J. Membrane Biol. 161, 1-8 (1998) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1998

Topical Review

Voltage Dependence of Open Channel Blockade: Onset and Offset Rates

D.B. Tikhonov, L.G. Magazanik
Laboratory of Biophysics, Sechenov Institute of Evolutionary Physiology and Biochemistry, Russian Academy of Sciences,
St. Petersburg, Russia

Received: 6 May 1997/ Revised: 17 July 1997

Introduction For instance, the blockade of mechanosensitive channels
by amiloride depends on voltage, which is negligible at

Itis well known that open ion channels can bind differentPOSitive potentials. It has been found that the permeant
drugs at the pore, and this kind of interaction impedes thdons do not change the voltage dependence in this case
ion flux through the channel. In many cases, the block is(-@ne, McBride & Hamill, 1993). Nevertheless, the ex-
dependent on the transmembrane potential differencd€rimental curve of voltage dependence cannot be de-
This article discusses the practical application and limitsScried by the Woodhull model and is consistent with a
of models used for describing such block. voltage_-mdependent blnd_mg of the drug to a site that is
Any voltage dependence of block must be due to theacc_essmle at hyperpolanz_ed but not at depolarized po-
movement of some charge(s) in the membrane electricdfntials (Rusch, Kros & Richardson, 1994). The oppo-
field. Since prominent voltage dependence has beefiite influence of membrane field was observed when
found for the blocking effect of many charged drugs, thePOlyamine containing neutrotoxin—argiopine (organic
widely used Woodhull model (Woodhull, 1973) consid- cation), isolated from s_plder venom—blocked the closed
ers the effect of the field on the blocking particle itself, State of glutamate-activated channel at low concentra-
The field draws the charged drug in and out of the block-ions in insect or crayfish muscle; the blockade was
ing site. However, some other factors may affect or defound at depolarizing voltage but ceased after hyperpo-
termine the appearance of the voltage dependence @n_zaﬂon (Magazanik et al., 1987; Antonov et al., 1989).
blockade. For instance, a blocker occluding the channel hiS may be related to conformational changes of gluta-
necessarily interacts with the permeant ions and musfhate receptors induced by voltage.
sense the influence of the electric field on the ion fluxes ~ Several drugs reveal complex blocking effects both
(Armstrong, 1971; MacKinnon & Miller, 1988). More- On the open channel and on some other receptor sites
over, the conformation of the ion channel itself can be(transmitter recognition site or closed channel). Investi-
changed by voltage. There are voltage-activated sodiungation of the voltage dependence in these cases require
potassium, calcium, etc, channels. Voltage also affectS§éParate analysis of each mode of action. Argiopine
the nicotinic acetylcholine receptor desensitizationPl0cks both open and close glutamate channels in insect
(Magazanik & Vyskocyl, 1970) and gating, the latter Iarvae_ mu:_scle in a voltage—depend(_ant manner but vylth
depending on the number of agonist molecules boun@PPOsite sign. This favorable_snuauon allowed the dis-
(Auerbach et al., 1996). Probably, the membrane fieldinction between one mechanism from the other (Maga-
induces conformational changes of any channel that ifanik et al., 1987). Chlorpromazine may be used to pho-

turn can affect the interaction with blocking particles. tolabel the amino acids of the inner wall of acetylcholine
receptor channels, which suggest its effect on the open

channel (Revah et al., 1990). On the other hand, there
Correspondence td:.G. Magazanik was also evidence that chlorpromazine might act as a

closed-channel blocker (Magleby & Palotta, 1981). This
Key words: Voltage dependence — Channel block — Review apparent contradiction was resolved by Benoit and Chan-
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geux (1993) in single-channel current experiments. Bott
effects were found but only the blockade of the open ¢
channel was voltage dependent.

Thus, there is a variety of molecular mechanisms
that can cause the voltage dependence of open chanry
blockade. The relative contribution of each factor differs
in any particular case. This makes the quantitative
analysis of the voltage dependence more complicatec

since such analysis should begin with the choice ol
elaboration of an appropriate model. However, it pro-

vides a new insight into the mechanisms of channel func

tion and blockade. U2

The Woodhull Model and Its Use 8y v

8m

Woodhull supposed in 1973 that the voltage dependence
of blockade was due to transition of charged blockingrig. 1. gnergy profile for impermeant blocke, = 0.5, Onset and
particles through the membrane field. She suggested thatiset rate constants depend on voltage equally.

the blocker binding and permeation may be described by

a two-barrier model and analyzed the properties of the

model (Woodhull, 19_73). _ o dence of blocker binding in the open channel. However,
In the case of an impermeant ion, the kinetic schemehere are some examples demonstrating prominent volt-
of blockade is the simplest: age dependence of the closed channel blockade (Aguayc
) & Albuguerque, 1986) (when the binding site is located
: h 1) inthe depth of the membrane electric field) as well as a
RE+B ko R'B (scheme 1) weak voltage dependence of the open channel blockade

(Zamponi & French, 199 (when the binding site is
whereR* is the open channeB is the blocking particle; located shallow in the pore). Certainly, Eq. (1) is appli-
R*B is the blocked channek+ and k- are association cable for closed channel blockade also. Thesalue
and dissociation rate constants, respectively. Accordingjives information about location of the binding site in the
to the model, the free energy of the system has a minielectric field but not the absolute location in the mem-
mum (U2) when the blocking particle is bound to its site. brane (or channel), since the width of the electric field
To pass from the external solution into the site, themay not be equal to the width of the membrane. Several
blocking particle should overcome an energy barrierattempts to estimate the membrane field width were
(U1) (seeFig. 1). Thusk+ is proportional to exp(-U1), made using an elegant method suggested by Miller
and k- is proportional to exp(U2-U1). Woodhull as- (1982) who studied the voltage-dependent channel
sumed that the energy of the membrane field determinetllockade produced by bis-cation compounds of varying
as 2FV/RTis added to the energy minimum, which re- chain length (Subramaniam, Donevan & Rogawski,
sulted in the single-exponential equation describing thel994; Tinker & Williams, 1995). The results obtained

voltage dependence: with the help of this approach varied greatly,fri® A in
sodium channels according to Zamponi and French
ky(V) = K4(0)(exp@dFV/IRT) (1)  (1994) to 23 A in glutamate channels reported by Sub-

ramaniam et al. (1994), which may indicate a difference

whereKj is the equilibrium dissociation constant;is  of electric field geometry in different channels.
the transmembrane potentia;is the valence of the It should be noted that the results of such measure-
blocking particled is the fraction of the membrane field ments can be substantially distorted by different flexi-
transversed by the blocking particle moving from outsidebility of polymethylene bisammonium compounds.
solution to binding site into the channdt, RandT are  Clearly, the more methylene groups between the ammo-
the Faraday constant, gas constant, and absolute temium “heads,” the higher flexibility of the chain. The
perature, respectively. The model is widely used forflexibility of these compounds was calculated with the
analysis and interpretation of blocking actions of a num-help of a theoretical conformational analysis (Rozengart
ber of drugs on different types of channels. & Zhorov, 1983). The calculations have predicted that

The model was initially proposed for the open- the short-chain molecules (a number of methylene
channel blockade, and in subsequent studies the presengmups,n < 6) are practically rigid. Froom = 6, the
of voltage dependence was often used as decisive evprobability of fully extended conformations decreases
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progressively, and fan = 12, it equals only to 4% (D.B.
Tikhonov, unpublished resul}s Correspondingly, the
average internitrogen distance calculated from the whols
set of conformations with the weights equal to the prob-
ability of each becomes significantly less than the inter-11
nitrogen distance of the fully extended conformation.

A more accurate analysis of voltage dependence may b
done when these average values are used. The longe

chain polymethylene bisammonium compounas (10)
are not so useful for distance probing, since the full set o

their conformations is too far from the extended one.
This can modify the blocking mechanisms as has beel
found experimentally by Miller (1982). Miller (1982)
and Subramaniam et al. (1994) suggested that both ca 8
ionic heads may simultaneously reach the binding site(s
located deep in the membrane field; however, these hy 5
potheses are hard to reconcile with low calculated prob-
ability of hairpin-shape conformations, which remainsFig. 2. Energy profile for impermeant blocker wi, = 8, Only the
negligible (less than 1%) even for= 10-12. onset rate of blockade is voltage dependent.

In general, we cannot calculate directly the linear
distance from the electrical distan8e In any particular .
case, for estimation of the depth of a binding site in theStrate different voltage dependence of onset and offset
channel (membrane), analysis of the voltage dependend@t€ constants (Yellen, 1984a; Lansman, Hess & Tsien,

; ; 86; MacDonald et al., 1991; Zhorov et al., 1991;
should be accompanied by independent approaches su ' ' X . X '
as affinity labeling or point mutations. In such situa- 20N€van & Rogawsky, 1992; Zamponi & French,

tions, the comparative measurementsaire more in- .1994b)' Wheln the _voltgge erenQence C.)f rate cqn;tants
formative. For instance, a comparison ®fvalues ob- is not under Investigation, in pa_rﬂcqlar, In the o_rlg_mal
tained from the action of different agents on a singIeWOOdmJII paper, SUCh. 5|rr_1pI|f|cat|on is quite admissible.
channel type allows us to recognize whether the blocker@therwise, the Investigation of the voIFage dependence
bind to the same site in the channel. Comparison of th@f rate cpnstants requires a more detalleq analy3|s._
voltage-dependent blockade produced by certain drugs in Ta_kmg the Woodhull model as a starting point, i.e.,
different channels, which belong to the common subfam-&C€CepPting its main p_ostulate that the voltage dependence
ily, may reveal details of the channel structure. A dif- ©f Plockade is mainly due to the movement of the
ferent voltage dependence of the open-channel blockao@arged blocker in the elect_rlc field, It is possible to
produced by two local anesthetics, procaine and Qx-222r,n°d'fy the model for explanation of the different voltagg
has been found in experiments on neuronal nicotinic.depen.d(?nCe of rate constant_s. In general, both barrier
ACh receptor-channels. Blockade was more sensitive tgnd minimum should have thelr. own voltage dependence
the membrane voltage in,, neuronal nicotinic recep- ‘?'eterm"ﬁed bys,, and Sm—fracnons_ of the memt_)rane
tors and frog extrajunctional muscle receptors than in thd!€!d which correspond to the location of the barrier and

neuronal and muscle receptors of rat or frog junctionalm'nimum (Marchais & Marty, 1979). Thus,

U2

m

muscle receptors (Cuevas & Adams, 1994). These as; _ U1 - 2.FV/R 2
pects of the structure-activity relationships are very im—Sk+ (V) = exp( o R )
portant since the Woodhull model is widely used ink (v) = exp(-U + U2 + z(5,, - 8,)FV/RT) (3)
channel pharmacology.

Kyq(V) = expU2 + B, FVIRT) 4)
Model with Asymmetrical Barrier Location The voltage dependence of the equilibrium dissocia-

tion constant remains unchanged sidggminimum lo-

The direct use of the Woodhull model for analysis of thecation in Eg. (3,4)) equals ® (minimum location in the
voltage dependence of rate constants is difficult andNoodhull model, Eqg. (1)). Two extreme situations are
sometimes leads to incorrect interpretation. Woodhullnow possibled, = 3§, andd, = 0. In the first case,
assumed for simplicity, that the barrier is located strictlyonly the association rate constant is voltage dependent
at the distance equal to half 8f As a result, the onset (Fig. 2). On the other hand, in the second case, only the
and offset rate constants have an equal and opposite voltnblocking rate constant is voltage dependent (Fig. 3).
age dependence (Fig. 1). In fact, this situation is rarelyThe Woodhull model corresponds to the situation when
observed in practice. A number of examples demond, = 0.5, (Fig. 1). The notion that the voltage depen-
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tane derivatives, represents the intermediate situation,
where both rates depend on the membrane potential
(Antonov et al., 1995).

The NMDA receptor behaves as a singly occupied
channel, as if there is only one permeant cation at a time
occupying the site that is in the narrow region of the
permeation pathway of the pore (Zarei & Dani, 1994).
Point mutations of NMDA receptor subunits alter the

blocking potency of M§" ions and MK-801 (Mori et al.,
1992). Thes,, values for the blockers vary from 0.7 to
U2
Sm

U1

0.9. These observations are consistent with the hypoth-
esis that the binding site(s) are identical or close. How-
ever, a different voltage sensitivity of individual rate
constants as determined for Rfgions and MK-801
(MacDonald & Nowak, 1990) or bis-acridine compounds
(Nelson & Albuquerque, 1994) suggests a different view.
This contradiction can be overcome by the usage of the
Fig. 3. Energy profile for impermeant blocker with, = 0. Only the asymmetrical barrier model.
offset rate of blockade is voltage dependent. According to this model, the main difference in the

blocking mechanism of Mg ions and organic blockers

is due to different locations of barriers. The energy bar-
dence of rate constants reflects the relative positions ofjer determining the onset rate of magnesium blockade
barriers and wells has been discussed and used to integpyld be caused mainly by the destruction of the hydra-
pret experimental data by some authors (Lansman et altion shell. This relatively small ion enters the channel
1986, Li'Smerin &JOhI’lSOI’l, 1996) HOWeVer, th|S Valu- pore probabiy without Significant energy |OSSGS, and
able approach had not yet become common. shedding of water molecules takes place just before bind-

We have included an additional parameter in thejng. This type of interaction corresponds to the situation

voltage dependence model for a more realistic interprethats, = 5, On the other hand, the larger molecules of
tation of the experimental data. It seems reasonable tgjssociative anesthetics may meet significant hindrances
equated,, with the location of structural groups in the just upon entering the channel pore. Therefore, the en-
channel that bind the blocking particle, abdwith the  ergy barrier for such blockers should be located at the
location of groups in the channel determining access tgnitial portion or even out of the membrane field. It is
the binding site (barrier U1 at Figs. 1-3). The hin- noteworthy that the offset rate constant of MK-801
drances preventing the entry of blocker into the channep|ockade of nicotinic acetylcholine receptor is also more
and its binding, in particular, the shedding of some watefsensitive to membrane voltage than onset rate constan
molecules from the hydration shell, determine the bar'(Amador& Dani, 1991). The dimensions of adamantane
rier. Among the numerous factors controlling this barrier gerivatives are intermediate: less than MK-801 and more
position, the geometrical properties of the channel vesthan magnesium ions that correspond to the prominent
tibule Should be mentioned. The above Considerationgoitage dependence Of both rate constants estimated
show that the voltage dependence of the association ratgom analysis of NMDA channel blockade. Detailed in-
constant can not be used as a reliable measure of bindingstigation of the voltage-dependent blockade produced
site location. by bis-cationic adamantane derivatives revealed an in-
teresting effect. For compounds with the smallest vari-
able head (-NH,), the dependence & on membrane
potential is not described by a single-exponential func-
tion. This was much more pronounced at more negative
potentials (Antonov & Johnson, 1995). The authors sug-
The most impressive example demonstrating differengest that at negative potentials this drug may reach a
types of voltage dependence is the open channel blockieeper binding site that is not accessible for derivatives
ade of the NMDA receptor. It may be blocked by cationspossessing bulky cationic groups.
of various structure. Blockade by Mg ions demon-
strates voltage dependence mainly of the association rate
constant (Ascher & Nowak, 1988). Dissociative anes-Blockade by Permeant Particles
thetics (MK-801, PCP, ketamine, etc.) also produce an
open channel block, but only the dissociation rate conUntil now we have discussed the blocking action of im-
stant is responsible for the voltage dependence (Macpermeant ions only. The blockade acquires some addi-
Donald et al., 1991). Another class of blockers, adamantional properties if the blocker can pass through the chan-

Open Channel Blockade of NMDA-type
Glutamate Receptors
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Fig. 5. Energy profile for permeant blocker. Both barriers are distant

Fig. 4. Energy profile for permeant blocker. Both barriers locate near S .
from the minimum. Only the offset rate constant is voltage dependent.

the minimum. Only the onset rate constant is voltage dependent.

nel. This situation corresponds to the classical two barof the association rate constant on voltage indicates the

rier model discussed by Woodhull: location of the first barrier in the initial portion of mem-
brane field (Fig. 5). The behavior of Mg ions as a

ke blocker of C&" channel is dualistic (Lansman et al.,

R* + Bout K1 R'B Ko R +B, (scheme 2) 1986): at depolarized potentials (from —-10 to +20 mV),

Mg?* seems to be a poorly permeable ion and the disso-
where the inner concentration of blocker is assumed teiation rate constant decreases with hyperpolarization; a
be negligible. In this scheme, the position of the secondreater hyperpolarization enhances the probability of
barrier determining_, should also be analyzed. If the Mg?*ions passage through the channel and reverses the
barrier is located close to the minimum, the leak ofvoltage dependence of the offset rate constant
blocking particles into the cytoplasm is voltage indepen- ~ Comparison of the hypothetical profiles obtained
dent. When the second barrier is much deeper in thérom the voltage dependence analysis clarifies some
channel than the energy minimum, hyperpolarizationideas about the channel structure. For instance, Fig. 4
will potentiate passage of the blocking particle (if its (both barriers are close to the minimum) may correspond
charge is positive) into the cell. The voltage dependencéo a relatively short length of the narrow part of the
of the dissociation rate constant should then be dete™NMDA channel. This suggestion is in an agreement
mined by the height of both barriers and their positionswith results obtained independently (Zarei & Dani,
relative to the minimum. 1995). From this point of view, the narrowest part of

The complexity of rate constant voltage dependence&alcium channels should be much longer (Fig. 5).

was found experimentally when permeant blocking ions
were used. In the block by Mg ions of NMDA chan-
nels, only the association rate constant was found to b&he Influence of Permeant lons on the Voltage
voltage dependent (Ascher & Nowak, 1988). There isPependence of Blockade
some evidence that Mgions may both block and pass
through the NMDA channel (Ascher & Nowak, 1988; The behavior of permeant blocking ions in the pore re-
Li-Smerin & Johnson, 1996; Stout et al., 1996). Thesesembles that of the current-carrying ones. Both kinds of
results indicate that both barriers are located near théons have to interact with sites in the channel, and the
minimum (Fig. 4). No voltage dependence of the asso-only difference between them is the more stable binding
ciation rate constant was observed for the blockade obf the blocking ion. For instance, €aitself can inhibit
calcium channels in ventricular heart cells by’GaCd?*  the current carried by St or B&* through the calcium
and L&" ions (Lansman et al., 1986). However, this channel (Lansman et al., 1986). Since the open-channel
situation differs significantly from the blockade of blockade is steric, i.e., the blocking particle hinders the
NMDA channels by impermeant dissociative anestheticspassage of other ions through the channel, the interaction
since in the former case the dissociation rate constantf blocker with permeant ions is indispensable for this
decreases by hyperpolarization, whereas it increases kind of current inhibition. How do current-carrying ions
the blockade of C& channel by inorganic cations (Lans- affect the rate constants of the open-channel blockade?
man et al.,, 1986; Lansman, 1990; MacDonald et al.,The theory of diffusion-limited reactions predicts that
1991). This should be due to a distant location of theunder high voltages, freely permeant ions would be de-
outer barrier in reference to the minimum. Independenceleted from the region near the channel mouthu@er,
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1973; Andersen, 1983). This causes a decrease of tHeractical Approaches

channel occupancy by the current-carrymg ions and as &ometimes the experimental estimation of blockade rate
result the probability of the blocker binding to vacant constants is a serious problem. In principle, single-

channels rises. Simultaneously, the depletion of highlyChannel recording provides such possibility (Neher &

permeant ions from the channel vestibule provokes awsyainpach 1978). However, this approach is not univer-
increase of local concentration of blocking ions at thesal. The low conductance of some channels (e.g., kain-

mouth of the channel. Both effects enhance the voltagee channels) can prevent the correct analysis. When the

dependence of the onset rate of the blockade withougnpiocking rate is slow, its direct determination from the

affecting the offset rate (Yellen, 1984 _ distribution of closed times becomes technically diffi-
Another kind of interaction between blocking and ¢t |n this case the single-channel recordings should be

blocker from the channel. If the permeant ion enteringestimate the equilibrium dissociation constant.

into the blocked channel has enough energy, it can knock  For whole-cell work, the equation

out the blocker from its binding site. This “kinetic” _

effect on the offset rate constant depends evidently orV lo = Kd/(Kq + [B]) (5

the concentration of the relieving ion and on the voltagewherel is a steady-state currerlt, is a current in the
The “equilibrium” knockout theory requires the exis- presence of blocker, an@] is blocker concentration, is
tence of at least two binding sites. When the sites aravidely used for calculation di (electrical distance) from
occupied by the blocking and permeant ions simultathe analysis of current attenuation. However, this equa-
neously, electrostatic repulsion may facilitate the relieftion is fully applicable only when the blocker binding
of blockade (Hille & Schwarz, 1978; Neyton & Miller, does not affect the channel gating, as it was noted by
198&,b). Unfortunately, the “kinetic” and “equilib- Woodhull (1973). In the sequential scheme of the li-
rium” schemes are not easily distinguished in the ex-gand-gated channel blockade

periments. The opposite situation may be observed: ag + A ., R*'A+ B o R*AB (scheme 3)

increase of permeant ion concentration retards the disso- ) .
ciation of blocker from the channel. The permeant ion'WhereRis the closed channeR* is the open channeh

enters the channel after the blocking ion and binds tdS the agonist an@ is the blocker, the channel cannot
another site. As a result the blocker can not leave thé&!0S€ wr_]!le.the blocker is bound and the blackade shifts
channel while the second site is occupied by the per;he equilibrium between the open and closed channels
meant ion (Neyton & Miller, 1988). In some cases towards the open state (Adams, 1977). Such connection
both locking and relieving effects take place in the same?.]c thefctuannel gt.a“”_g and blockade requires a modifica-
channel. A number of variants of interactions between " ©' th€ equation.

several binding sites makes the Woodhull model inapd/lo = K¢* (1 + KJ[AD/(Kg*(1 + KSJ/[A]) + [B])  (6)
plicable for multi-ion channels. The theory of multi-ion \;pere 6] andK, are the concentration and dissociation
channels and their blockade, which is more complicated,,nstant for agonist.

was presented in detail by Hille and Schwarz (1978) and  1hjs calls either for determination of the agonist

by Neyton and Miller (1988). o dissociation constant or for use of saturating agonist con-
The permeant ions can also affect significantly thecentrations. When these are not experimentally available
blockade and its voltage dependence not only in mU|tI-(f0r instance, due to fast desensitization), Eq. (1) may be
but in single-ion (e.g., NMDA) channels (MacDonald et ysed. The appareri, for a blocking drug should be
al., 1991; Zarei & Dani, 1994). We mentioned above ca|culated from dose-response curves obtained at differ-
interesting peculiarities found in the investigation of po- ent potentials. If blockade obeys the sequential model,
tential dependence of blockade produced by bis-cationighe apparent dissociation constant estimated in the
adamantane derivatives on the NMDA receptor channelwhole-cell configuration K ) will differ significantly
In a subsequent study (Antonov, Gmiro & Johnson,from its real value (which may be measured in single-
1996) the authors analyzed the influence of permeanghannel recordings):
ions on the blockade. It has been found that permea .
cations can bind to the voltage-independent site(s) lo-9 Kd* (1 + KJ/IAD (7)
cated at the outer channel vestibule, and thereby decreastowever, the voltage dependence should remain the
the apparenk, of the blockers due to competition for same, irrespective of whether sequential or other block-
entering into the channel. If the blocker is in the chan-ade schemes are applicable.
nel, this competition induces the lock-in effect. Internal Although experiments on the single-channel cur-
cations also prevent binding of a compound with therents are the most favorable for determination of reaction
smallest ammonium group (M) to the deeper bind- rates, the relaxation methods (voltage jump, fast drug
ing site. application and removal) are still useful, especially if the
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single-channel recording does not provide the clear-cufndersen, O.S. 1983. lon movement through gramicidin A channels:

information. studies on the diffusion-controlled association stBmphys. J.
41:147-165
Antonov, S.M., Dudel, J., Franke, C., Hatt, H. 1989. Argiopine blocks
Conclusions glutamate-activated single-channel currents on crayfish muscle by

two mechanismsJ. Physiol.419:569-587

If th ti i inhibit . tth h th Antonov, S.M., Gmiro, V.E., Johnson, J.W. 1996. Interaction between
€ action or an Inhibrtor on 1onic curren roug e permeant cations and channel blockers within the pore of the

membrane depends on the applied voltage, one should nmpA receptor.Society for Neuroscience22, A36.12

check if the inhibition observed is due to an open-Antonov, S.M., Johnson, J.W. 1996. Voltage-dependent interaction of
channel blockade. Decisive evidence of the open- open-channel blocking molecules with gating of NMDA receptors
channel block would be an inability of the inhibitor to  in rat cortical neuronsl. Physiol.493:425-445

bind to the channel before its activation (application ofAntonov, S.M., Johnson, J.W., Lukomskaya, N.Ya., Potapyeva, N.N.,
agonist, voltage jump, etc.). It can be revealed by kinetic Gmiro, V.E., Magazanik, L.G. 1995. Novel adamantane derivatives

. L . act as blockers of open ligand-gated channels and as anticonvul-
analysis of the fast activation of channels in the presence s Mol. Pharmacol 47:558-567

of blocker. Armstrong, C.M. 1971. Interaction of tetraethylammonium ion deriva-
The mechanism(s) responsible for voltage depen- tives with the potassium channel of giant axdn.Gen. Physiol.
dence should be defined. The role of ionic fluxes may be 58:413-437
determined by Varying intra- and extracellular concen-Ascher, P., Nowak, L. 1988. The role of divalent cations in the N-
trations of the permeant ions. A prominent influence of methyI—I_D—asparate responses of mouse central neurones in culture.
ion concentration on voltage dependence requires sub- > Pysiol:399:247-266
. . . . Auerbach, A., Sigurdson, W., Chen, J., Akk, G. 1996. Voltage depen-
stantial correction of the parameters obtained Wlt_h_ the dence of mouse acetylcholine receptor gating: different charge
help of the Woodhull model. In the case of multi-ion  movements in di-, mono-, and unliganded receptdrsPhysiol.
channels, where the effect of permeant ions on the block- 494:155-170
ade is especially important, multi-ion block models Benoit, P., Changeux, J.P. 1993. Voltage dependencies of the effects of
should be used. The number and properties of sites (lo- chlorpromaz_ine on the nicot_inic receptor channel from mouse
cation, selectivity, cooperativity) vary in different multi- _ muscle cell line Sol&eurosci. Lett160:81-84

. . uevas, J., Adams, D.J. 1994. Local anesthetics blockade of neuronal
ion channels, which prevents the use of any standar& nicotinic ACh receptor-channels in rat parasympathetic ganglion

model. o _ o cells. Br. J. Pharmacol111:663-672

Th? predictions of the |OC§tI0n of the binding site are ponevan, S.D., Jones, S.M., Rogawski, M.A. 1992. Arcaine blocks
productive only when all possible sources of voltage de- N-methyl-D-asparate receptor responses by an open channel
pendence have been included in the model or eliminated mechanism: whole-cell and single-channel recording studies in cul-
in experiments. It requires the extension of experimental tured hippocampal neuronstol. Pharmacol 41:727-735

approaches. In particular, it seems very helpful to esti-H""]f‘_'| B., SCh‘“J’a'é’ W. ;ﬁw- ggtjgzi“ﬂgha””e's as a multi-ion single-
lle pores.d. Gen. YySIO K —
mate the voltage dependence of rate constants separatefli he. JW.. McBrige, D.W.J.. Hamill, O.P. 1993. lonic effects on

becaljlse _they ma)/ be used to determine and evaluate the amiloride block of the mechanosensitive channeXenopusoo-
contribution of different voltage dependence sources. cytes. Br. J. Pharmacal08:116-119
Even in the simplest case the investigation of the voltag& ansman, J.B. 1990. Blockade of current through single calcium chan-
dependence of the association and dissociation rate con- nel by trivalent lanthanide cations. Effect of ionic radius on rates of
stants provides valuable information about the energy ion entry and exitJ. Gen. Physiol95:679-696
barrier and well location, which in its turn allows to -ansman, J.B., Hess, P., Tsien, R.W. 1986. Blockade of current
study more precisely the relationship between the struc- rough single calcium channels by £dMg?", and C4". Voltage
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