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Abstract The blocking action of mecamylamine on dif-

ferent types of nicotinic acetylcholine receptors (nAChRs)

has been extensively studied and used as a tool to charac-

terize the nAChRs from different synapses. However,

mechanism of mecamylamine action was not fully explored

for all types of nAChRs. In the present study, we provide

brief description of the mecamylamine action on muscle

nAChRs expressed at the frog neuromuscular junction. In

this preparation mecamylamine block of nAChRs was

accompanied by a use-dependent block relief induced by

membrane depolarization combined with the activation of

nAChRs by endogenous agonist acetylcholine (ACh). Fur-

ther, three kinetic models of possible mecamylamine

interaction with nAChRs were analyzed including simple

open channel block, symmetrical trapping block and

asymmetrical trapping block. This analysis suggested that

mecamylamine action could be described on the basis of

trapping mechanism, when the antagonist remained inside

the channel even in the absence of bound agonist. Such

receptors with trapped mecamylamine inside were pre-

dicted to have a closing rate constant about three times

faster than resting one and a fast voltage-dependent un-

blocking rate constant. Specific experimental conditions

and morphological organization of the neuromuscular

synapses were considered to simulate time course of the

mecamylamine block development. Thus, likewise for

the neuronal nAChRs, the trapping mechanism determined

the action of mecamylamine on synaptic neuromuscular

currents evoked by the endogenous agonist acetylcholine

(ACh), however specific morphological organization of the

synaptic transmission delayed time development of the

currents block.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are blocked by

noncompetitive inhibitors interacting with the receptor

complex at distinct sites along the ionic channel (for review

see Corringer et al. 2000). In general, noncompetitive

inhibitors are divided into blockers which interact with
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closed or open channels, or agents trapped by channel

closure after binding inside the open channel (Benveniste

and Mayer 1995; Dingledine et al. 1999; Gurney and Rang

1984). The latter case, so-called trapping mechanism, was

largely studied regarding glutamate receptors (Blanpied

et al. 1997; Chen and Lipton 1997; Dorrscheidt-Kafer

1981; Vargas-Caballero and Robinson 2004), and might be

observed at cholinergic receptors as well (Giniatullin et al.

2000; Lingle 1983a, b; Neely and Lingle 1986).

In the early studies it has been found that mecamyl-

amine blocks muscle nAChRs in a use- and voltage-

dependent manner (Albuquerque et al. 1985; Blackman and

Ray 1964; Varanda et al. 1985). These authors have con-

sidered the simple open channel block mechanism of

mecamylamine interaction with nAChRs, but noted that

mecamylamine block cannot be fully described by a simple

open-channel blocking scheme with only one blocked state.

Moreover, studies on the model of rat chromaffin cells

explored more sophisticated mechanism of mecamylamine

action. It was shown that mecamylamine blocks the nico-

tinic currents via trapping mechanism (Giniatullin et al.

2000). The main feature of this block is the phenomenon of

block relief, which might be revealed by combined action

of depolarization and activation of nAChRs. Our previous

experimental study (Skorinkin et al. 2004) of the meca-

mylamine action on muscle nAChRs revealed that: (1)

mecamylamine (1–20 lM) reduced evoked end-plate cur-

rents (EPC) amplitude with Hill’s constant equal to 1.2 and

IC50 = 7.8 lM at holding potential –70 mV; (2) the cal-

culated depth of its interaction with the muscle nAChR

channel was almost half of the one of neuronal nAChRs

(0.37 compare to 0.72 for neuronal nAChRs); (3) simul-

taneous membrane depolarization and repetitive activation

of postsynaptic nAChRs by motor nerve stimulation pro-

duced rapid block relief dependent on the degree of

depolarization, number of conditioning signals and meca-

mylamine concentration, and only slightly depended on the

rate of stimulation.

Specifically, mecamylamine at 20 lM concentration

decreased the amplitude of multiquantal end-plate currents

(EPCs) elicited every 20 s (recorded at –70 mV holding

potential) to 28 ± 2% of control (n = 8; P \ 0.05), an

effect reaching steady state after 25–30 min. Shortening of

EPC decay time constant (s) to 57 ± 4% of control

accompanied the depression of EPCs amplitude.

In standard conditions the voltage dependence of EPC

peak amplitude was linear in the range from 0 to –100 mV,

indicating efficient voltage control. Consistent with clas-

sical properties of open channel block (Albuquerque et al.

1985) there was strong non-linearity of the I/V plots

indicating that the mecamylamine block was stronger at

–100 mV than at –20 mV for either concentration

tested. The EPC depression in the presence of 20 lM

mecamylamine was so strong that the EPC peak amplitude

became little sensitive to the holding potential. The EPC

decay time constant also became virtually insensitive to

potential and was largely decreased particularly by 20 lM

mecamylamine. However, in the presence of 5 lM meca-

mylamine, EPC amplitude and sEPC at –20 mV did not

differ from control. These findings suggest that mecamyl-

amine blocked nAChRs in a voltage- and concentration-

dependent manner.

We report here that the trapping mechanism is appli-

cable to the action of mecamylamine on the full-quantal

content synaptic currents evoked by the endogenous ago-

nist acetylcholine (ACh). Modeling results indicated that

retarded isomerization of trapped receptors from closed

blocked state into open one provided one possible mech-

anism for slow dynamics of nAChRs in the presence of

mecamylamine. Moreover, zonal organization of the syn-

aptic release, ACh concentration profile inside the synaptic

cleft and perfusion rate were considered to simulate

delayed development of mecamylamine effects.

Methods

Experimental procedures

Experimental procedures and main experimental results

were described in our previous paper (Skorinkin et al.

2004) and above in the Introduction. Briefly, experiments

were performed on an in vitro sartorius neuro-muscular

preparation from the frog Rana Ridibunda at room

temperature. The experiments were conducted according

to the principles and requirements of the European

Communities Council Directive (24 November 1986; 86/

609/EEC). Muscles with attached nerves were dissected

free, placed in a recording chamber, and continuously

perfused with Ringer solution (see Skorinkin et al. 2004

for details about preparation and solutions). Muscle

contractions were then eliminated by transverse cutting

of muscle fibres. Cut muscle was rinsed for at least

40 min and fixed to the Sylgard bottom of the recording

chamber.

Recording of synaptic currents was performed using the

standard two-electrode voltage clamp technique. Endplates

from fine intramuscular nerve branches were localized

visually. End-plate currents (EPCs) were elicited by

supramaximal nerve stimulation with different inter-stim-

ulation intervals (see Results). Intracellular electrodes filled

with 2.5 M KCl had 3–5 MX resistance. During current

recording, holding potential was maintained at –70 mV

(unless otherwise indicated). If injected current became

more than 100 nA, data were discarded. Recorded EPCs

were digitized at 50 kHz and stored on a hard-disk.
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Computer simulation method

The nicotinic receptor current (I(t)) at a given time (t) was

calculated according to:

IðtÞ ¼ V � N � PopenðtÞ � r; ð1Þ

where V is the test voltage (mV), N number of nicotinic

channels, Popen probability of open channel state, and r is

the channel conductance (we assumed r to be constant).

For each receptor kinetic scheme, based on the mass

action law, we formulated a set of differential equations in

analogy with the approach used by Chretien and Chauvet

(1998), whereby:

d �PðtÞ
dt
¼ �PðtÞ � Q; ð2Þ

where �P is a vector composed of the receptor probabilities

to occupy each kinetic state at time t, and Q is the matrix of

transitions between the states.

The voltage dependence (Hi) of rate constant ki gov-

erning the transition of receptors between distinct kinetics

states was obtained from:

kiðVÞ ¼ kið0mVÞ � e
V
Hi ; ð3Þ

where V is the test voltage (mV) (Maconochie and Knight

1992; Mathie et al. 1990).

The ACh concentration in the synaptic cleft was

described using the following equation:

d [A]

dt
¼ wðtÞ � u � ½A� � f ðtÞ � ½A� þ k�1 � ½AR�

þ k�2 � ½A2R� � kþ1 � ½A� � ½R� � kþ2 � ½A� � ½AR� ð4Þ

where [A] is the ACh concentration, presynaptic agonist

release is denoted as w(t)[mM/l ms], coefficient u describes

cleft diffusion and uptake (120 ms–1), f(t) is the rate of

ACh degradation [1/m]. Previous analysis (Skorinkin and

Shaikhutdinova 2004) allowed to determine w(t) and f(t)

for the frog neuromuscular junction:

wðtÞ ¼ 3; 200 � 1� e�
t

0:4

� �
� e� t

0:035

þ 174 � 1� e�
t

0:165

� �
� e� t

0:385;

and

f ðtÞ ¼ 207; 000 � 1� e�
t

0:89

� �9

� e� t
0:58

þ 1; 240 � 1� e�
t

1:2

� �1:3

:

Equation (4) was added to each set of the differential equa-

tions (2) describing kinetic schemes under consideration.

Number of active ACh release zones (AZ) activated j

times at ith successive stimulation (nij, where j £ i) was

calculated using the following equation:

ni;j ¼ p � ni�1;j�1 þ ð1� pÞ � ni�1;j; ð5Þ

where p is the probability of release from each zone after

single nerve stimulation, n0,0 = 300 and n0,j = 0 for j [ 0.

In our calculations we used p = 0.2 obtained as a result of

EPCs quantal content analysis (unpublished data).

The recorded EPCs were represented as a sum of local

currents elicited at the postsynaptic membrane lying

opposite to each AZ. Assuming that local currents para-

meters are the same for all zones activated equal number

of times, we calculated the end-plate current parameters

(Di) for ith stimulation using the following equation:

Di ¼

Pi

j¼1

aj � ni;j

M
; ð6Þ

where aj is a value of local current parameter under con-

sideration, M is the total number of AZs.

The further model development required consideration

of a relatively slow solution exchange rate in the recording

chamber. In all experiments this rate was constant and

equal to 0.35 ml/min. The solution exchange rate (q),

constant bath volume (V) and drug concentration applied

to the perfusion system (C0) were used to calculate time

profile of drug concentration in the chamber (C):

C ¼ C0 � 1� e
�q
2�V�t

� �
: ð7Þ

During drug wash out its bath concentration degradation

was described by the following equation:

C ¼ C1 � e
�q
2�V�t; ð8Þ

where C1 is the established drug concentration.

Our in-house developed program was written in Pascal

language and used on an IBM-compatible PC to solve

numerically sets of differential equations (2) using the

eight-order Runge–Kutta method (Baker et al. 1998).

Results

Computational modeling of nAChR kinetics

in the presence of mecamylamine

The mechanism of mecamylamine block was investigated

using computer-assisted simulation of multiquantal EPCs.

We tested whether the experimental data could be ade-

quately fitted by assuming either simple open channel
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block by mecamylamine or a more complex process

involving change in receptor kinetics.

A model was considered acceptable if it could fully

satisfy the following criteria by reproducing: (1) the time

course and degree of changes in EPC amplitude and decay

time analogous to the one found experimentally with

mecamylamine block (see Fig. 1Aa); (2) block relief after

a depolarization step only in coincidence with nerve

stimulation (Fig. 1Ab); (3) amplitude changes before,

during and after membrane depolarization with the same

time course observed experimentally at 10 Hz stimulation

(Fig. 1Ac). In general, for modeling we assumed that

kinetics of nAChR interaction with the agonist could be

described by a simplified scheme (Colquhoun 1998):

Rþ A$
kþ

1

k�
1

ARA$
kþ

1

k�
2

A2 R$b
a

A2R�;

where k1
+, k1

–, k2
+, k2

–, b and a are rate constants for agonist

binding/unbinding and isomerization, A is an agonist, R and

R* represent the closed and open states of the channels,

respectively. Note that although b has minimal voltage

dependence, a has a moderate degree of voltage dependence

(H = 126 mV; Magleby and Stevens 1972). To simplify our

Fig. 1 Only the open channel block scheme with trapping mecha-

nism could reproduce all experimental results. Horizontally organized

panels marked with capital letters A, B, C and D show experimental

results (experiment) and results obtained using simple channel block

scheme (model 1), symmetrical trapping scheme (model 2) and

asymmetrical trapping scheme (model 3), respectively. Vertically
organized panels show results obtained during different experimental

protocols: column (a) shows development of mecamylamine action

on amplitude and decay time (s) of evoked EPCs (% of control;

averaged amplitude and s in control stand for 100%; 0.05 Hz nerve

stimulation); column (b) compares averaged EPCs at steady state

mecamylamine block before and after depolarizing step to –20 mV

(after V-step) accompanied by (stimuli +) or without (stimuli –) low

frequency nerve stimulation (0.05 Hz); column (c) shows plots of

peak amplitude of EPCs during high frequency stimulation (10 Hz

train) before (open square –70 mV), during (filled circle –20 mV)

and after (open riangle –70 mV after V-step) membrane depolariza-

tion to –20 mV versus nerve stimulus number in the train. Aa
experimentally obtained data (s, open circles, and amplitude, filled
circles) during application of 20 lM mecamylamine are shown

(horizontal and vertical bars stand for 10 min and 25% of EPC

amplitude, respectively). Note that block relief (Ab) appears after

membrane depolarization (after V-step) concurrent with low fre-

quency nerve stimulation (stimuli +). B Simulated responses based on

the simple channel block scheme. Time course of block development

is reproduced (note, however, faster time scale; see Fig. 3b), but relief

characteristics and stimulus dependence are not (Bb, Bc). C
Symmetrical trapping scheme reproduces the main characteristics of

mecamylamine block except the decay time constant changes during

block development (Ca). D The asymmetrical trapping scheme

provides a close replica of all the properties of mecamylamine action

(Da–Dc; compare with Aa–Ac)
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scheme, we assumed that there was no significant receptor

desensitization (Giniatullin et al. 1989, 2005; Naves and

van der Kloot 2001). Values for rate constants used during

simulation were taken from previous experimental and

modeling study of muscle nAChRs (Stiles et al. 1999) and

shown in Table 1. While, Stiles et al. (1999) used lizard

(Anolis carolinensis) intercostal muscle to determine rate

constants, their results were successfully used to simulate

EPCs recorded at frog neuromuscular junction (Pryaznikov

et al. 2002, 2005; Skorinkin 2005; Skorinkin and

Shaikhutdinova 2004). In general, it is accepted that there

are just two types of muscle nAChRs (fetal and adult) and

each type has the same subunit composition and similar

time course of electrophysiological signals at frog and other

neuromuscular junctions (Anglister et al. 1994; Brammar

1996; Kalamida et al. 2007; Stiles et al. 1999). Table 2

summarizes quantitative measurements of experimentally

obtained characteristics. Three models were investigated.

Model 1: simple open channel block

Open channel block is the simplest model of antagonist

interaction with the nAChR complex. The assumption that

the mecamylamine action could be explained on the basis

of this scheme was discussed by Shen and Horn (1998).

Such interaction can be represented as the following:

Rþ A$
kþ

1

k�
1

ARþ A$
kþ

2

k�
2

A2R$b
a

A2R � þ B$
kþ

b

k�
b

A2RB;

where B is mecamylamine, kb
+ and kb

– is blocking and un-

blocking rate constant, respectively. Note that in this model

only one blocked state of receptor exists. The rate constant

kb
– is responsible for unblocking of receptor and its value

together with time interval between nerve stimuli deter-

mine the steady state level of EPCs.

Figure 1B and Table 2 show that this model could not fit

experimental data fully. It predicts that block relief can be

obtained just by a membrane depolarization (Fig. 1Bb) and

it is even bigger without stimulation because the recovery

in this scheme depends only from the time between stim-

ulations. The isomerization rate constant a increases with

membrane depolarization (Table 2) and longer time is

necessary for receptor unblocking (compared to depolar-

ization plus stimulation). Moreover, strong augmentation

of use-dependent block by 10 Hz nerve stimulation

occurred (Fig. 1Bc) and no block relief (during or after

membrane depolarization) was observed (Table 2).

Receptor block by more than one molecule of mecamyl-

amine was discarded as a modification of simple open

channel block when unblocking depends only on the

receptor activation time.

Model 2: symmetrical trapping mechanism

Since simple open channel block failed to reproduce our

experimental data we next considered a more complex

scheme with antagonist trapping within the nAChR. This

type of block is based on the assumption that the antagonist

remains inside a closed channel (Gurney and Rang 1984;

Table 1 Kinetic values used for computer modeling of mecamyl-

amine block of ACh-induced currents

Simple open

channel

block

Symmetrical

trapping

scheme

Asymmetrical

trapping

scheme

k1
+, mM–1�ms–1 160 160 160

k1
–, ms–1 18 18 18

k2
+, mM–1�ms–1 80 80 80

k2
–, ms–1 36 36 36

b, ms–1 36.7 36.7 36.7

a, ms–1 * 1.7 1.7 1.7

kb
+, mM–1�ms–1 32 260 300

kb
–, ms–1 0.000018

(Hd = 450 mV)

2.0

(Hd = 32 mV)

3.2

(Hd = 27.5 mV)

k1
+0, mM–1�ms–1 – 160 160

k1
–0, ms–1 – 18 18

k2
+0, mM–1�ms–1 – 80 80

k2
–0, ms–1 – 36 36

b0, ms–1 – 36.7 36.7

a0, ms–1 * – 1.7 4.5

*– For all cases the same degree of voltage dependence was assumed

(Ha = 126 mV); the value in the Table 1 is for –70 mV

Table 2 Comparison of experimentally obtained and simulation-based characteristics of 20 lM mecamylamine block

Steady state

peak current,

% of control

Steady state s,

% of control

% Relief. no

stimulation*

% Relief. 0.05 Hz

stimulation*

% Relief. 10 Hz

stimulation*

Experiment 28 ± 2 57 ± 4 1 ± 3 34 ± 5 31 ± 5

Model 1 28 58 149 31 –99

Model2 28 100 0 31 31

Model 3 29 57 0 32 31

* In all three cases the membrane was depolarized to –20 mV from holding potential of –70 mV for 2 min

Bold indicates modeling results inconsistent with experimentally obtained data

Eur Biophys J (2008) 37:393–402 397
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Lingle 1983b). To start with, we assumed the simplest case

when the presence of antagonist inside the channel did not

change the receptor kinetics. This means that all rate

constants remained the same when the antagonist occupied

the ionic pore (symmetrical trapping scheme). The scheme

can be represented as following:

Rþ A$
kþ

1

k�
1

ARþ A$
kþ

2

k�
2

A2R$b
a

A2R � þB

k�b l kþb

RBþ A$
kþ
0

1

k�
0

1

ARBþ A$
kþ
0

2

k�
0

1

A2RB$b
0

a0
A2R � B;

where A2R*B is still an open state of receptor but current

does not pass through it because of the antagonist molecule

presence; A2RB, ARB and RB are receptor closed states

with two, one or no bound agonist molecules, respectively,

and one molecule of antagonist trapped inside the channel

(see Table 1 for rate constants values). Results of our

modeling study (Fig. 1C; Table 2) indicate that predicted

changes in the EPC decay time constant do not follow the

experimentally observed ones (compare Fig. 1Ca with Aa).

However, this model can replicate many other features of

the action of mecamylamine including block relief (see

Fig. 1Ca–Cc; Table 2), suggesting that this scheme might

be used for further analysis, but it required refinement.

Model 3: asymmetrical trapping mechanism

Following the previous studies of antagonist trapping

mechanism (Dilmore and Johnson 1998; Giniatullin et al.

2000), we assumed that presence of the antagonist mole-

cule inside the channel could change kinetics of channel

opening and closing. Such a scheme is the same as for the

Model 2 with the certain modifications in rate constants

(see Table 1). The average transitions between A2R* and

A2R*B are assumed to be zero to ensure identical amplitude

at steady state block, so the equilibrium distribution of

channels through these states should not be altered. How-

ever, in Model 3 (asymmetrical trapping scheme) some

state transitions are made possible at different membrane

potentials by considering that the active receptor complex

A2R* can shift to either A2R or A2R*B. In order to com-

pensate for the following transition from A2R* to A2R*B

and to observe no changes in the amplitude of next EPC,

there should be a significant transition from A2R*B to A2R*

during the rising phase of the endplate current. Good fitting

of experimental data was obtained with two modifications:

(a) slightly increasing the kb
–/kb

+ ratio from 0.008 to 0.01

(for symmetrical and asymmetrical cases, respectively)

with increase voltage sensitivity for kb
–; (b) increasing the a0

rate constant value for the transition from the open state

A2R*B to the closed state A2RB. With such modifications

the asymmetric trapping scheme simulated the interaction

of mecamylamine with nAChRs in terms of block relief

properties and EPC peak amplitude changes during high

frequency nerve stimulation (see Fig. 1Db–Dc; Table 2).

Steady state block development (Fig. 1Da) is, however,

much faster comparing to block development obtained

during experiments (Fig. 1Aa). Adding of the multiple

releasing zones and perfusion rate of the experimental

chamber slowed down modeled block development (see

below). Furthermore, the model closely approximated the

voltage and concentration dependence of mecamylamine

block as depicted in Fig. 2 in which actual experimental

data and modeling results are compared. Another strategy

to speed up EPCs decay time was to decrease the b0 value.

However, in this case it was not possible to decrease the

decay time more than on 25% and to simultaneously

maintain steady level of EPC amplitude.

Spatio-temporal characteristics of quantal release

at whole frog neuromuscular junction

In comparison with the models describing release of a

single ACh quanta (Anglister et al. 1994; Friboulet and

Thomas 1993; Parnas et al. 1989; Stiles et al. 1996; Wathey

et al. 1979) we considered spatio-temporal characteristics

of quantal release in the frog neuromuscular junction.

Because modeling of the zonal ACh release and drug

concentration profile in the recording chamber did not

affect shape or behavior of EPCs after full development of

mecamylamine block (at steady state), we did not change

rate constants of the asymmetrical trapping scheme

described in Model 3. Nevertheless, simulated dynamics of

Fig. 2 Asymmetrical trapping scheme reproduces voltage-dependent

changes in the amplitude of EPCs in control and after steady state

block by different mecamylamine concentrations (5 and 20 lM; for

experimentally obtained points n = 6 and 8, respectively). Plots show

superimposed experimental (filled symbols) and computed (open
symbols) data points
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block development was significantly delayed by zonal

organization of ACh release and relatively slow rate of

chamber perfusion.

There are approximately 300 zones of ACh release on the

nerve terminal of the frog neuromuscular junction (Pawson

et al. 1998) and not all of them are activated in response to

the nerve stimulation. Figure 3a shows a mean number of

not activated zones or zones activated once, twice, etc.

versus the nerve stimulus number obtained by plotting of

equation (5; see Methods). Figure 3b compares develop-

ment of mecamylamine block for the models with 1 and 300

zones of ACh release (-�- and -h-, respectively). Thus,

modeling of the zonal organization of ACh release slowed

down calculated time course of mecamylamine block.

Further delay in the steady state development of meca-

mylamine block was observed after consideration of

the limited rate of the experimental chamber perfusion.

Figure 3b represents calculated changes in the EPCs

amplitudes in the model with 300 release zones produced by

gradual rise of concentration to 20 lM because of a slow

perfusion system (0.35 ml/min; open triangle). In the last

case, time profile of mecamylamine block development is

compatible with experimentally observed one (Fig. 1Aa).

Discussion

Mecamylamine is a general antagonist of variety nAChRs

(Connolly et al. 1992; Papke et al. 2001) acting in com-

petitive (Ascher et al. 1979; Gurney and Rang 1984) or

noncompetitive manner (Fieber and Adams 1991; Nooney

et al. 1992). Furthermore, it can produce distinct types of

block on different cells even within the same tissue (Shen

and Horn 1998) and was proposed as a useful tool to

characterize the nicotinic receptors from different synapses

(Varanda et al. 1985). Moreover, despite that mecamyl-

amine is now rarely used for the treatment of hypertension,

recent studies suggest that mecamylamine is very effective

for blocking the physiological effects of nicotine and

improving abstinence rates in smoking cessation studies

(Frishman et al. 2006; Schnoll and Lerman 2006; Shytle

et al. 2002). And since mecamylamine can return in the

clinical use for smoking cessation it remains important to

study mecamylamine action on the whole variety of

nAChRs.

Our previous study (Skorinkin et al. 2004) carried out at

the frog neuromuscular junction revealed slow in onset,

resistant to washout, voltage-dependent reduction of

evoked EPCs by different concentrations of mecamyl-

amine. The reduction was always accompanied by

significant shortening of EPCs decay time. These findings

together with previous studies of mecamylamine action on

neuromuscular nAChRs (Albuquerque et al. 1985; Lingle

1983a, b; Varanda et al. 1985) suggest that the action of

mecamylamine is mostly due to the direct block of the

ionic channel in its open conformation. This is partly

confirmed by biochemical studies that showed that meca-

mylamine does not block [3H]acetylcholine binding to

the muscular type of nAChRs (Varanda et al. 1985). Thus,

mecamylamine can be identified as ‘‘uncompetitive’’

blocker of nAChRs (Dingledine et al. 1999; Giniatullin

et al. 2000; Varanda et al. 1985).

Fig. 3 Zonal organization of acetylcholine release and slow

experimental chamber perfusion slow down development of meca-

mylamine block: simulated experiments. Specific morphological

organization of neuromuscular synapses implies that not all releasing

zones are activated after single nerve stimulation. a Continuous line
shows that with increasing number of successive stimuli the number

of zones that have not been activated falls dramatically. Broken lines
depict the number of zones that have been activated once, twice,

thrice, etc. At 120 stimuli all the zones have been activated at least

five times. b Plot shows dependence of the simulated mecamylamine

block development on the number of activated zones (circles for 1;

squares for 300). For 300 zones probability of a releasing zone

activation following nerve stimulation was assumed to be 0.2. Open
triangles on plot (b) show modeled effect of a relatively slow

experimental bath perfusion (0.35 ml/min) on the development of

mecamylamine block. Note that, by assuming conditions which are

close to the experimental (300 AZ; perfusion rate), the simulated

dynamic of mecamylamine block development is close to the

experimentally obtained one (compare with Fig. 1Aa)
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Modeling of receptor activation kinetics is a useful tool

to verify experimentally based hypothesis of agonist/

antagonist–receptor interaction. This approach has limita-

tions due to currently unknown values of some reaction

coefficients that cannot be directly measured. Nevertheless,

the fact that simulated responses can match a set of crucial

criteria inherent to the action of mecamylamine should

prevent unrealistic conclusions. Three most probable

kinetic schemes of receptor activation in the presence of

mecamylamine have been chosen to be verified: simple

open channel block, ‘‘symmetrical’’ trapping block and

‘‘asymmetrical’’ trapping block.

The simple open channel block scheme (even when

voltage-dependent interaction of mecamylamine and

nAChRs is assumed) shows strong dependence of EPC

amplitude on frequency of receptor activation. The high

frequency nerve stimulation decreases simulated EPC

amplitude after full development of mecamylamine block

(Fig. 1Bc). However, our experimental data does not sup-

port this tenet (Fig. 1Ac). Multi ion block of nAChRs by

mecamylamine was discarded as a model which is a

modification of the simple open channel block where un-

blocking depends only on receptor activation time.

In the early studies (Lambert et al. 1981; Blanpied et al.

1997) ‘‘symmetrical’’ trapping scheme was used, assuming

that the nAChRs opening/closing dynamics are the same in

control or after antagonist binding inside the channel. Later

studies have suggested an ‘‘asymmetrical’’ model based on

the changes in the receptor kinetics by antagonist residing

within the ionic pore (Dilmore and Johnson 1998; Ginia-

tullin et al. 2000). Since ‘‘symmetrical’’ trapping scheme

did not produce steady changes of the EPCs decay time

(Fig. 1Ac), ‘‘asymmetrical’’ trapping mechanism was

chosen for further analysis. A suitable model describing

present data was obtained when a rate constant of transition

from the blocked-open state to the blocked-closed state of

nAChRs became faster. This observation suggested that,

once mecamylamine has bound nAChRs, probability of

receptors conversion into inactive state increased despite

the presence of ACh. We would like to note that experi-

mentally obtained results were successfully modeled with

change of the minimal number of previously defined rate

constants (compare with Stiles et al. 1999).

It was shown that desensitization-like phenomenon

can only be observed during a sufficiently long period of

nerve stimulation, namely 30–60 s with a high frequency

(Magleby and Pallota 1981), in particular after acetyl-

cholinesterase inhibition (Giniatullin et al. 1989, 2005).

Thus nAChRs desensitization was excluded from the

modeling of the mecamylamine effects because of a low

frequency nerve stimulation used in our experimental study

(Skorinkin et al. 2004).

Block of muscle nAChRs by mecamylamine

Specific organization of the transmitter release in the frog

neuromuscular junction was checked to influence agonist/

antagonist–receptor interaction. The zonal organization of

ACh release implies that not all postsynaptic nAChRs are

activated after single nerve stimulation, thus delaying

mecamylamine interaction with each single receptor. Our

modeling results demonstrate that presence of multiple

releasing zones (300; probability of activation after each

stimulus was assumed to be 0.2; Pawson et al. 1998) partly

explains slow time dynamic of mecamylamine block

development. Moreover, simulation of the mecamylamine

concentration profile in the experimental chamber after its

application results in further delay of the mecamylamine

block development to the time range close to the experi-

mentally observed one. Thus slow onset and development

of mecamylamine block (comparing to other systems; see

Giniatullin et al. 2000) can be caused by morphological

peculiarities of the frog neuromuscular junction and

experimental conditions.

Functional implications

Neuromuscular transmission in vivo is accompanied by

strong muscle depolarization during generation of large

amplitude action potentials (Dorrscheidt-Kafer 1981;

Knisley et al. 1994; Riemer et al. 1998). Our results predict

that the operation of the contracting muscle could be ini-

tially preserved by delaying the mecamylamine block

through a repeated unblocking mechanism, zonal organi-

zation of agonist release and delayed rise of drug

concentration. These peculiarities should be taken into

account for understanding the pharmacodynamic properties

of mecamylamine or other drugs which share the same

mechanism of action.

In conclusion, selectivity of action of a receptor

blocker toward a particular class of receptors may be

determined not only by its affinity for the agonist binding

site at certain subunit type combination, but also by its

propensity to get trapped inside open channels without

preferential affinity for the agonist recognition site. This

relief property can be used as a simple test, during on-

going experiments, to establish the presence of a certain

type of noncompetitive block by other antagonists as

well.
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