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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.
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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
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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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