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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.
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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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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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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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Can Model 3
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CAAB = CAB = CB Model 5
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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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