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Abstract. Acetylcholine-induced membrane currents Introduction

and excitatory postsynaptic currents (EPSCs) were re-

corded from the neurons of rat superior cervical ganglionRecent studies suggest that ionic channel of nicotinic
(SCG) using the whole-cell patch clamp and the two-acetylcholine receptor (nNAChR) of thieorpedoelectric
electrode voltage clamp techniques, correspondinglyorgan and the frog endplate is a funnel-shaped pore
The EPSC decay was bi-exponential, with fast and slowtChangeux et al., 1992; Vidal & Changeux, 1996; Un-
components characterized by time constants 5.5 + 0.8in, 1993, 1995) with the cross-profile in its most nar-
msec and 20.4 + 1.2 msec (mearsem;, n = 23), re- oW part (selectivity filter) being a rectangle of 6.5 x 6.5
spectively. Blocking of these currents by a series ofA (Dwyer et al., 1980; Hille, 1984). Neuronal nAChRs
newly synthesizedis-cationic ammonium compounds, areé much more diverse in their subunit composition, than
the pentamethonium and pentaethonium derivatives, wa§iose of the muscle and the electric organ (Steinbach &
analyzed. Blocking effects were due to a block of nico-1fune, 1989; Boulter et al., 1990; Luetje & Patrick, 1991;
tinic acetylcholine receptor (NAChR) open channel, withAlbuguerque et al., 1995; Lindstrom, 1996), and, par-
mean blocker binding rate constants for the fast compoticularly, in their channel-lining domains (Role, 1992;
nent three to five times higher than those for the slowBertrand et al., 1993). Altogether, the channel architec-
component. Dimensions of a NAChR ionic channel wereture in neuronal nAChRs still remains poorly understood.
deduced from a relationship between blocking activity of ~ Neuronal nAChRs are much more sensitive than the
the compounds and the size of the projections of theiPAChRs of skeletal muscle fibers and electric organ, to
three-dimensional molecular models on the neuronaPlocking action ofbis-quaternary ammonium com-
membrane plane. The results suggest that there are tw@punds which is due to open channel-blocking mecha-
populations of NAChRs in rat SCG neurons; while thesenism (Ascher, Large & Rang, 1979; Gurney & Rang,
polulations differ in the rate constants of the binding by 1984; Skok, Selyanko & Derkach, 1989). On the basis
the blocker to their open channels, they exhibit similarof the relationship between the size of the channel-

channel diameter, 11.8 A, at the level at which the block-blocking molecules and their blocking activity it was
ers bind to the channel. proposed that the blocking molecules interact with the

nNAChR channel of the rat superior cervical ganglion
(SCG) neurons at the level where its cross-profile is that
Key words: Neuronal nicotinic receptor — lonic chan- of a rectangle of 6.1 x 8.3 A (Zhorov et al., 1991; Skok,
nel — Open channel block — Sympathetic ganglion  1992; Brovtsyna, Magazanik & Zhorov, 1996); it was
also suggested that a selectivity filter, with the cross-
profile of 5.8 x 8.0 A, is located between that level and
e cytoplasmic end of the channel (Skok et al.,
* Present a_ddresslnstitute of Experimental Medicine, St. Petersburg, 1995). These results were advanced assuming that the
A-22, Russia blocking molecule adopts an extended conformation per-
pendicular to the membrane.
It should be noted that the blocking molecule may
approach the channel at any orientation, not only with its
Correspondence tov. Skok longitudinal axis perpendicular to the cell membrane.
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The latter case is apparently most probable for a rela-?» & *
tively narrow part of the channel, whereas a randoms
orientation is most probable for the channel entrance,
where the channel diameter is larger than in its deeper
portions. A study of a relationship between the channel-

blocking activity and the projections of the blocking
molecules on the channel ahy orientation of the mol-

ecule may thus allow one to estimate the dimensions of
a new channel portion, of larger diameter, and, possibly,
less deeply located, as compared with that investigated
earlier. This was the aim of the present work.

07

st
Materials and Methods
B
RECORDING PROCEDURE e t . 1 1
? ] 13 14 15
The SCG of the rat was isolated under ether anesthesia. In one series ues, A

of experiments, the ganglion was incubated for about one hour at 37°C » . L )
in a solution containing 0.4% collagenase (Sigma type 1A). The so-Fig- 1. Probability spectra of maximum projection sizes (MPSs) for a

lution was of the following composition (): NaCl, 133; KCl, 5.9; single conformerA) and for the con_f_o_rmer-contair_ﬂng compound VII
CaCl, 2.5; MgCl, 1.2; Tris-HCI, 10; glucose, 11 (pH 7.4). The gan- B; §eeTabIe 1). The MPS probabllltlgs (P, Zordinate) are plotted
glion was then fixed with small pins to the Sylgard-covered bottom of 892inst the corresponding MPSabgcissa Total probability of all
the perspex chamber, and continuously perfused with a solution of thé1PSS of a conformer or a compound equals to 1009,Ithe MPS
above composition (without collagenase) at room temperature (Zoprobabllltles of ee}ch confo_rm_er were multiplied by the probability of
24°C). Membrane currents were induced in the neurons by acetylcho'® conformer existence within the compound and summated.
line (ACh) applied ionophoretically through an extracellular micropi-
pette under visual control with Nomarski optics. Acetylcholine-
induced membrane currents (ACh currents) were recorded using théVinter, Davis & Saunders, 1987), taking into account the valences and
whole-cell patch-clamp recording method. The recording micropipettePonds between atoms. The initial parameters (bond length, distances
was filled with a solution of the following composition mx NaCl, ~ and angles between the atoms) were taken arbitrarily. By changing the
140; CaC}, 1.0; EGTA, 11; HEPES, 10 (pH 7.2); the solution was initial parameters, the three-dimensional location of atoms in the mol-
potassium-free to prevent the appearance of muscarinic ACh currentg§cule which corresponded to its minimum energy, could be calculated
only the nicotinic currents remaining present. The currents were reby means of the OUR program. Thus, final coordinates of the atoms
corded at a frequency band of 0-1.0 kHz. and the energy of one of the conformers (stable conformations) of the

Blocking agents used as tools to measure the nAChR channdnolecule were determined. A similar procedure was performed to find
dimensions, were applied through the perfusion solution, and theithe atoms’ coordinates and energy for other conformers of the mol-
blocking activities were estimated as inverseds the concentrations ~ €cule. This procedure was repeated until new conformers appeared to
needed to reduce the amplitude of the control ACh current by 509 similar to those found earlier. Only the conformers whose energy
(Table 1). was lower than 3.0 kcal/mol were considered.

In the second series of experiments the isolated rat SCG was not ~ Because each conformer projection on a membrane plane is of a
treated with collagenase, and, instead of ACh currents, the excitatorgomplex shape, while only its maximum size is crucial for entering the
postsynaptic currents (EPSCs) evoked by single electrical stimuli apchannel of a certain diameter, only the maximum size of each projec-

plied to the cervical sympathetic nerve were recorded with a convention (referred to below as a “maximum projection size”, MPS) was
tional two-electrode recording technique. For more details on thefurther considered. The MPS was a distance between the two hydrogen

methods usedseeVoitenko, Bobryshev & Skok, 1993. atoms of the molecule projection most remote from each other, calcu-
lated up to 0.1 A, plus two Van-der-Vaals radii, each equal to 1.2 A.
The MPS probability spectrum was then constructed. In the spec-
DruGs trum, the probability of a realization of each MPS in ®§dinate was
plotted against the corresponding MPSs scaled at 0.1 A ategissi
The bis-cationic ammonium compounds used as blocking agents werelhe probability of a realization of each MPS (referred to as “MPS
the pentamethonium and pentaethonium derivatives synthesized as diobability”) was determined as a ratio between the number of par-
bromides in the Institute of Experimental Medicine, Russian Academyticular MPS that was obtained during the arbitrary rotating of a con-
of Medical Sciences, St. Petersburg. Their chemical structures aréormer model around all three axes, and the total number of the turns
shown in Table 1. (Giles, 1985). Rotating was continued until a stable spectrum, with the
changes of the MPS probability not exceeding 0.1% after 1,000 turns,
was obtained (about 10,000 turns were generally required to reach
THE SiIZES OF THE BLOCKING MOLECULES AND stability). All MPS found varied from 7.7 to 14.6 A.
THEIR PROJECTIONS Figure 1A, shows an example of a MPS probability spectrum for
one of conformers of the blocking compound VII shown in Table 1
Three-dimensional models of the blocking molecules were constructedthis compound was more active than any other compound tested).
using an OUR Molecular Modeling Package computer programTotal probability of all MPSs of a conformer was 100%. The two
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Results

BLockADE oF ACh CURRENTS

FramesA 1 and 2 of Fig. 3 illustrate the examples of the
ACh currents recorded from a neuron of rat SCG at -110
mV membrane potential level in normal Krebs solution,
and in the presence of blocking compound Il (Table 1),
respectively. The records shown in frame8 and 4 of

Fig. 3 were obtained at -50 mV membrane potential.
As shown in the fram® of Fig. 3, the blocking effect is
strongly voltage-dependent. When the extent of block is
expressed aBlg — 1, wherel andlg stand for the am-
plitudes of the ACh currents recorded in the absence and
in the presence of a blocker, correspondingly, the block
at =50 mV is only 0.63 of that at —-110 mV. All 15
blocking compounds tested produced voltage-dependent

blocking effects. Their 1/1G, values obtained at —-50
Fig. 2. Same as in Fig. B, but for two other compounds, I\Aj and MV membrane potential are shown in Table 1.

Xl (B) (seeTable 1).

BLockabe oF EPSC
ili 0, 0,

lérigsé ‘;fg i?{gyﬁ e;’;ﬁ,fjcfifef‘;zgﬂi;l%) conrespond to MPSs equ% decay of the EPSC recorded in normal solution can be

Next step was to obtain the MPS probability spectrum of the described by two exponentials, fast and slow, with the
compound. This spectrum was accomplished by summing up the MP$ime constants; andt.. In the case of the EPSC shown
probability spectra of all conformers of this particular compound, tak- jn Fig. 3C, these constants equal 6.6 and 28.6 msec,
ing into agcount thg probability of an existence of the conformer itself; respectively; Fig. 8 illustrates fit for only the slow ex-
the following equation was used: ponential, the fast component being left unfitted. The
mean values of; andrg obtained from 23 neurons of rat
SCG at =50 mV holding potential were equal to 5.5+ 0.5
ms and 20.4 + 1.2 msean = 23), respectively. It should
be noted that the constantsandr, revealed a weak but
significant correlation (a correlation coefficielR, was
0.64;P > 0.99).

The blocking compounds tested (Table 2) reduced
the EPSC amplitude and shortened the EPSC decay time

m
P=>Z7C 1)
k=1

whereP is the MPS probability of the compounmdis the number of
conformers of the compound, is the MPS probability for the con-
formerk of the compound, an@, is the probability of the existence of
the conformek calculated from the following equation (Zhorov et al.,

1991): X . .
) course in a voltage-dependent manner. As illustrated in
exp-E/RT) Fig. 3D, at the concentrationfa@ x 107> m of compound

C=———, ) IV the time constants of the fast and slow components

were reduced from 9.2 and 24.4 msec to 5.5 and 12.0
msec, respectively. The rate const&nig of a blocker
binding to the open nAChR channel was calculated from
the equatiork* .5 = [(t")™* — 77Xz"*, wherer and+’
stand for the EPSC decay time constants measured ir
An example of the MPS probability spectrum for the compound normal solution and in the presence of a blocker, respec-

VIl (Table 1) is shown in Fig. 18). The peak at the MPS 11.8 A is tively, and Xg is Concen.tratlon of the blocker
the highest for the compound (12.8%). For comparison, the MPS prob{C0lquhoun, Ogden & Mathie, 1987). The&,g values
ability spectra for two more compounds, IV and XlIl (Table 1), are calculated for the fast and slow components of the EPSC
shown geeFig. 2A and B, respectively). Note that the MPS for the decay k*,g; andk* g, for six blocking compounds, are
peaks in the MPS probability spectrum of a compound IV, which is shown in Table 2. The blockers listed in Table 2 have
much more active than the compound X_Etbe'_l'aple 1), are very close been chosen from those shown in Table 1 as exhibiting
to the peak of the compound VII shown in Fig3;lthese peaks are not statistically different 1”(;0 values estimated from a

present in the case of compound XIII. -
The MPS probability spectra were constructed for each of the 15b|0Cker'Induced decrease of ACh currents, except for the

blocking compounds shown in Table 1, and were used to evaluate th@airs =1V an_d I-XV (for more detailed analysis of the
NnAChR channel diameter. data shown in Table 8ee belolw Thek* g andk* g

m
> exp-E/RT)
k=1

whereR is the universal gas constailtjs temperature taken as 306Q°
m is the number of the conformers of the compound, &pds the
energy of the conformek.
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Fig. 3. Blocking effects of compounds I B) and

IV (D) (seeTable 1) on nAChRs of rat superior

cervical ganglion neuronsAf Membrane currents

recorded in normal solution (1, 3), and in the pres-

ence 6a 1 x 10°m concentration of compound |1

(2, 4), at -110 mV (1, 2) and -50 mV (3, 4). Hori-
A 110 mv zontal bars indicate the time of ACh applicatioB) (

- Voltage dependence of the blocking effect expressed
asl/lg — 1, wherel andlg stand for the amplitudes
of the membrane currents recorded in the absence
and in the presence of a blocker, correspondingly.
(C) Excitatory postsynaptic current (EPSC) recorded
in normal solution; the trace shown is an average of
40 original traces. An EPSC decay phase was fitted
by single exponential with a time constant of the
slow EPSC component,, equal to 28.6 msec. Sub-
traction of this component from the original EPSC
revealed one more, fast EPSC decay component,
with a time constanty;, equal to 6.6 msecY) The
EPSCs recorded in normal solution (1) and in the
solution containig 4 x 10° m concentration of
compound IV (2). The blocking compound reduced
T andtg from 9.2 and 24.4 msec (1) to 5.5 and 12.0
ms (2), respectively. Note that the amplitude cali-
bration scales for 1 and 2 are different, to make the
EPSC amplitudes equal to each other. The current
traces in 1 and 2 are averages from 4 and 20 original
traces, respectively. Holding membrane potential in
C andD was —-50 mV. The record8, B, CandD
-120 -80 40 0 were obtained from four different neurons, respec-
MP tively.

— 16 11,1

\.\.\. 3

values shown in Table 2 correlate with the blocking ac-molecules that reach the channel level in question. The
tivities of the corresponding compounds, L}GR = channel diameter at the site of binding can be therefore
0.94;P > 0.99). estimated as equal to the value of the MPS at which the
Voltage dependence of the blocking effect on AChhighest blocking activity of the compounds tested is ob-
current and the blocker-induced reduction of the EPSGerved,; or, alternatively, this estimate is indicated as the
decay time constant are typical of the open channel blockest correlation between blocking activity and the MPS
(Adams, 1976; Colquhoun et al., 1987); this indicatesprobability among the compounds tested. Accordingly,
that the open channel blocking mechanism is involved inwo different approaches were used to find this MPS.
the blocking effects of the compounds used in this work.with regard to the first approach, the differerieg be-
The fact that the 1/IG, estimates correlate with the rate tween the weighted and non-weighted MPS probability
constants of the blockers binding to the open channepectra for the 15 blocking compounds tested was cal-
suggests that open channel-blocking mechanism is incyjated and normalized to 100%. The weighted MPS
volved, rather than any other blocking mechanism, €.9.probability for each blocking compound was found by
competitive block or desensitization. This is consistentmytiplying its non-weighted MPS probability spectrum,
with the finding that ganglion-blocking activities bfs- P., by blocking activity of the compound relative to the

cationic ammonium compounds correlate with theirs  pjocking activity of the compound XllI as the least po-
values (Skok, Selyanko & Derkach, 1983; Skok et al..tent one (for examples oP,s, see Figs. 1B and A

1989). i B
15
CHANNEL DIMENSIONS Py= ; Pi(1/1Csq; — 1) )

Figure 4 shows th@, spectrum; a peak correspond-
It was assumed that, to attain maximum blocking effect,ing to the MPS of 11.8 A may be noted. Therefore, the
a blocking molecule should be accommodated within theMPS value equal to 11.8 A corresponds to the maximum
channel at the level where it binds to the channel wall,blocking activity of the blocking compounds tested. It
thus plugging the channel. Accordingly, the blocking can be seen, from analyzing th®, spectra for each
activity of a compound depends on the number of itsblocking compound, that the peak shown in Fig. 4 in-
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Table 1. Structures and blocking activities of tiés-cationic compounds used

No N*Me; — (CH,)s - R No N'Et; - (CH,)s - R
R ICs0, M n R ICs0, M n
| -N* Meg 59 +26 3 IX N 25+ 0.2 3
|
Et
1l -N* 0.6 +0.1 5 X -N Me Et, 21+ 0.3 5
|
Me
1] -N* 1.7 +0.3 6 XI -N" Me, i-Pr 20+ 05 4
|
Et
v -N* Me, Et 3.2 0.7 3 XIl N, 74.0+16.0 3
|
i-Pr
\% -N* Me, i-Pr 1.6 +0.2 4 Xl -N" Etg 79.0+ 7.0 4
Vi -N* Hi-Pr, 0.8 +0.2 3 XIvV N ) 36.0+x 1.4 3
|
Et
Vil -N* Me i-Pr, 0.12 +0.02 5 XV -N Me, n-Pr 165+ 4.4 3
VIl -N" Etg 1.7 +0.4 5

R, a variable cationic head; I a half-effective concentration of the blocking compoundnumbering of cells.

Table 2. Binding rate constants for fast*(,g;) and slow EPSC com- Py, 2
ponents K* .5 in rat SCG neurons 15
Blocking K* g n kg Blocking
compounds (10° m™* sec?) (1 m~tsec?) activity
(1/1ICgo, MY
Vil 51254374 3 1037+232 83 +14
1l 27.82£2.57 5 7.28+1.35 1.67 £0.28
\Y 5.87+2.08 4 1.88 £0.45 0.31 +0.07
| 2.88+0.54 5 0.63+0.12 0.17 £0.08
XV 1.40+£0.53 3 0.40+0.12 0.061 £0.016
Xl 0.71+x0.21 3 0.14+0.03 0.013+0.001 5T \
cludes contributions from different compounds; the com- /'v"’“d V\\‘/\i
pounds VIl (64.8%), Il (23.1%), Il (2.5%), V (2.4%), s e e , ; , " . ,
VIII (2.2%), and XI (1.4%) contributed most signifi- 7 8 s 18 1z 13 4 15
cantly. nes, A

In the case of the second approach, correlation be:
tween thek* 5 andk* 5, values listed in Table 2, on the
one hand, and the MPS probability on the other, waSseeTable 1). To obtain the weighted MPS probability spectrum, the

Fig. 4. Difference Py) between the weighted and non-weighted MPS
probability spectra calculated for all the 15 blocking compounds tested

calculated for each MPS. Figure 5 shows correlation conon-weighted MPS probability spectrum of each compound was mul-

efficients obtained, as plotted against the correspondingplied by a relative blocking activity (1/16) of the compound. The
MPSs. Only one peak corresponding to a correlation cosum ofPq for all MPS equals 100%.
efficient of 0.95 is statistically significanP(> 0.99), and

this peak is reached at the MPS equal to 11.8 A, both fowas not observed for the MPSs smaller or larger than
fast and slow EPSC components. This peak is similar td 1.8 A, the blocking effect appears to be due to interac-

that found with the first approach. tion of the blocking molecules with the channel wall just
As statistically significant correlation coefficient at the level where the channel diameter is 11.8 A.



116 S. Kertser et al.: Neuronal Nicotinic Receptor Channel

—— Fast EPSC component

R - — Slow EPSC component ”ls A
1 r
__________________ - ===
0 LY A N
WA NV A _ | -
/ v\ \/’ \\/\/ \/\ § Fig. 5. Correlation between th&* g (solid line)
’ S = andk* g, (dashed line) values, on the one hand, and
) -,
~ f the MPS probabilities, on the other hand, for each
MPS of the compounds listed in Table Qrdinate,
a correlation coefficientR). Abscissathe MPSs.
g L Horizontal dashed line indicates confidential level
L R R N . . R o ,  for the correlation coefficientR = 0.95).
7 8 9 10 11 12 13 14 15
Discussion Our results show that the decay of the EPSC re-

corded from rat superior cervical ganglion is bi-

The results obtained in this work suggest that the nAChRexponential. Similar bi-exponential decays were ob-
open-channel blockers interact with the channel at thgerved in the submandibular ganglia of the rat (Rang,
level where the channel diameter equals 11.8 A. This is1981) and mouse (Yawo, 1989), and were interpreted as
a new channel area, not described in the previous studie@ indication that two different subtypes of nAChRs
using a similar approach, in which the blockers werewere activated. It has been generally accepted that the
found to interact at the channel level resembling a 6.1 XEPSC decay time constant is equal to a mean duration of
8.3 A or 5.5 x 6.4 A rectangle (Zhorov et al., 1991; the burst of single channel openingseé¢Colquhoun &
Brovtsyna et al., 1996). This new area was not found inHawkes, 1983; Derkach et al., 1987; Adams & Nultter,
the earlier studies probably because the channel diant992). Thus, it is likely that the two nAChR subtypes
eters were tested within a relatively narrow range (fromdiffer in the nAChR channel kinetics.
5.4 to 9 A: Zhorov et al., 1991, Fig. 2). The channel The fact that the peak of correlation betwdeng;
dimensions within this range, although wide enough toandk* g on the one hand, and the MPS probabilities, on
accommodate a single cationic head of the bis-the other hand, corresponds to a channel diameter of 11.¢
ammonium compound oriented perpendicularly to theA (Fig. 5), suggests that in both nNAChR subtypes the
neuronal membrane, was not large enough to accommapen-channel blockers bind at the channel level of 11.8
date the MPS of the compoundsaaty orientation rela- A diameter. The data obtained are consistent with the
tive to neuronal membrane; thus, the approach used isingle binding site model which was recently proposed
the early studies allowed the measurement of the dimerfor the interaction of monovalent and divalent cations
sions of only a relatively narrow and deep channel por-with the nAChR channels in rat myotubes (Dani & Ei-
tion. An extended scale of MPS measurements used isrenman, 1987). At the same time, in each neuron the
the present work (from 7.7 to 14.6 A) allowed us to studyk* g, is markedly different fromk* 5 for each blocking
the channel portion of a larger diameter. compound tested, suggesting that even the nAChR sub-
The channel diameter 11.8 A obtained at present idgypes within a single neuron may differ in terms of
consistent with those found by independent experimentathemical structure that binds the blocking agents. This
methods. The studies of a permeability of NAChR chan-suggestion is consistent with recent concepts on subcel-
nels in rat myotubes to monovalent and divalent cationsular compartmentalization, within a single neuron, of
suggested that the cations interact with the channel at thihe various nAChR subtypes (for review see Vidal &
end of the channel vestibule near its narrow region,Changeux, 1996).
where the channel diameter equals 12 A (Dani & Eisen-  The question arises what is the structure in the
man, 1987). According to the results obtained with elecnAChR molecule that binds the open channel blockers
tron microscopy, the diameter of tHeorpedonAChR  used in our experiments. The nAChRs in the neurons of
channel near its entrance is slightly less than 18 A (Unthe rat superior cervical ganglion are thought to be com-
win, 1993, 1995); therefore, the channel portion we studposed ofa3, o5, a7, B2, B4 (Role, 1992; Mandeleus et
ied is probably located somewhat deeper than the eral.; De Koninck & Cooper, 1995%eeAlbuquerque et al.,
trance. 1995; Lindstrom, 1996; Lindstrom et al., 1995), and
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a4-1 subunits (Rust et al., 1994), forming different Changeux, J.P., Galzi, J.L., Devillers-Thiery, A., Bertrand, D. 1992.
nAChR receptor subtypes. In particuIaB andB4 sub- The functional architecture if the acetylcholine nicotinic receptor
units were found to be most common in the rat SCG. explored by affinity labeling and site-directed mutageneisar-

. . . terly Rev. Biophys25:395-432
In most recent immunochemical studies, «5, anda7 Colquhoun, D., Hawkes, A.G. 1983. The principles of the stochastic

subunits were found in rat SCG (M.V. Skopersonal interpretation of ion-channel mechanisrs. Single-Channel Re-

communication The nAChR ionic channel is thought to cording, B. Sakmann and E. Neher, Editors, pp. 135-175, Plenum

be lined by the M2 membrane-spanning domains of each Press, New York & London

subunit (Imoto et al., 1988), with few rings of negatively Colquhoun, D., Ogden, D.C., Mathie, A. 1987. Nicotinic acetylcholine

charged amino acids and uncharged p0|ar amino acids rgceptors_of nerve and muscle: functional asp%388:465—4_172

serine and threonine determining the channel interactioff" J-A- Eisenman, G. 1987. Monovalent and divalent cation per-
. . . meation in acetylcholine receptor channels. Gen. Physiol.

with divalent cations (Imoto et al., 1988, 1991; Bertrand  gg.959_ga3

et al., 1993; Vidal & Changeux, 1996) and with most pe Koninck, P., Cooper, E. 1995. Differential regulation of neuronal

noncompetitive and open-channel blockers (Leonard et nicotinic ACh receptor subunit genes in cultured neonatal rat sym-

al., 1988; Revah et al., 1990). Differemtsubunits differ pathetic neurons: specific induction af, by membrane depolar-

in chemical structure of the negative|y Charged rings ization through a C#H/calmodulin-dependent kinase pathwaly.

(seee.g., Skok, 1992), which may provide a base for the  Neurosci.15:7966-7978 ,

differences betweekt,; andk* 5. in the same neuron DerkﬁCh’ VI'A" North’dRBA" Se'ylaﬂk?' A-A., Skok, V.. 1987. S'I”g'e

found in this work. In particuular, there is a great diver- gnannels activaie > afetyc oline In rat superior cervical gan-
. -, . glion. J. Physiol.388:141-151

sity among thex3, a4, a5 anda7 subunits in the amino  pwyer, T.M., Adams, D.J., Hille, B. 1980. The permeability of the

residues at 276 and 274 positiose¢Lindstrom, 1996, end-plate channel to organic cations in frog mustlé&en Physiol.

Fig. 3), which are close to the outer rings crucial for  75:469-492

interaction of the channel with divalent cationseé Giles, I.G. 1985. Microcomputer molecular grafids: Microcomput-

Vidal & Changeux, 1996). At the same time, the two ers in Neurosciences, G.A. Kerkut, editor. pp. 202—205, Clarendon

different.nACh.R subtypes proposed by the. present StUdYEurEreeySS’A.?/I)TfOFr;:mg H.P. 1984. The channel-blocking action of me-

do not differ with res_pect to the channel diameter at the™ , Jium c,ompou’nds on rat submandibular ganglion c&lis.J.

channel level at which the open channel blockers that pharmacol.82:623-642

were tested at this time carry out their binding. Hille, B. 1984. lonic Channels in Excitable Membranes. Sinauer As-

sociates, Sunderland, MA
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