantly from that for the control,
I/l . 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, (Igs/ls0)/(Ics/
I,), for different NMDA open-channel blockers were plotted
against the degree of the stationary current inhibition, 1 — I/l
(Fig. 5B), which increased monotonically with [B] (Fig. 2). The
mean (Igg/lpo)/(Ics/lco) values for TPentA (n = 7) and TBA (n =
10) were greater than unity; those for TPA (n = 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 (Igg/Ig)/
(Ics/l ) values for TEA (n = 5) were considerably lower than
unity.

Models 1-5 also demonstrate different plateau/peak ratios for
the block with respect to the control (Fig. 44). For example, the
simulated currents at different blocker concentrations (Fig. 54)
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 Ipg/I, >
I/l for models 1, 2, and 4, is the absence of the D, o 5 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. 44) 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 (Izg/l0)/(Ics/lc) curve
is bent down at high values of 1 — Iz¢/I~ (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 P, (from 0.04 to 0.5) and T, (from 0 to 300 msec)
but only for fast blockers (k, > 10 sec™!), because a high value of
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Figure 4. Simulated hooked tail currents. 4, 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, Izg/I g, we used the blocker concentrations [B] = 175,
16, 7, 13, and 6.5 K, for models 1, 2, 3, 4, and 5, respectively. Hereafter (except as noted) the time constant of the solution exchange, 7,..,, = 30 msec,
the open probability, P,, = 0.09, and the kinetic constant of the blocker dissociation, k,, = 1000 sec™ . 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 P, values. The hooked currents at P, = 0.04, 0.09, 0.2, and 0.5 were
plotted after the stationary levels of the control simulated current at different P, values were normalized. The value of P, 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 P, values. B = 8.33, 20, 50, and
200 sec™!; [B] = 413, 175, 77, and 23.5 K for P, = 0.04, 0.09, 0.2, and 0.5, respectively. C, Hooked tail currents predicted by model 1 at different 7,
values. The hooked currents at 7,y = 1, 10, 30, 50, 100, and 200 msec are presented. [B] = 175 K. D, Hooked tail currents predicted by model 1 at
different k, values. The hooked currents at k, = 0.3, 2, 5, 20, 100, and 1000 sec™* (k, = 1.05, 7, 17.5, 70, 350, and 3500 mM ! - sec™ !, respectively) are
presented. [B] = 175 K.



Sobolevsky et al. « Probing of NMDA Channels with Fast Blockers

A

(s ! I ! (g Iop)

(s b) 1 (fes! 1)

J. Neurosci., December 15, 1999, 19(24):10611-10626 10617

—o—TEA
204 —a—TPA
: —A&— TBA L
—v— TPeA ;1/
15
1,0 g=
0,5
0.0 T T T T 1
0,0 0.2 0.4 06 08 10
1- (gl 1)
—v—1
—o—2
3
2,04 i h
—n—5
—0—5a / /A/“
1
O-U ¥ T T T T T i 1
00 02 04 06 08 1,0

1=l L)

Figure 5. Plateau/peak ratio. 4, The current responses to the agonist application and its coapplication with the blocker at different concentrations ([B]
= 3.5, 14, 35, 105, and 350 K, ) predicted by model 1 are superimposed. B, The experimental values of the plateau/peak ratio normalized to the control,
(Igs/po)/(Ics/ ), are plotted against the degree of the stationary current inhibition, 1 — Igg/lg, for different TAA. C, (Igs/Igy)/(Ics/Icy) curves

predicted by models 1-5 and 5a. Values of parameters for 4 and C: P,,

I5y/Izs can be a consequence of the noncomplete initial blockade
of the channels because of a slow development of the block.
The (Igs/Igo)/(Ics/lco) 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 C, .5 — D equilibrium
toward the D4 o 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
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D,e\,q DIMB
1 e
24(A) LAl Fi a[B] a 2’ I
C—C— Cpp——2 0 == Qs == Clas=—C"ss > Cly
I 26 a 13 I8 1'[A] 21[A]
T
Ky | #[B]
i a 2 A
O1A.~\}_1 . sz_ . Cz,.uj " Czu
ik I'[A] 2[A]
& :j 7
D% uan
Model 5a.

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 k,: k,' = 4 sec™'. The value of the association
rate constant was lowered proportionally (k," = k,/250 = 0.014
uM ! - sec™h), so that the value of the microscopic Ky = ko/k,
remained the same (0.29 mMm). The (Igg/Igo)/(Ics/lco) curve pre-
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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 uM) when the inward current gained its
stationary level, I~g. The solution exchange at the termination of TPentA
application was fast. B, Representative examples of the current recovery
after termination of TEA (5 mMm), 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 (7, = 40 msec, 7y, = 440 msec, and A, = 0.68 for TEA;
Trast = 74 MSec, Ty, = 987 msec, and Ag,, = 0.68 for TPentA) and a
single-exponential fitting in the case of TBA (7 = 368 msec).

dicted by model S5a 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
(Igs/Ipo)/Ucs/lo) 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 6.4 with TPentA as an example. The blocker was
applied when the ASP-induced current already reached its sta-
tionary level, Is. Examples of the recovery kinetics are shown in
Figure 6B. The recovery kinetics for all TAA contained a fast
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ascending component, which reflected the rapid dissociation of
the blocker from the channel (the transition from Oj,p to
O, 4™); the time constant of this component is mainly determined
by the process of the solution exchange (Sobolevsky, 1999).

Along with a fast component (7, = 155 = 27 msec; n = 8), the
recovery kinetics for TEA also contained a slow component with
the time constant 7, = 2.04 = 0.34 sec (n = 8). The amplitude
of the fast component, A4;,,, measured as a relative weight of the
fast exponent in the sum of the fast and slow components, was
0.69 = 0.04 (n = 8).

In the case of TPA, the slow component, if existed, was small.
The value of A, for TPA was either slightly lower (n = 4) or
slightly higher (n = 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, /g, 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 (7., = 389 = 38 msec; n =
10) current decrease back to I~g. However, in three cells for
which the solution exchange was comparatively fast (7, = 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, 7, = 54 =
7 msec and 7., = 596 = 85 msec (n = 7), respectively; the
amplitude of the fast component, A, is 0.63 = 0.04 (n = 7).

Computer simulation showed (Fig. 74) 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,
Trase = 80 msec and 7, = 1.2 sec, and the amplitude of the fast
component, A, = 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
Py, Tyasn, and k, 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 A, 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, 7., = 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 74 revealed the time con-
stant and the amplitude of this component: 7., = 35 msec; A,
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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,
P,. The simulated currents at P, = 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, 7., The simulated currents at 7,y = 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, k,. The
simulated currents at k, = 0.3, 2, 5, 20, 100, and 1000 sec™" are presented.

= 0.4. Our simulations showed that the slow component of the
falling phase reflects channel desensitization (the slow transition
from C4 4 to D4 4) 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 = 65 msec for ASP
and 377 * 32 msec for NMDA (these values were not significantly
different (p > 0.7; n = 6). The fast component of the falling phase
of the overshoot reflects the closure of the unblocked channels
(the transition from O, A" to C,,.). 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 < k, and B < 1/7y,q respectively. These conditions are
fulfilled at any blocker concentrations if the channel has a low
open probability (P, < 0.1; Fig. 7B), the solution exchange is not
very slow (7. < 50 msec; Fig. 7C), and the blocker dissociation

J. Neurosci., December 15, 1999, 719(24):10611-10626 10619

constant is fast enough (k, > 20 sec™*; Fig. 7D) (for models 2 and
4 the fast component in the falling phase of an overshoot does not
appear at any values of P, Ty, and k).

Therefore, we have considered TPentA as a blocker that pro-
hibits the NMDA channel closure. Our experiments with TBA, in
which the value of 7, 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, P,, to be rather low (0.09).

The experimental value of A, for TEA (0.69 = 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 74. The value of A, (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 —
Iso/l s, 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 8A4. As seen, the degree of TPentA-induced stationary
current inhibition increases with ASP concentration. The mean
values of 1 — Izg/l-g for TEA (2 mm), TPA (1 mm), TBA (0.15
mM), and TPentA (1 mMm) depending on ASP concentration are
shown in Figure 8 B. 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 = 7) and
TPA (the mean values were not significantly different, p > 0.3;
n = 6). In the case of TBA, 1 — Iz¢/I¢ decreased (the mean 1 —
Ixo/l s values were significantly different, p < 0.003; n = 5),
whereas in the case of TPentA it rose with the agonist concen-
tration (the mean 1 — Iq/l~g values were significantly different,
p <107%n = 6).

Models 1-5 also predicted qualitatively different agonist depen-
dencies (Fig. 9). 1 — Igg/Ig for models 1-3 increased with the
agonist concentration. The corresponding agonist dependencies
coincided at the blocker concentration, [B] = 28, 2.6, and 1.1 K,
for models 1, 2, and 3, respectively, and were well fitted with the
following logistic equation:

IBS AI_AZ

1= E T1+ ([AJLATY) "y

+A,. )

The values of parameters were as follows: 4, = 0, 4, = 0.515 *
0.002, [A], = 8.18 = 0.15 uMm, and nyy, = 1.39 = 0.04. On the
contrary, the 1 — Izg/l~g value for model 4 decreased with the
agonist concentration. The corresponding agonist dependence at
[B] = 2.5 K, was well fitted with Equation 2 at A, = 0.733 = 0.003,
A, =0.515 = 0.001, [A], = 17.9 £ 0.6 uMm, and 4y, = 1.13 = 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
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Figure 8. Experimental dependence of the stationary current inhibition
on the agonist concentration. 4, 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 um. 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 — Igg/Ig, for
tetraalkylammonium compounds were plotted against the ASP concen-
tration. The 1 — Izg/I g values for TEA (2 mM) and TPA (1 mm) were not
significantly different at different ASP concentrations. The mean 1 —
Igs/Ics values for TEA (0.47 = 0.02; n = 7) and TPA (0.50 = 0.01; n =
4) are represented by horizontal lines and correspond to the agonist
dependence predicted by model 5 at [B] = 0.91 and 0.98 K, respectively.
The 1 — Igg/lcg values for TBA (0.15 mm) and TPentA (1 mMm) were
significantly different at different ASP concentrations. The degree of the
stationary current inhibition decreased with the ASP concentration for
TBA (n = 8) and increased for TPentA (n = 6). The solid lines are the
predictions of model 4 at [B] = 1.02 K, for TBA and model 1 at [B] = 51
K, for TPentA (see Results).

at [B] = 1.1 K. 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
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Figure 9. Agonist dependencies of the stationary current inhibition pre-
dicted by models 1-5. The degree of the stationary current inhibition, 1 —
Igs/I g, 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] = 28, 2.6, and 1.1 K, respectively,
and were well fitted with Equation 2 (solid line). The values of the fitting
parameters were as follows: 4; = 0, A, = 0.515 = 0.002, [A], = 8.18 =
0.15 uM, and ny;,; = 1.39 * 0.04. The fitting of the agonist dependence
predicted by model 4 at [B] = 2.5 K, (solid line) gave the following values
of the fitting parameters: 4; = 0.733 = 0.003, 4, = 0.515 * 0.001, [A], =
17.9 £ 0.6 uM, and ny;; = 1.13 = 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] = 1.1 K;. The values of parameters were
as follows: P, = 0.09, 7,4, = 30 msec, and k, = 1000 sec™ .

of [B] in the range of the P, 7,..n, and k, 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] = 0.91 K4 (model 5), 0.98 K, (model 5), 1.02 K, (model
4), and 51 K, (model 1), respectively. The fitting parameters for
TBA (model 4) and TPentA (model 1) were as follows: 4; =
0.518 = 0.002, 4, = 0.304 = 0.001, [A], = 15.9 = 0.3 uM, and ryy;,
= 1.18 = 0.02 for TBA and 4, = 0, 4, = 0.655 = 0.003, [A], =
6.46 = 0.10 M, and nyy,; = 1.42 = 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. 8 B). However, it can be well described by model Sa
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
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Figure 10. Effects of the continuous presence of the blocker on tail
currents. 4, Experimental protocol with TBA as an example. ASP (100
uM) 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
mMm), 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 ¢ and b.

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.
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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 10A4. The control tail current (¢) is superimposed with the tail
currents in the continuous presence of the blocker for models 1-5 (curves
bI-b5, respectively). Curves b/-b3 intersect with curve ¢, 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] = 28, 2.55, 1.09, 2.07, and 0.98 K, for models 1, 2, 3, 4, and 5,
respectively. The values of the parameters are as follows: P, = 0.09,
Twash = 30 msec, and k, = 1000 sec™!. Inset, Normalized curves ¢ and
bI-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.

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
10A4 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 ¢ decay. This fact is clearly illustrated in the insets, where the
normalized ¢ 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 ¢ and b. Such an
intersection was never observed in the case of TBA: curves ¢ and
b were tangent, or curve b was clearly below curve ¢ (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 = 14 of 16),
the normalized curve ¢ 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 ¢, whereas the
normalized curves b4 and b5 coincide with curve c (see inset). In
contrast, intersection of curves b/, b2, and b3 with curve ¢ 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



10622 J. Neurosci., December 15, 1999, 79(24):10611-10626

Sobolevsky et al. « Probing of NMDA Channels with Fast Blockers

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

Channel desensitization criteria

Intersection of
the control tail
current and the
tail current after

The recovery
current over-
shoot in the

Agonist dissociation criteria

Channel closure
criterion, fast
component in

Intersection of the
control tail current

the agonist and The normalized continuous the falling with the tail current
the blocker co- plateau/peak ratio presence of phase of the Agonist in the continuous Examples
application (Fig. s/ o)/ cs/co) the agonist overshoot dependence presence of the of the
Model 44, inset) > 1 (Fig. 5C) (Fig. 74) (Fig. 74) (Fig. 9) blocker (Fig. 11) blockers
1 + + + + Increasing + TPentA
2 + + + - Increasing + -
3 + - - - Increasing + -
4 + + + - Decreasing - TBA
5 - - - - Constant - TPA
Sa - - - - Constant - TEA

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
P, (from 0.04 to 0.5), 7,4, (from 0 to 300 msec), and [B] and k, >
0.3 um/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, O, p, to the nonblocked state, O ,* (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, k, (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 A, = 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 A, and (Igg/Igo)/(Ics/lco) 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
o =a,B =B, =1,and ;" =1, (see Fig. 44), in the majority
of experiments the hooked current exceeded the value of the
stationary control current, I g (see Fig. 2); (2) at low values of the
time constant of the solution exchange, 7., = 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 (O, p—Caagp) OF
the agonist binding—dissociation transitions (Cap—Cap—Cpg)-
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-
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Figure 12. Predictions of model 4, implying that the blocker slows the
channel closure. The open probability for the nonblocked channel (the
Caa—Opn* transition), Py,= B/(a + B) = 0.09, whereas the open prob-
ability for the blocked channel (the C, og—Oaap transition), Py’, = B/(«’
+ B) = 0.5. The blocker concentration for 4, B, and D, [B], = 12.3 K. The
values of parameters, except as noted specially, are as follows: P, = 0.09,
Twash = 30 msec, and k, = 1000 sec™'. A, The hooked current exceeds the
level of the stationary control current, /g. B, The falling phase of the
recovery kinetics in the continuous presence of the agonist contains only
one visible component when 7, = 30 msec and two components when
Twash = 10 msec. C, Agonist dependence. The value of the stationary
current inhibition, 1 — Igg/l-g (solid line), decreased with the agonist
concentration. This curve is the fitting of the modeling data ([B] = 7.18
K,) with Equation 2. The values of the fitting parameters are as follows:
A, =0.423 £ 0.001,4, = 0.357 = 0.001, [A], = 13.0 = 0.6 uM, and ngy, =
1.19 = 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 ¢ and b are
normalized (inset).

scending (Fig. 8B). Therefore, the only possibility to modify
model 4 to simulate the experimental observations was to correct
the O o5—Caap 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, B'. In this case, the
blocker promotes the channel opening. The second one consists
in reducing the rate constant of the channel closure, «'. 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, 8, was assumed to be the same (20 sec™ ") 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 (o’ = 20 sec™ ') than that for the nonblocked
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channel (a« = 200 sec™!). 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. 12A4), 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 7,4, and in its absence at low values of 7,4, (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 1/1Cs, or 1/K,, 5(0) at 0 mV (Table 1). A decrease
in K,5(0) with the lengthening of the alkyl chains can be ex-
plained by a gain in the energy of hydrophobic interactions of
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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 7 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 (Cg). B,
TPA is bound to the channel in the desensitized state (D o). C, TBA is bound to the channel in the closed, agonist-bound state (C,55). D, TPentA
is bound to the channel in the open state (O o )- 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.

TAA with the NMDA channel, which affects the microscopic Ky
= k,/k,. However, the difference between the K, values for some
blockers is considerably greater than that between the corre-
sponding ICs, [K 5(0)] values, because the latter depends on the
mechanism of the blocker action, and ICsy/K, increases from
TEA to TPentA. Thus, although models 5a for TEA and 5 for
TPA predict IC5y/K; = 1, the modified model 4 for TBA predicts
1C5o/Ky4 = 12.7, and model 1 for TPentA predicts IC5,/K4 = 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 A outward
from the selectivity filter with a cross-sectional area of 22-26 A?
(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 8 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 6 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,
M3, and M4, 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.
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There are several types of NMDA channel desensitization
(McBain and Mayer, 1994). Under our experimental conditions
(3 M 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. 84). 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 A), 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 A), the stretched molecule that at holding po-
tentials more positive than —90 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
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desensitization gates. Taking into account the cross-cut size of
the 9-aminoacridine molecule (11.1 A), 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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Blockade of ion channels passing through the NMDA receptors of isolated rat hippocampus pyramidal
neurons with tetraalkylammonium compounds, 9-aminoacridine, and* Mas studied using
patch-clamp methods in the whole-cell configuration. Currents through NMDA channels were evoked by
application of 10QuM aspartate in magnesium-free medium containing glycimgV{Bto 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 changgl (1/IC
depended not only on the microscopic equilibrium dissociation congigintott 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 A.

KEY WORDS: NMDA channels, gating structures, blockade, kinetic modeling, hippocampal neurons, patch-clamping.

The properties of the NMDA (N-methyl-D-aspartate) son’s disease, Huntingdon’s chorea, dyskinesia, sclerosis,
subtype of glutamate channels, such as the high permeabikllergic encephalomyelitis, epilepsy, depression, ischemia,
ity for calcium ions [28], potential-dependent magnesium schizophrenia, hemiplegia, the chronic pains involved in all
blockade [30], and slow activation kinetics [22, 25] deter- types of dementia, including AlDS-associated dementia,
mine their major contribution to physiological processes. and paralysis [17, 18, 27, 31, 32].

According to current concepts, NMDA channels play a Recent years have seen significant progress in studies
key role in learning and memory processes [8, 12, 29].of the molecular structures, subunit composition, and selec-
Their involvement in generating rhythmic movement activ- tivity of NMDA channels [19], though the question of the
ity has been demonstrated [36], along with their role in themechanisms of NMDA channel activation and desensitiza-
development of the nervous system at the embryo stage [13jon has still not been elucidated completely.

14, 24]. Many neurodegenerative processes are associated The present article summarizes the results of studies
with hyperactivity of NMDA channels. On this principle, conducted by our group in recent years with the aim of
NMDA channel blockers such as memantine (1-amino-3,5-identifying the functional architecture of NMDA channels
dimethyladamantane) and amantadine (1-adamantanamingnd their gating mechanism. The tools for these studies
are used in the treatment of Alzheimer's disease, Parkinwere organic cations (9-aminoacridine and tetraalkylammo-

nium compounds) and magnesium ions, which can enter
Institute of General Pathology and Pathophysiology, Rus-open channels and interact in different ways with the struc-
sian Academy of Medical Sciences, 8 Baltiiskaya Street,tural elements of the channels responsible for activation and
125315 Moscow, Russia. desensitization processes [1, 2, 33, 35].
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TBA

TPentA

9-AA

Fig. 1. NMDA channel lockers: MgZ+, water (H,0), tetraettylammonium (TEA) tetrapropylammonium (TR), tetra-
butylammonium (TB\), tetrapentylammonium (TéntA), and 9-aminoaddine (9-AA). Blak circles shev nitrogen and
magnesium goms,dark gray circles shav carbon and xygen doms,and light gay circles shav hydrogen doms.

METHODS

Expeiments vere perbrmed on pramidal neuons
from field CA1 of the & hippocampus. Sectionseve made
of brains fom Wistar its ayed 2—4 veeks,as desébed pe-
viously [38]. Neupns were etracted fom sections using a
vibrodissociion method [38]. Expéments vere stated
after d least 3 h of inculigon in medium containing 124 mM
NaCl,3 mM KCl, 1.4 mM CaC}, 2 mM MgCl,, 10 mM glu
cosg and 26 mM NaHCQ Incubdion was conducted with
the solution continousy saurated with gis mix (96% G,
4% COQO,), a a tempeature of 32C. Duling removal from
sections andacoding of curents,neuons were kept in mag-
nesium-fee medium containing 140 mM NaGlImM KClI,

2 mM CacC}, 15 mM glucosgand 10mM HEPES pH 7.3.
All blockers were dissoled in water; solutions \ere stoed in
a freezr and vere thaved immeditely before expeliments.
A rapid flow contiol system vas useddr exchandgng solu
tions [11,38]. Transmemtane curents in wole cells vere
recoded ly a pach-damping method taroom tempesture
using micopipettes made of hduboiosilicae glass (Pyax),
filled with “intracellular” solution containing 140 mM CsF
4 mM NaCl,and 10 mM HEPE®H 7.2.The esistance of
filled micropipettes was 3—7 M2. Curents vere digtized &
a frequenyg of 1 kHz and ecoded in a computer memor

Data were anayzed staistically using Micocal Oigin
version 3.5 br Windows. Daa ae pesented as means
+ standad errors.

Kinetic modeling vas based on the solution of linear-sys
tems of irst-oder diferential equtions with constant cofef
cients ly numeical methodsas desébed peviously [11].

Three-dimensional models ofdzker molecules wre
calculdged using the molecular modelingogram Hyper
Chem \ersion 3 br Windows.

RESULTS AND DISCUSSION

Kinetics and Stdionary Characteristics of Open
NMDA Channel Blodkade. Figure 1 shavs the NMDA
channel Iockers used her Mgz+, tetraettylammonium,
tetrapropylammonium tetrapentylammoniumand 9-amine
aciidine, whose diects vere studied in the pisent gpeli-
ments.

Currents though NMDA channels arse in esponse to
the gplicaion of 100 uM aspatate in magnesium-fee
medium containing gtine (3uM). At a membane poten
tial E;, = =100 mVthe curent was an infux curent; after a
rapid (t < 30 msec) in@ase to a peakalue (), it stat-
ed to decgq slovly (t = 570+ 25 msecn = 7) until it
readed a cdrin stdionaly value (o) (Fig. 2, A). This
decy in the curent in the constant psence of gonist is
interpreted as desensitizan of NMDA channels.The
extent of desensitizn (1 — (cdlco)) varied from cell to
cell over a wide ange, from 0.08 to 0.75.

Used sinultaneoust with agonist, blockers deceased
both the peaklgq) and stéonaly (Igg) curents (Fg. 2, A).
After cogplicaion endedan infux aftecurent ppeaed (a
*hook”), which quikly readed a peakif) and then deged
to zero. The elaive amplitude of the hookIl — Igg)/lcd
increased with in@asing lbcker concenstions and corre-
spondingy, with increases in the dese of suppssion of the
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Fig. 2. The efects of sinultaneous xposue to Hockers and gonist.A) Supeimposition of contol current in esponse togplicaion of aspar
tate (100uM) and the bbcked curent in esponse to sibitaneous pplicaion of aspaite and tetettylammonium (TEA10 mM), tetrapropy-
lammonium (TR, 2 mM), tetrabutylammonium (TR\, 2 mM), tetrapentylammonium (TentA, 3 mM), Mg?* (100pM), and 9-aminoaddine
(9-AA, 10uM); B, C, D) relationships of the maxiom hook amplitudel - Igg)/I~g) (B), the contol-nomalized rtio of staionary curent to
peak curent [(gd/lgo)/(Icdlco)] (C), and the contl-nomalized dage transer duing the aftecurent Q) (D) with the etent of suppession
of the stéonary curent (1 — (gd/lcg)-

TABLE 1. Parametes of Potential D@endence (bm [35] with adlitional dda)

Substance 1 Ko 5(0), mm n
Tetraettylammonium 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
Mg?* 0.93+0.19 6.57+2.95 11
9-Aminoacidine 0.65+ 0.05 0.162+ 0.070 4
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Fig. 3.Agonist-dgendent lockade A) Currents in esponse to sioitaneous
use of tetapentylammonium (TéntA,1 mM) and asptate (ASP) adiffer-
ent concenations supeémposed on contil tracesB) relaionships betwen
mean &tents of supmssion of the st@mnaty curent (1 — (gd/l-9) and the
ASP concenttion (from [35] with adiitional dda).
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stationary curent (1 — (gd/lcg) (Fig. 2, B). For Mg?",
tetraettylammonium, tetrapropylammonium, and 9-amine
acidine, (Ip—Igg)/lcgWwas less than 1 x4/l While in the
cases of tetbutylammonium and tedpentylammonium,
especialf a high Hocker concenttions, (Ip — Igg)/lcg Was
greder than 1 4gd/lg(in Fg. 2, B, the points lie bove the
dotted line caesponding tolf—lgg)/lcs= 1 — (gd/lc9)-

Changs in the kinetics of aftearents in the prsence
of different Hockers were different. The decy phase of the
hook was delged as compad with decg in the contol
current when tetebutylammonium,tetrapentylammonium,
and 9-aminoaddine were used (intaxepts of aftecurrents
in Fig. 2, A); these coincided in the case of Mgand
tetrapropylammonium while decg in contiols was slighty
delayed compaed with decg of curents locked by
tetraettylammonium.

The “desensitizéion” decy in the curent duing
cogpplication of aspate and kockers (go/lgg) was
smaller than in condis (-¢/lcg) in the pesence of tet
butylammonium and tedpentylammoniumessentialf the
same in the @sence of tegpropylammonium and Mg,
and geder than in conls in the pesence of tefietlylam-
monium and 9-aminoaidine (Fg. 2, A). This is well illus-
trated ly the intgral cuves of (gd/lgo)/(Icd!co), Which
for these lockers were geaer than 1laround 1,and less
than 1 espectiely (Fig. 2,C).

Transer of damge though NMDA channels,mea
sured by integration of curent cuwes after the end of
cogplicaion of aspaete and kockers, for tetabutylam:
monium,tetrapentylammoniumand 9-aminoaddine was
greaer than bamge transkr after the end ofxposue to
aspatate alone The mtios of these lcaiges Q) were
greder than 1 and inemased with ine@asing bcker con
centetion (FHg. 2, D). In the case of I\/I?gf tetraettylam-
monium,and tetapropylammoniumQ was less than unity
and deceased with inarasing bocker concenttions
(Fig. 2,D).

All blockers deceased the il of suppession of the
staionary curent (1 — (g4/lcg) with increases in the Vel
of cell membane deolaiization. The eldionship betveen
1-(gd/lc9 and memtane potential,) fit the model [39]
descibed by the bllowing equéion:

1-lgdles= 1 - 1/(1 + [B]K, £(0)- &p(3FE/RT)),

where K; 50) is the equilibium dissocidon constant t&a
E, = 0 andd is the popottion of the memtane potential
obtaining & the Hocker binding site in thelannel poe.
Smaller bockers penetited deeer into the bannel aarss
the tansmemhane feld than lager Hockers. This is dear
ly illustrated inTable 1, which gve values or d andK, £(0)
for all Hockers.

The dgrees of supmssion of the st@nary cumrent
(1 - (Igd/lcy) for different Hockers shoved diferent ela
tionships with gonist concenation. Fgure 3, A shaws,
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B

Fig. 4. The efect of eposue to gonist in the continous pesence oflocker (from [35] with adiitional dda). A) Expeimental
scheme based on the&ample of 10QuM aspatate (ASP) and 1 mM tedbutylammonium (TB\); B) afteicurents after the end
of exposue to @onist in the continous pesent of te@etlylammonium (TEA2 mM), tetrapropylammonium (TR, 0.6 mM),
tetrabutylammonium (T, 1 mM), tetrapentylammonium (TéntA, 0.5 mM),Mg2+ (10 pM), and 9-aminoaddine (9-AA,
10 uM) (b) supeimposed on contd traces €). Insets shaov current cuwes br b andc with nomalized stéionaly levels.

using tetapentylammonium as axample tha 1 — (g4l tetraettylammonium tetrapropylammonium,and Md’*, the
increased with in@ases in the aspae concenstion. degree of suppssion of the stmnary curent was ind@en
Apatt from tetapentylammoniuma positve agonist ela dent of the asptate concengation, while for tetabutylam-

tionship was seen dr 9-aminoaddine. In the cases of  monium the gonist elaionship was negative (Fg. 3, B).
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B

Fig. 5. Exposue to Hockers in the continous pesence of gonist (fom
[35] with adlitional dda). A) Expeimental sheme based on thexam
ple of 2 mM tetrapentylammonium (TentA) and 100uM aspatate
(ASP); B) aftercurrents after the end okposue to tetaettylammonium
(TEA, 5 mM), tetrapropylammonium (TR, 2 mM), tetrabutylammoni
um (TBA, 2 mM), tetrapentylammonium (Te€ntA, 2 mM), Mg2+
(100 uM), and 9aminoacidine (9-AA, 40 uM) in the contimous pes
ence ofASP (100pM).
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When the lbcker was constangl present in the solu
tion washing the cellthere was no hook after the end of
agonist exposue. The expeliment is illusteted in Fg. 4, A,
using 100uM aspatate and 1 mM tetbutylammonium as
an xample The aftecurent kinetics after the end of aspar
tate exposue were \ery interesting Supeimpositions of
aftercurrents in contls (€) and @oked ty applicaion of
agonist in the constant esence of locker (b) are shevn in
Fig. 4, B for different Hockers. Curvesb andc intersected
in the cases of tegpentylammonium and 9-aminoéadine,
but not or the other lockers. The insets in Hg. 4,B, where
the stéionary levels of curent cuvesc andb are nomat
ized shav tha tetrapentylammonium and 9-aminoétine
produced sting delgs inb as compard withc, this being
very slight for tetiabutylammonium; namalized ¢ and b
curves coincided dr Mg2+, tetraettylammonium, and
tetrapropylammonium.

Figure 5,A explains the gpeliment using lbcker on
a ba&ground of constant xposue to aonist solution,
using tetapentylammonium (2 mM) as anamnple Block-
er was used onl after the aspéate-induced cuent had
readed its stdonary level (Iog). After the end of
tetrapentylammonium pplication, the curent inceased
shaply to levels exceeding the steonaly level of the con
trol curent (-9 and then gadualy decyed to this lgel.
The aftecumrent, which was geaer than the steonaly
level in the contl, subsequenyl demonstated “over
shoot: The orershoot decg in the case of tedpentylam
monium (HKg. 5, B) was well descibed by two exponents
with time dharacteistics for the fist and sl components
of Tr,1= 54+ 7 msec andy,, = 596+ 85 msec espectie-
ly (n= 7). Owrshoot vas also seen with tebutylammont
um; when solution xchang was slev (t,,5,> 50 msec),
the descending phase of theeshoot contained one sio
component® = 389+ 38 mse¢n = 10),while rapid solu
tion exchange (t,,sn = 5-30 msec) aye an w@ershoot
decy which, as in the case of tefyentylammoniumwas
well descibed by two exponents. In the cases of
tetrapropylammonium and M6+, overshoot,although pe-
sent,was hadly detectale (Fg. 5, B). On aerage, the
kinetics of curent ecovery after exposue to tetepropy-
lammmonium and M{:f', in the contimous pesence of
aspatate, consisted of singleapid componentseflecting
the rate of solution gchang. Overshoot with 9-aminoacr
dine was ony seen thigh Hocker concentitions, and its
ascending phaseas nuch slaver (T = 656+ 69 msec &
40uM, n=7) than in the cases of tatutylammonium and
tetrapentylammonium. Omrshoot did not deslop 4 all
with tetraetlylammonium. In &ct, the kinetics of ecovery
always contained a slo componentand the cuent was
well descibed by two exponents withapid- and slav-com
ponenttime damcteistics of 1;,;= 155+ 27 msec and
Tgon = 2.04% 0.34 sec eéspectiely; the amplitude of the
fast component asA;,,= 0.69+ 0.04 f1 = 8).
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Model 1
CAAB Model 2
Daas
€

Can Model 3
CAAB = CAB = CB Model 4

14[A] 24[A]
Daas

2, I
CAAB = CAB = CB Model 5

[1[A] 21,[A]

Fig. 6. Kinetic models desbing different types of intexction betveen lhocker and the NMB channel (fom [35]).
C, D, andO indicae the tannel in thelosed desensitied and open stas espectrely. IndexesA, AA, andB designée
the @tachment of one molecule ofjanist,two molecules of gonist,and one molecule ofidcker respectrely. Astelisks
indicate the conducting s of the biannel. p] and B] are the gonist and bcker concenttions espectiely.

Kinetic Modeling. The efects of tockers on open
channels wre desabed ly adling the thocked stie to the
standad kinetic model ér actvation of NMDA channels.
Figure 6 shavs five possile models obtainedybsequential
addition to the sheme of actiation sugjested kg Lester
and ahr [26], the open locked stée Oppp). the dosed
blocked, agonist-non-bound G,ap), the desensitizd
blocked Dpap), and dosed toocked sées,in which agonist
had alead/ vacaed the bannel Cpg, Cp).

The five models pgsented in i§. 6 can beagarded
as sequentiallreduced models &m the completgl sym
metiical model 5.The adantaye of this set of models is
tha they are simple and all@ the inteactions of the
blocker with the gting medanism of the NMB\ channel
to be pedicted Model 1 desdbes the situion in which
the Hocker channel opening and¢onsequenyi, desensiti

zaion and gonist dissocifion. The second model is
based on the supposition ththe dannel can lose with
the Hocker inside but cannot undgo desensitiz@on and
the gonist-receptor compl& cannot dissocta to sub a
stage thd the dannel is in the locked stée. The thid
model Prbids ony dissocidion of the gonist, while the
fourth only forbids desensitizeon. The last fifth, model
is symmetical and brbids neither losure of the locked
channel,nor its desensitizion, nor gonist dissociton.
The walues of kinetic constantselected fom our esults
and pulished d#a [7,10, 16, 20,33-35],were as bllows:
l1= 2uM~lsec?, I,=25 sec’, o = 200 sec, B = 10sec?,
y=1.2sec, & =0.8 sec, ki =3.5uM™ sec?, andk, =
= 1000 sec. Testing of models 1-5ver wide anges of
parametes led to constrction of the thle of predictions
(Table 2).
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Compaison of the gpeimental déa (Hgs. 2-5) with
the pedictions of models 1-5 @ble 2) sheved tha the
interaction of tetgpentylammonium with open NM®
channels was séisfactoily descibed by model 1.

The «peimental déa with Mg2+ and tetapropylam-
monium vere well descibed by symmetical model 5This
model sugests thathe Bocker binds to the ltannel with
out preventing it from dosing or undegoing desensitiz&on
or dissociion of gonist. The small deiations of the
expeiimental déa from the esults of model »@eiments
can be gplained ly the fact tha Mg2+ and tetepropylam-
monium can nonethelessvgasome dect on the desensiti
zaion of NMDA channels.

Compaison of the pedictions of models 1-5 @ible 2)
with the epeimental déa for tetmettylammonium sug
gests thathe best modelof descibing its inteaction is
model 5.Two facts,however, indicae tha model 5 cannot
provide a complete desption of the eflects of tetaetly-
lammonium:1) the deth of the &peimentally obseved
desensitizon decq is signifcantly greaer than pedicted
by the model [alues of (z4/lgo)/(Igd/lco) were signif-
cantly lower than pedicted ly model 5; compar Hg. 7,B
and Rg. 2,CJ; 2) the kinetics of&covery of the curent after
tetraettylammonium aplicaion endedwith aspatate pie-
sent thoughout,contained a sl@ component (i§. 5, B),
which is not pedicted ly model 5 (kg. 7,E).

The simplest kinetic model griding a s#ésfactory
desciption of the e&peimental da@a obtained with
tetraettylammonium is the model with twbinding sitesdr
blocker, i.e., a fast site {) and a slw site Q).

Da Dl Model 6
11[A] B ki[B] a P
C=2Cy =2 0y = Olyg= Clyg= Clg
|2 a k2 B Il[A]
oo
a Pt

O%p =2 C%pg = C%

B 11[A]
|

2
DA

The binding and dissodian constantsdr site2 were
taken to be 250 times smaller then theresponding con
stants or site 1:k12' = ko250 = 4 sec and ki = k/250 =
= 0.014pM_1sec_ . Analysis of the esults of modeling ma
indicae tha the NMDA channel contains tav blocking
sites br the binding of terettylammonium,which cannot
be occupied simtaneousf by two bocker moleculesand
that binding with sitel, which has apid binding and disso
ciation kinetics,does not mvent binding and desensitiza
tion of the NMDA channel and dissodian of gyonist.

Retuning toTable 2, it seems thiathe best modelof
descibing the efects of tetabutylammonium is model 4.

Sobolerskii and Khodorov

The fPllowing points however, suggest tha model 4 cannot
descibe all its efects:1) the hook rceeds the stimnaly
level of the conwl curent (Rg. 2,A); 2) thee is a delg in
aftercurent decy kinetics in the contimous pesence of
blocker in solution,as compagd with contols (Fg. 4, B);
and 3) thee is a apid phase in thevershoot decgon Bpid
exchang of solutions.The simplest model safactoily
descibing the epelimental déa is model 4 with an alter
ation in theOp \g—Cappg transition.

Dpa Model 7
y Js
2,0A]  14[A] B ki[B] a’
C:CAZCAA‘:)OAA‘:)OAAB‘:)CAAB
[P} 2, a ko g
2'2”'1['“]
2
Cg == Cus
24[A]

Kinetic anaysis shaved tha corespondence with the
expeiimental déa needed tedbutylammonium to ina@ase
the maxinum piobability of opening of tbocked dannels
[(Pg = B'/(a" + B))] as compaed with the caresponding
value or the unbocked dannel [Py = B/(a + B))]. Ther
are two possile ways to do thisto alter the sing con
stant (') or to alter the opening constaft)( Deceases in
o' would sugest thathe Bocker prevents tosure of than
nels,while increases i}’ would sugyest tha the bBocker,
having enteed the bannel,facilitates its opening Both
possibilities poduce qualitavely identical esults. kgure 7
shaws the esults of modelx@eliments adressing the pes
sibility tha the Bocker hindes cdhannel tosure by a factor
of 20 @ = a/20 = 10 sec, B’ = ).

The simplest kinetic model deglning the efects of
9-aminoacidine supposes th#he Bocker pevents dosure
of the dannel and thus prents desensitifimn and disso
ciation of ggonist [10,15, 33], and also assumes dvbind
ing sties br 9-aminoaddine in the NMDA channel and the
possibility tha these can sioitaneous) be occupied
two different Hocker molecules [33].

Y €
2,[A1 1Al B X k[BI ks[B]
CcC = CA = CAA = OAA = OAABl = CAABlBZ
PY 2, a ko Kq
ke || ks[BI
Onag2

This model supposes thtae Bocker bound with either
of the sites mvents both lbsure of the bannel and its
desensitizéon and dissocit#on of gyonist. kgure 7 shas
the pedictions of model 8 with thellowing values of the
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Fig. 7. Pedictions of models desbing the actions oflbckers (identifed by numbes). A) Aftercurrents @peaing after the end of sinitane
ously applicaion of Hocker and gonist contimious lines) supanposed on contll traces (dotted lines, C) relaionships of contrl-nomak
ized rtios of staionary current to peak cuent [(gd/lgo)/(Icdlco)] (B) and contol-nomalized dage transer duing the aftecurrent Q) (B)
with the extent of suppession of the stinary curent (1 — [gd/lg)); D aftercurents @peaing after the end ofgplicaion of ayonist in the
contiruous pesence of locker supemposed on condd traces €). The inser shawvs curent curves with nomalized stéionary levels; E) after
currents @peaing after the end of@osue to Bocker in the continous pesence of gonist; F) relaionship betveen the etent of suppession

of the stéonary current and the gonist concengtion.
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TABLE 2. Pedictions of Models 1-5 @m [35] with adlitional dda)

Sobolerskii and Khodorov

Criteria for model 5 Criteria for desensitiz@on chi:li:::ah:g[)re Criteria for agonist dissociion

B e B S B T T R B o S T I G [
CS | cogpplicaion® (Icdlco ® of blocker®

1 + + >1 + + >1 Increasing +

2 + + >1 + - >1 Increasing +

3 + + <1 - - >1 Increasing +

4 + + >1 + - <1 Decrasing -

5 - - <1 - - <1 Constant -

Notes. linteresection (on supienposition of taces) of the afteumrent in contols and the cuent after copplication of agonist and tcker. %Presence of
overshoot of the aft@urrent in the pesence ofgonist.SProbdoiIily of the gppeaance of aapid component in thevershoot deca phase4Magnitude of
contol-nomalized dage transer duing the aftecurent. 5Agonist d@endence of thexéent of suppession of the stmnary curent. SIntersection (on
supeimposition of taces) of the cori afteccurrent and the cuent after the end ofpplication of agonist in the continous pesence of locker.

kinetic constantsk; = 29 pM~'sec?, k, = 1000 set,
ks =0.74pMsec?, k, = 1.54 set!, kg = 0.054uM sec?,
andkg = 0.47 sec.

Thus,desciption of the kinetics and dianaty charac
teristics of NMDA channel lockade ly different sub
stances needed thfent kinetic modelsThis sugests tha
the mebanisms of action of thesdobkers ae different.
The frst point is thamodels based on &érent actionsdr
blockers on the pocesses of kannel @sur, channel
desensitizéon, and dissocigon of ayonist, with identical
microscopic equilibum dissocition constantsk = k,/k;)
predict diferent gpaent Hocker afinities for channels
(ICgp). This is an impdant questionas the miapscopic
dissocidion constant and the halfdzking concenttion
are often the samevhich in tum leads to incoect inter
pretaion of the déa and etoneous compative anaysis.

It follows tha the gpaent afinity of tetraalkylammo
nium compounds [(1/16), 1/K, £(0)] depend not ory on
hydrophobic and stér factos (which influence the mia-
scopicKy), but also on inteactions with the ging meha
nism [afecting the diference betwen IG values K £(0)
andKy)]. The tio of K4 and IG,, dgpends on the pbabil-
ity of channel openingRp), on the mmber of desensitid
channels,and also on the conceaipn of ajonist. For
model 5,IC5/K is aays unity For the other modelshis
ratio is alays geaer than unity Thus, with Py = 0.048,
y/e = 1.5 and an aspagine concenttion of 2.5uM, modell
gives 1GyKy = 1000.

Screening Efect. A second posslb souce of difer-
ences beteen the miarscopicKy and the half-lmcking
concentation 1Cg, is the mehanism of “screening’
Screning means thexistence of a nonlbcked binding
site, sudh tha attachment of one locker molecule to this
site hindes the binding of anotheddxker molecule to the
blocked site (k. 8,C). The Hocked binding siteX) is de@
within the dannel pog, while the sceening sited) is in the

wide pat of the atracellular estitule. The sceening effect
is manikst as a daation in the \alue of the Hill codicient
for the elaionship betveen concenétion and the etent of
suppession of the stenarly curent from unity i.e., the
value pedicted ly all eight of the kinetic models ayaéd
above. Thus, the geder the binding of one locker
molecule to the seening binding site hindgbinding of a
second tocker molecule to thelbcked site the smaller is
the Hill coeficient. It is Iajical to suppose thahe lager
the Hocker molecule the geder the saeening effect it
would have. The signifcant decease in the Hill coétient
with blocker molecule sig seen dr tetaalkylammonium
compounds (@le 3) grees with this ypothesisThe sim
plest kinetic model desbing the sceening effiect is

KAl kelB]

C = O, =

ko
ka koB] Kg|| k7[B] kg

ki1[A] , KaslB]
Crz = Opgz = Oppies
12 Kig

OpB1

ke[B] Model 9

The aplicability of the sceening modelypothesis \as
assessedybtesting model 9 witlk; = kj; = 4 seclum?,
Ky = ki = 50 S€T, kg = ks = ky = kg = 100 sec'{B] 7, and
ky=kg=kg=kig=kq4,=100 secl. The ete constank, ;was
valried. Calculded cuwes shwing the eldionship betveen
the tent of suppession of the st@naly curent and lock-
er concenttion, expressed aky = ky/k; a differentk, 5 val-
ues,are shavn in Fg. 8, B. When constarit, ; was less than
k3 (binding of one mcker molecule to the seening site hin
ders binding of anotherlbcker molecule to thelbcked site),
the elaionship betveen the etent of suppession of the sta
tionary curent and the lbcker concentition was less stge
and the Hill codfcient was less than unity i@ 8, C). The
ratio 1IC5yK, increased in these conditions andsageder
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Fig. 8. The“screening”hypothesisA) Diagram shaving the sceening lypothesisThe Hocker binding sites(is the toocking site and3
is the sceening site) ar locded in the gtracellular \estibule of the bannel. Cicles identify bocker moleculesThe narow pat of the
channel is just belwo site 1, the selectie filter; B) relaionship betveen the tent of suppession of the stmnary curent pedicted ly
model 9 adifferent \alues of constark; ;. Cuves shuv fitting to the eqution; C) relaionship betveen the Hill codfcient and theatio

kqa/ks; D) relaionship betveen atio IC5y/Ky andk, 4ks.

than unity (kg. 8, D). Corversel, whenk, ; was geder than
ky (binding of one lmcker molecule to the seening site
facilitated binding of anotherddicker molecule to thelbcked
site), the plot shwing suppession of the st@nary curent
was steper and the Hill coétient was geaer than 1
(Fig. 8, C), while IC;yK, deceased (fg. 8,D).

The Roles of Hydophobicity and the Siz of
Tetraalkylammonium Compounds inTheir Binding to
NMDA Channels. Having found the codicients of
increase of Igyas compazd withK, due to the intexction
with the gting medianism kg), and the s@ening mebka
nism (), values ofK, (0) can be used to estitaamicio-
scopic equilibium dissocidion constants taE,, = 0 mV.
kd(Omicro = Ko s(0)ky/ks. Calculded \alues ofky, ks, and
Ki(O)micro for tetmalkylammonium compounds arshavn
in Table 3.

The dang in the fee binding engy of tetraalkylam-
monium compoundger mole of alkl groups,with NMDA
channelsgalculaed accoding to

8G(=CH,=) = —(L/4RTI[IN(K4(O)micro):

gave d8G(=CH,=) values of 318 cal/mole agng from
tetraetlylammonium to tespropylammonium, 569
cal/mole ging from tetepropylammonium to tesbuty-
lammonium,and 555 cal/mineang from tetabutylammeo
nium to tetepentylammonium. Linear itting of
IN[K4(0)microl for all tetaalkylammonium compoundsage
0G(=CH,=) = 489+ 42 cal/mole (Fg. 9). This value is half
the theoetical dang in the fee enegy of one mole of
=CH,= groups (1000 cal/mole)of transkr from an aque
ous erironment to a ydrophobic emironment [23]. Con
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Fig. 9. Reldionship betveenKy(0),i.,o and the amber of carbontams {¢) in tetrmalkylammonium compounds.

TABLE 3. Values ofk, i, Ks, andKy(0)yicro for Tetraalkylammonium Compounds

Substance Ky Nyl Ks Kd(O)micror MM
Tetraettylammonium 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

sideiing tha the positve dhaige of the nitogen dom in all
tetraalkylammonium compounds is digtuted aer the
alkyl chain and thithe binding egions of these compounds
cannot beegarded as ideal non-polaytrophobic ewiron
ments,the transer enegy of one mole of =ChkF groups
must be less than 1000 cal/maléus, hydrophobic inter
actions plg a lage mle in the binding of te&alkylammo
nium compounds with NMB channels and it can be sug
gested thhat least half the =Ck+ groups of these com
pounds 6érm hydrophobic bonds wen Bocking channels.
Contradicting the conlasions of a pavious stug [2], we
came to the comasion tha the dsence of ansignificant
decease iMG(=CH,=) with increases in the length of the
alkyl chain is @idence thathe siz of the tetalkylammo
nium compounds has nofeft on their hility to form
hydrophobic bonds in NMRB channels.

A Model for the Gating Mechanism of NMDA
Channels. The diference in the médwmnisms of action of
blockers is gppaent mainy in their efects on bannel to-
sure, channel desensitiian, and @onist dissocigon.
Some lockers prvent dosure of NMDA channels
(tetrapentylammonium),while othes (tetabutylammoni

um) onl decease the mbability that the Bocked dannel
will be in the ¢osed stte andfinally, a thid group hae no
effect on dosure (M92+, tetraetlylammonium, and
tetrapropylammonium).This is eidence br the &istence
of activatory gates in NMDA channelspon which blockers
can act in diferent ways. The fact tha some Iockers pe-
vent desensitizion of NMDA channels (teipentylamme
nium , tetrabutylammonium,and 9-aminoaddine), while
othes only have patial effects on NMIA channels (Mﬁ*
and tetapropylammonium),and finally, a thid group has
no efect (tetaettylammonium) sugests thathe NMDA
channel contains some stture responsike for its desensi
tization and on ‘kich different Hockers can act in ditrent
ways. The «istence of a loacker which does not mvent
closure of NMDA channels bt does pavent desensitizeon
(tetrabutylammonium) shas thd the actvatory gate of the
NMDA channel and the stcture responsite for channel
desensitizéon ae different fom eab other Since all the
study substances enter the pand tock the dannelthis
structure is most likely to be locged in the tansmemlane
pore-forming fragments of the amino-acid sequence of the
NMDA channel.
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Fig. 10. Explantion of the lypothesis theNMDA channels contain aetory and desensitizingates,which ate different from eab other
(from [35]). The actvatory gates ae shovn daker then the desensitizingtgs and a locded doser to the etracellular surdice of the
membane Triangles sha agonist molecules. Hemisptes in the bannel valls ae binding sitesdr penetating cdions. 1, 2) Blocker
binding stiesThe upperow shavs side vievs, and the laver row shavs views from aove. A) An NMDA channel with bound tedetty-
lammonium in the losed gonist-non-bound locked stée (Cg); B) a dannel with bound tedpropylammonium in the desensitid
blocked stée Dapp); C) a hannel with bound tedbutylammonium in thelosed gonist-bound Iocked stée (Cpap); D) @ hannel with

bound tetapentylammonium in the operdaked stée (Oppp)-

The molecules of Ibckers which prevent dosure or
desensitizaon of the NMDA channel ae lage in siz.
Blockers which do not pevent hut can hinder these @r
cesses a smallerand Bockers which hinder neither lo-
sure nor desensitizmn ae the smallestThis is &idence
for the sugestion thablocker molecule sig plays the ley
role in the inteactions of bockers with the gting stuctures
of the NMDA channel [2].The fact tha the \alue ofd for
small-siz2 Hockers is signifcantly greaer thand for laige
blockers (Table 1) is indiect ezidence thathe rmer pen
etrate moe de@ly into the @annel poe than the lger.

According to curent concpts,the NMDA channel is
a poe with a small intcellular estitule and a lage extra-
cellular \estitule containing a naswing of length aout
6 A and a diameter of 6.4 A; thestitules ae sparated ly
a selectie filter with a coss-section of 22-26 A [370].
Figure 10 shas pat of the poe of the NMDA channel,
containing tw bocking regions and binding sitesof
cdions which penetate the poe. The later ae most lilely
to be loc#ed in the upper paof the ion poe (the a&tracel
lular vestihule), because the binding of perating caions
to them is indpendent of memlane potential [35]. It is
velry likely tha one or seeral binding sitesdr penetating
cdions ae & the same time seening binding sites {§. 8).
The stucture responsike for opening and losing of the
NMDA channel is shon in Hg. 10 as an actatory gate
separted from the selecte filter by a distance norgaer

than the length of thexeended IEM-1754 molecule (17 A),
whose teminal ammonium mup dtaches to site 1 taa
membane potential of =90 mWhile the adamantane head
prevents tosure of the actiatory gates [4,6, 21].

The stucture responsite for desensitizéon of the
NMDA channel is also shlwn in FHg. 10 as gtes. Thus,
blockers peventing dannel tosure or desensitizeon pre-
vent dosure of the caresponding ges.The diference in
the deths of the actiatory and desensitizinghannel gtes
is detemined mainy by the diferent in the sies of
tetrapentylammonium and tetoutylammonium. Since this
is small (1-2 A)jt is logical to suppose thahe actvatory
and desensitizing aies ae formed fiom transmembane
fragments of diferent sulbinits of the NMIDA channel.This
suggestion is shan in diggram form as vievs of the ban
nel from aove (Fg. 10,lower row).

Thete is an altaraive sugestion,tha only the actva-
tory gates ae within the bannel poe, while the stucture
responsike for desensitizgon is outside the performing
channel valls. This stucture can be illusated as"bolts,
which complete} lock the dosed actratory gates,corvert-
ing the dannel into the non-conducting desenettizstée.

Regardless of the actual sicture of the“desensitizing
gates” of the NMDA channel,the diameter of thehannel
pore & the actvatory gate site has to be tek as essentigll
the same as the siof the tetmpentylammonium molecule
(11 A), calculaed as the mean of thedvminimum sizs of
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the smallest bo containing the teépentylammonium
molecule (HyperChem) (and hich is equal to the
crosssectional sig of the 9-aminoadatine molecule)This
is in good greement with d@ obtained ¥ Koshele and
Khodowv [2], who came to the cohesion tha only those
blockers whose maximmm molecular sie is geder than the
critical size of the windw, 11 A, have the &ility to immo-
bilize the open coiguration of the &iannel. In this casé
the desensitizing mbanism shan in Hg. 10 is corect,the
diameter of theltannel poe in the egion of the desensitiz
ing gates is essentigllequal to the si of the tetbutylam-
monium ammonium molecule (10 A).

Thus,the pesent esults lead to the colusion tha
blockers ae useful toolsdr stud/ing the functional athi-
tectue of recetor-contwmlled channels in newm mem
branes.
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