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Calcium Permeability of the Nicotinic Acetylcholine Receptor: The 
Single-Channel Calcium Influx Is Significant 

E. Radford Decket” and John A. Dani 
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The calcium permeability of the mouse muscle nicotinic ACh 
receptor (nAChR) was determined using patch-clamp tech- 
niques. Single-channel currents were measured in pure ex- 
ternal calcium and in mixtures of calcium with cesium or 
sodium. At low concentrations, calcium decreases the cur- 
rent carried by the monovalent cation. At higher concentra- 
tions, calcium displaces the monovalent cation as the main 
current carrier. In pure external calcium, the conductance of 
the nAChR is similar to the conductance of the NMDA re- 
ceptor or the L-type Ca channel. With pure 11 O-mu calcium 
as the external cation, the slope conductance of the nAChR 
channel at negative potentials is 12 pS. An ion-permeation 
model based on the structure and function of the channel 
describes the currents. The ion-permeation model predicts 
that calcium contributes about 2% of the total inward current 
through a nAChR channel in physiologic solution. That cur- 
rent is about 7% of the calcium current through an L-type 
Ca channel. Because nAChRs are densely packed at the 
neuromuscular end plate, the calcium influx at an active 
synapse is expected to produce a locally high-calcium en- 
vironment. 

The peripheral nicotinic ACh receptor (nAChR) channel is a 
pentameric protein structure that provides an aqueous pore 
through the cell membrane for cations. The primary function 
of this channel is to depolarize the postsynaptic cell at cholin- 
ergic synapses. The nAChR is permeable to inorganic and or- 
ganic cations and is impermeable to anions (Takeuchi and Take- 
uchi, 1960; Huanget al., 1978; Adamset al., 1980, 1981; Dwyer 
et al., 1980; Sanchez et al., 1986). Current fluctuation analysis 
and reversal potential measurements showed that divalent cat- 
ions are permeable and that they decrease the conductance of 
monovalent cations (Bregestovski et al., 1979; Lewis, 1979; Lewis 
and Stevens, 1979, 1983; Marchais and Marty, 1979; Adams 
et al., 1980; Magleby and Weinstock, 1980; Takeda et al., 1982). 
Single-channel currents showed that magnesium and barium 
have a relatively high affinity for the channel and that they carry 
significant current at higher concentrations (Dani and Eisenman, 
1987). 
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Free calcium ions regulate cells and participate in many bi- 
ological processes. Therefore, calcium permeation through 
nAChR channels is of special interest. When Katz and Miledi 
(1969) replaced normal Ringer’s by an isotonic calcium solution, 
they still saw miniature end-plate potentials, but the potentials 
were reduced in amplitude. At extremely hyperpolarized po- 
tentials, ACh-induced calcium entry at the end plate was de- 
tected with arsenazo III (Miledi et al., 1980). Tracer flux meas- 
urements, reversal potential measurements, and current 
fluctuation analysis verified that calcium is permeable and in- 
terferes with current carried by monovalent cations (Huang et 
al., 1978; Bregestovski et al., 1979; Lewis, 1979; Lewis and 
Stevens, 1979, 1983; Adams et al., 1980; Magleby and Wein- 
stock, 1980). 

The purpose of these experiments was to determine the single- 
channel calcium permeability, to quantify the influence of cal- 
cium on the transport of monovalent cations, and to estimate 
the calcium influx in physiologic solutions. A quantitative un- 
derstanding of the single-channel permeability of the nAChR is 
important for evaluating the potential roles of postsynaptic cal- 
cium influx at cholinergic synapses. 

Current-voltage relations were collected in external solutions 
of pure calcium and in external mixtures of calcium with sodium 
or cesium. The current-voltage relations were analyzed using a 
simple ion-permeation model that is based on the structural and 
chemical properties of the nAChR channel (Dani, 1986). The 
physical model accounts for cation binding in the short, narrow 
region of the pore (Dani, 1989a) and for the channel’s wide 
entrance vestibules (B&son and Unwin, 1985; Toyoshima and 
Unwin, 1988) which contain a net negative charge (Huang et 
al., 1978; Fairclough et al., 1986; Dani and Eisenman, 1987; 
Imoto et al., 1988; reviewed by Barnard et al., 1987; Dani, 
1989b). This physically based model relies on known properties 
of the channel to produce reasonable fits to the data, rather than 
introducing more arbitrary, adjustable parameters that would 
produce more exact fits. 

The results show that the channel has a higher affinity for 
calcium than for monovalent cations. The main effect of mil- 
limolar concentrations of calcium is to decrease the current 
carried by the monovalent cations, but a biologically significant 
component of the current is carried by calcium. As the concen- 
tration of calcium increases, the divalent cation displaces the 
monovalent cation as the main current carrier. In pure external 
calcium, the nAChR, the NMDA receptor, and the voltage- 
activated Ca channel have a similar inward-going conductance. 

Preliminary results of this work were presented at previously 
held meetings (Decker and Dani, 1988, 1989). 
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Materials and Methods had to last for at least 3 sample intervals and be unquestionable channel 
events before thev were included in the averaaine used to create current- 

Nicotinic AChR channels from clonal BC3H- 1 mouse muscle cells were 
studied using patch-clamp techniques. Gigaohm seals were used to mea- 
sure whole-cell and single-channel currents over a wide range of elec- 
trolyte concentrations and membrane potentials. 

Tissue culture. Clonal BC3H- 1 cells were maintained using standard 
tissue culture techniques (Sine and Taylor, 1979; Sine and Steinbach, 
1984). The cell line was maintained in Dulbecco’s Modified Eagle me- 
dium (DMEM, Hazleton, Lenexa, KS; Gibco, Gaithersburg, MD) con- 
taining 1 O-20% heat-inactivated fetal bovine serum (FBS; Gibco, Gai- 
thersburg, MD, Hyclone, Logan, UT), 100 U/ml penicillin, 100 &ml 
streptomycin (Hazelton, Lenexa, KS), and 2 mM glutamine (Hazleton, 
Lenexa. KS) in an incubator at 38°C with 5% CO,. The cells were nassed 
to a new flask before becoming 70% confluent to prevent differentiation. 
For patch-clamp experiments, the cells were plated onto an ethanol- 
cleaned 9 x 9-mm coverglass (Bellco Glass Co., Vineland, NJ). Then, 
the cells were maintained in DMEM with 0.5% FBS to inhibit cell 
division, promote differentiation, and increase production of nAChRs. 
The cells were fed every other day, and they were used from 5 to 20 d 
after being plated onto the coverslips. 

To enhance patch formation, some experiments were conducted on 
cells that were treated with enzymes (Da&, 1989a). Four to five d after 
nlatine. the cells were bathed for 15-30 min in DMEM. 5 mM HEPES 
(pH, y4), and 0.1% collagenase (Type 1 A, Sigma, St. Louis, MO). Then 
the cells were bathed for l-5 min in 150 mM NaCl, 5 mM KCl, 5 mM 
HEPES, 5 mM glucose, and O.OO25o/o trypsin (Type II, Sigma, St. Louis, 
MO). The cells were observed under low magnification. The trypsin 
treatment was stopped by several washes in DMEM with 0.5% FBS 
after most of the cells had formed spheres and about 10% of them had 
floated away. Cells were then maintained as usual and were used for 
patch-clamp experiments from 5 to 20 d after the enzyme treatment. 

Patch-clamp techniques. Whole-cell and single-channel nAChR cur- 
rents were measured using standard patch-clamp techniques (Hamill et 
al., 198 1; Sakmann and Neher, 1983). Patch pipettes were pulled with 
a 2-stage electrode puller (PP-83, Narishige USA, Greenvale, NY) using 
100-p disposable pipettes (Drummond Scientific, Broomall, PA) or 
Kovar 7052 glass (Garner Glass, Claremont, CA). To decrease capac- 
itive noise, the pipettes were coated with Sylgard silicon elastomer (Dow 
Coming Corp., Midland, MI). The Sylgard was heated to harden the 
elastomer, then the pipettes were dipped into polystyrene Q-Dope (GC 
Electronic, Rockford, IL). The tips were polished immediately before 
the experiment using a microforge (MF-83, Narishige USA, Greenvale, 
NY). The platinum wire of the microforge was coated with Kovar glass 
(Dani and Eisenman, 1987). 

Currents were amplified and filtered using a List EPC-7 (Medical 
Systems, Greenvale, NY) and an 8-pole Bessel filter (LPF 902, Fre- 
quency Devices, Haverhill, MA) or an Axopatch 1B and the 4-pole 
Bessel filter of the Axopatch (Axon Instruments, Burlingame, CA). Cur- 
rents were digitally sampled with a 12-bit analog to digital converter 
controlled by a PDP 1 l/73 computer (Indec Systems, Sunnyvale, CA) 
and saved on the hard disk. The computer system also delivered the 
holding potentials and voltage ramps through a 12-bit digital to analog 
output. Currents were sampled every 0.2 msec and filtered at 0.5, 1, or 
2 kHz. For display in the figures, all the records are filtered at about 
0.5 kHz. 

voltage relations. The experiments were conducted at room temperature 
(23°C). 

As described by Dani and Eisenman (1987), single-channel currents 
obtained while ramping the membrane potential were corrected with 
analog capacitance and leakage subtraction. The currents were further 
corrected by subtracting averaged blank base lines from the records that 
contained single-channel events. Corrected single-channel currents were 
combined and averaged at each voltage for each patch by computer. 
Each current-voltage relation was standardized to have a current rep- 
resented every 2 mV. Current-voltage relationships created with con- 
stant holding potentials overlie current-voltage relationships generated 
with ramped potentials. I f  necessary, the zero-current potential was 
adjusted so that current-voltage relations from different patches in the 
same solutions could be combined without introducing scatter. 

Three different methods were used to accurately determine the re- 
versal potentials. Single-channel currents were determined at positive 
and negative holding potentials in test solution bracketed by similar 
single-channel currents in the reference solution. The reversal potentials 
were determined for both solutions by interpolating between the data 
to find the zero-current position on the voltage axis. I f  single-channel 
currents were too small, whole-cell currents were measured by either 
lifting a voltage-clamped whole cell from the coverglass and plunging 
it into the U-tube system (Dani, 1989a) or by picospritzing 5 PM ACh 
(multi-channel picospritzer, General Valve, Fairfield, NJ) onto a volt- 
age-clamped cell. Then, whole-cell currents were measured at various 
voltages to determine the reversal potential. Again, determinations in 
the test solution were bracketed by determinations in a reference so- 
lution where the reversal potential was known to be at zero potential. 

Solutions. A wide range of electrolyte solutions were used to study 
whole cells and outside-out membrane patches. In one set of experi- 
ments, 45 mM cesium was the permeant monovalent cation. The internal 
solution in the pipette usually had the following concentrations: 22.5 
mM C&l, 22.5 mM CsOH, 10 mM EGTA and 5 mM HEPES. In some 
cases, 20 mM CsF replaced an equivalent amount of CsCl plus CsOH. 
When CsF was present, 0.5 mM MgCl, and 0.5 mM CaCl, were added 
to the solution. The external solution in the U-tube system was 45 mM 
C&l and 5 mM HEPES. In the mixtures of 45 mM Cs and Ca, 1, 10, 
25, or 40 mM CaCl, was added to the external solution of 45 mM CsCl 
and 5 mM HEPES. In mtre external CaCl, solutions. 40. 56. or 110 mM 
CaCl, and 5 mM HEPES were present. - ’ ’ ’ 

In the other set of experiments, 150 mM Na was the permeant mon- 
ovalent cation. The internal solution in the pipette usually had the 
following concentrations: 125 mM NaCl, 25 mM NaOH, 10 mM EGTA, 
1.7 mM MgCl,, 0.8 mM CaCl,, and 5 mM HEPES. In some cases, the 
divalent cations were left out of the internal solution. In the mixtures 
of 150 mM Na and Ca, 1, 10, or 25 mM CZaCl, was added to the external 
solution. The pH of all the solutions was adjusted to 7.4 with HCl and 
the hydroxide of the monovalent cation. The osmolarity of the solutions 
was measured with a vapor pressure osmometer (5500, Wescor, Logan, 
UT). The osmolarity for all the solutions was adjusted to about 0.31 
osmolar with sucrose. 

Current-voltage relationships were determined using outside-out 
patches. After a patch was excised, it was placed deeply into a U-tube 
flow system (Dani, 1989a) containing a test solution with 0.5-l PM ACh 
to induce single nAChR-channel openings. The U-tube was formed out 
of PE 160 tubing. An elongated hole (1 x 0.7 mm) was cut into the 
base of the U. A pressure head of the test solution was applied to one 
end of the tubing, and a vacuum was applied to the other end. The 
vacuum and pressure head were balanced to prevent flow out of the 
hole. The U-tube flow system offered several advantages. By rapidly 
plunging the patch into the U-tube in the direction of the pressure head, 
a complete solution change could be made in less than 100 msec. Because 
of the rapid solution change, nAChR openings were seen before the 
receptors desensitized. Test solution and ACh did not enter the bath 
solution. Therefore, the cells were not harmed by the test solution, and 
the membrane patch could be withdrawn from the U tube to recover 
from desensitization or from the test solution. The slow flow of solution 
in the U tube did not introduce noise or disturb the patch. 

The ionic activities in pure solutions were read from tables of mean 
activity coefficients (Hamer and Wu, 1972; Goldberg and Nuttall, 1978). 
Measurements to determine the mean activities of the ions in mixtures 
were made with electrodes specific for monovalent cations (932000, 
Orion Research, Boston, MA) and divalent cations (476220, Coming, 
Medfield, MA). A calomel-saturated KC1 fiber-junction electrode 
(476002. Comine. Medfield. MA) was used as the reference. The voltaee 
was measured Gth a digital pH meter (245, Coming, Coming, Nkj. 
Pure solutions of CsCl, NaCl, and CaCl, served as standards. The final 
activities of the mixtures were estimated by comparing the ion-specific 
potentials of the mixtures with the potentials of the pure solutions whose 
activities were obtained from tables as described by Dani and Eisenman 
(1987). Rather than using the mean activity coefficient (y+) to estimate 
calcium’s activity, we follow the convention of Butler (1968), who sug- 
gests that a divalent cation’s activity coefficient is given by y++ = (yf P. 

When necessary, liquid-junction potentials were determined as pre- 
viously described (Dani and Eisenman, 1987; Dani, 1989a). The liquid- 
junction potentials ranged up to 8.7 mV in the solutions of the mon- 
ovalent cations and calcium mixtures and up to 10.8 mV in the solutions 
of pure external calcium. 

Only the dominant unitary-current step size was analyzed. In most The charged-channel ion-permeation modeI. The model has been pre- 
patches, other current sizes were very rare or absent. Current events sented in detail (Dani, 1986) and has been used to describe a large set 
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-9OmV -7OmV +70mV Figure 1. Single-channel currents in 
pure external calcium. Pure calcium was 

+ A 
m the external permeant cation and pure 

45 mM Ce was the internal cation. The 
concentration of external calcium is 
given to the left of each record. The 

+ h 
e 

holding potential is given at the top of 
each column of records. The inward 
currents at - 90 and - 70 mV were car- 
ried by calcium. The single-channel 

110 110 110 currents were activated by ACh, and no 

- - - 
channel activity was seen when the 
patches of membrane were removed 

L from the ACh. Calibration bars: verti- 
cal, 2 pA, horizontal, 10 msec. 

of permeation data (Dani and Eisenman, 1987; Dani, 1988). The total 
model of permeation combines an equilibrium description of the en- 
trance vestibules with a kinetic description of the channel’s narrow 
region. The model considers the size, shape, and net charge of the 
channel to describe the data. 

The wide entrance vestibules of the channel are modeled to have a 
net negative charge that attracts a diffuse layer of cations into the chan- 
nel. A geometry-dependent Poisson-Boltzmann equation describes the 
diffuse double layer of cations that screens the negatively charged amino 
acid residues. The total potential experienced by a permeant cation is 
the sum of the negative potential arising from the negative charge in 
the vestibule and the positive potential arising from the diffise ionic 
layer. The broad energy minima in the vestibules do not behave like 
simple binding sites that saturate; rather, they can contain many ions. 
Therefore, the vestibules serve as transition zones from the bulk solu- 
tion, and they condition the environment next to the narrow region of 
the channel, where the permeant cation more strongly interacts with 
the walls. 

Eyring rate theory is used to describe the interactions between the 
permeant cation and the channel walls in the narrow region of the pore. 
Although there are many binding sites for cations within the pore, there 
is one main binding site that is directly in the permeation pathway 
(Dani, 1989a). The interactions in the narrow region are approximated 
by a 2-barrier, 1 -site rate-theory model. In Figure 6, the charged-channel 
model is used to predict the individual currents in a physiologic solution 
of 150 mM NaCl and 1 mM MgCl, inside and outside plus 2.5 mM CaCl, 
outside. In the presence of 3 permeant species, absolute rate theory gives 
the steady-state probabilities for occupancy of the site in the 2-barrier, 
l-site energy profile. The probabilities are given by the following equa- 
tions: 

P, = (khk,, + k-o,k-A,, + k<,k,,k-ox + k,,kLk,, + k,,kmo,k-o, 
+ L,k,k-o, + k-J-,&,, + k-o&A) 

P, = (CA,, + GkoAkaki, + ki2kL + k-o,k,, + k-o,k-0,) 
~2 = (&k-o + GkJ(k,,ki~ + k,Ao, + k-,,k,, + k-,A,,) 
P, = (Gk-,, + C,,ko&k,,k,, + k,,k-o, + k-,,k,, + k-,&J 
D = P, + PI + ~2 + P, 

where the probability of the site being empty is P, = pJD, the probability 
of the site being occupied by species 1 is P, = p,/D, the probability of 
the site being occupied by species 2 is P2 = p,/D, and the probability 
of the site being occupied by species 3 is P3 = p,lD. The symbols 
represent a rate constant (k), the outer barrier (o), the inner barrier (i), 
the cation species (1, 2, or 3), and the activity (c). The steady-state 
current is the same over either barrier and is equal to the difference in 
the l-way fluxes. The steady-state current calculated over the outer 
barrier, with inward current defined as negative, is Z = e(z,P,k-,, + 
r,P,k-,, + z,P,k_,, - z,C,,Pdc,, - z2CozPbco2 - ~W’dc,~h where e is 
the elemental change and z is the valence of the permeant cation. 

cesium. The calcium conductance was estimated from the sin- 
gle-channel slope conductance at potentials more negative than 
- 100 mV. In 40 mM Ca, the conductance is 9 pS, and in 110 
mM Ca, the conductance is 12 pS. Therefore, calcium carries 
significant current through the nAChR channel. 

Calcium influences the conductance of monovalent cations 

Figure 2 shows single-channel currents and current-voltage re- 
lations in pure cesium and in external mixtures of cesium and 
calcium. With pure 45 mM Cs bathing both sides of the mem- 
brane, the channel has a slope conductance of about 62 pS at 
negative potentials. When only 1 mM or 10 mM Ca is added to 
the external cesium solution, the inward currents are dramati- 
cally reduced. Adding 1 mM or 10 mM Ca reduces the slope 
conductance at negative potentials to 28 pS and 16 pS, respec- 
tively. The effect of the calcium on the cesium currents indicates 
that calcium has a relatively high affinity for the nAChR channel. 

Low concentrations of calcium also inlhtence the currents in 
more physiologic solutions. Figure 3 shows single-channel cur- 
rents and current-voltage relations in 150 mM Na with and 
without added calcium. Adding 1 mM Ca to the external sodium 
slightly decreases the inward currents, but the effect of 10 mM 
and 25 mM Ca is more significant. At negative potentials, the 
single-channel slope conductance is 51 pS in 150 mM Na. The 
slope conductance at negative potentials falls to 24 pS and 21 
pS when 10 mM or 25 mM Ca, respectively, is added to the 
external sodium. Even at a physiologic concentration of sodium, 
calcium influences the conductance because the channel has a 
higher affinity for calcium. 

Figure 4 is a plot of the slope conductance at negative poten- 
tials as a function of the activity of calcium in the external 
solution. The internal permeant cation is always pure 45 mM 
Cs. The solid circles in Figure 4 are conductances with 45 mM 
Cs in the external solution. The solid triangles are conductances 
with pure calcium in the external solution. Figure 4 shows 2 
qualitative effects of calcium. At low concentrations, calcium 
reduces the current carried by the monovalent cation. At higher 
calcium concentrations, calcium seems to become the main cur- 
rent carrier because the conductances are about the same wheth- 
er or not 45 mM Cs is added to the external solution. 

Results A physical-permeation model that describes the results 
Single-channel calcium currents The nAChR channel has wide entrance vestibules (Toyoshima 
Figure 1 shows single-channel currents with pure calcium as the and Unwin, 1988) that narrow to a minimum diameter of about 
external permeant cation and pure 45 mM Cs as the internal 0.9 nm (Dwyer et al., 1980). The minimum cross section of the 
permeant cation. Under those electrolyte conditions, inward pore is short and probably provides the main ion-binding site 
current is carried by calcium and outward current is carried by that is directly in the permeation pathway (Dani, 1989a). A 
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Figure 2. Single-channel currents and current-voltage relations. The 
internal solution was always pure 45 mM Cs, and the external solution 
contained 45 mM Cs plus the concentration of calcium given to the left 
of each single-channel record or current-voltage curve. The inward- 
going currents are reduced by adding only 1 mM Ca. The current re- 
duction by calcium is voltage dependent; therefore, there is still a small 
current reduction at low positive potentials (see Dam and Eisenman, 
1987). At several potentials, our single-channel records in pure sym- 
metrical cesium agreed with the current-voltage relation obtained by 
Dani and Eisenman (1987), which is shown here. Calibration bars: 
vertical, 2 pA, horizontal, 10 msec. 

variety of results indicate that M2 is the transmembrane a-helix 
that lines the pore (Giraudat et al., 1986; Hucho et al., 1986; 
Imoto et al., 1986, 1988; Leonard et al., 1988; reviewed by 
Dani, 1989b). Helix M2 is uncharged and is flanked by net 
negative charge. Those net negatively charged amino acids pro- 
duce a negative potential that attracts a diffuse double layer of 
cations into the vestibules. Therefore, the vestibules serve as 
transition zones from the bulk solution to the narrower region 
of the channel, where more direct ion-channel interactions dic- 
tate permeation. The ion-permeation data can be described by 
a permeation model that accounts for these physical properties 
of the channel (Dani, 1986). 

In the permeation model, the main features of the channel 
are considered in a simplified way so that data can be fit with 
few adjustable parameters. The potential and diffise double 
layer of cations in the vestibules are modeled by a Poisson- 
Boltzmann equation that explicitly includes the net charge, size, 
and shape of the vestibules. The specific interactions at the 
narrow region are represented by a binding site between 2 energy 
barriers using absolute reaction-rate theory. The charged-chan- 

-3OmV 

- 

25 
-J----l- w 

0 

Voltage (mV) 

Figure 3. Single-channel currents and current-voltage relations. The 
internal solution was always pure 150 mM Na, and the external solution 
contained 150 mM Na plus the concentration of calcium given to the 
left of each single-channel record or current-voltage curve. Added 
external calcium reduces the amplitude of the inward going single-chan- 
nel currents. Calibration bars: vertical, 2 PA, horizontal, 10 msec. 

nel ion-permeation model has been presented in detail elsewhere 
(Dani, 1986). 

The ion-permeation model uses no adjustable parameters to 
describe the ionic behavior in the vestibules. Instead, reasonable 
values are taken for the size, shape, and net charge of the ves- 
tibules (Brisson and Unwin, 198 5). Both vestibules are given a 
single negative charge. The outer vestibule is modeled as 2.6 
nm wide and 6.5 nm long, and the inner vestibule as 1.6 nm 
wide and 3.0 nm long. Adjustable parameters are included in 
the rate-theory description of the narrow region. The energies 
of the 2 barriers and 1 binding site that describe the narrow 
region are adjusted so the overall permeation model can fit the 
current-voltage data. Each ionic species that passes through the 
pore is expected to have its own interaction energies with the 
amino acid residues. The energies for sodium, cesium, and mag- 
nesium were obtained previously by fitting the model to other 
permeation data sets (Dani and Eisenman, 1987). Because the 
locations of the barriers and site are expected to be a property 
of the channel, the locations were not used as adjustable para- 
meters. Instead, the locations of the barriers and site were fixed 
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Figure 4. Calcium becomes the major current carrier at high concen- 
trations. The slope conductance at negative potentials is plotted against 
the external calcium activity. In all cases, pure 45 mM Cs is the internal 
permeant cation. The solid circles represent conductances with 45 mM 
Cs in the external solution. Except for the y-intercept (Ca = 0, conduc- 
tance = 62 pS), calcium was added to the external solutions of cesium 
(solid circles). Adding only a small amount of calcium caused a large 
decrease in the conductance. The solid triangles represent conductances 
with pure calcium in the external solution. The conductance in pure 
calcium is similar to the conductance when 45 mM Cs was added, 
suggesting that calcium is the main current carrier. The slope conduc- 
tances were estimated by fitting a line to the current-voltage relations 
at the limiting negative potentials (usually the last 50 mv). 

at one position determined previously. Defined as the fraction 
of the voltage drop to that position, the locations are as follows: 
outer barrier at 0.165, binding site at 0.620, and inner barrier 
at 0.804. The energies of interaction of sodium and cesium did 
not change significantly from the values determined earlier. 
Therefore, to fit all 11 current-voltage relations, only the 3 
interaction energies for calcium were used as adjustable para- 
meters. Those parameters represent the energies encountered 
by calcium during permeation. The energies at the outer barrier, 
at the binding site, and at the inner barrier are the following: 

Cay, 150 Na’, Ca+;, 45 Cs’, 

I 

4 23 

4 
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(RTunits):7.515, -7.151,and9.732forcalcium;6.398, -4.196, 
and 8.428 for sodium; and 6.352, -3.886, and 8.374 for cesium. 
Figure 5 shows the data and theoretical fits obtained from the 
charged-channel permeation model. 

Discussion 
There are 3 main qualitative features of calcium transport through 
the nAChR channel. Calcium has a relatively high affinity for 
the channel. Calcium decreases the current carried by mono- 
valent cations. In high concentrations, calcium displaces the 
monovalent cation as the main current carrier. 

Comparison of the calcium permeability of the nAChR, the 
NMDA receptor, and the Ca channel 

Voltage-gated Ca channels and the NMDA subtype of the glu- 
tamate receptors provide biologically important pathways for 
calcium influx into cells. The NMDA receptor shares some char- 
acteristics with the nAChR. They are both synaptic channels 
that weakly select among cations, and they have a conductance 
near 45 pS in physiologic solutions (reviewed by Mayer and 
Westbrook, 1987a). Calcium influx through the NMDA receptor 
(Jahr and Stevens, 1987; Mayer and Westbrook, 1987b; Ascher 
and Nowak, 1988) has been implicated in many important bi- 
ological processes, including long-term potentiation and exci- 
totoxicity (reviewed by MacDermott and Dale, 1987; Rothmart 
and Olney, 1987). The voltage-gated Ca channels are responsible 
for calcium action potentials (reviewed by Tsien et al., 1988). 
These channels regulate many cellular functions, including neu- 
rotransmitter release and some muscle contractions. In pure 
solutions, the nAChR conducts calcium as well as the NMDA 
receptor or the cardiac L-type Ca channel. In pure 110 mM Ca, 
the conductances at negative potential are as follows: 12 pS for 
the nAChR, 14 pS for the NMDA receptor (Ascher and Nowak, 
1988), and 9 pS for the Ca channel (Hess et al., 1986). 

A more important value, however, is the calcium influx in 

Cay 

45Csf 

A--c/ 
I 

56 

Figure 5. Charged-channel model fit- 
ted to the current-voltage relations. The 
noisy current-voltage relations are the 
data, and the smooth curves are the the- 
oretical fits of the charged-channel ion- 
permeation model. The concentration 
of external calcium is given below each 
current-voltage relation. The first col- 
umn had 150 mM Na on both sides of 
the membrane. The second column had 
45 mM Cs on both sides of the mem- 
brane. The third column had pure cal- 
cium on the outside and 45 mM Cs on 
the inside. The 0,O position is indicated 
by the crossed calibration bars that run 
vertically from - 1 to 1 pA and hori- 
zontally from -25 to 25 mV. 
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Figure 6. Current-voltage relations predicted by the charged-channel model in a physiologic solution. The physiologic solution was the following 
(with millimolar activities in oarenthesis): 2.5 mM CXI, (0.7) outside. 150 mM NaCl (115). and 1 mM MaCl, (0.3) inside and outside. The snecies _ ~ 
carry@ the current is given next to each current-voltage relation. The current-voltage m&ion labeled & total current (thin dashed mrve)-is the 
same relation in both panels. A, The divalent current-voltage relation (thick dashed curve) is the sum of the current carried by calcium and 
magnesium. L?, The current axis scale has been expanded by a factor of 20. The current-voltage relations for magnesium and calcium are shown 
separately. The calcium current-voltage relation (thick solid curve) indicates that significant inward calcium current is carried even near 0 mV. 

physiologic solutions. For the nAChR channel, we are in a po- 
sition to predict the calcium influx based on the charged-channel 
permeation model. Figure 6 shows the predicted current-voltage 
relations in a solution of 150 mM NaCl and 1 mM MgCl, inside 
and outside plus 2.5 mM CaCl, outside. A significant amount 
of current is carried by divalent cations (Fig. 6A). At negative 
potentials, about 2% of the inward current is carried by calcium, 
and that percentage increases near 0 mV (Fig. 6B). Even when 
there is net outward current, there is still inward calcium move- 
ment because of the calcium concentration difference across the 
membrane. A very active synapse functions at depolarized po- 
tentials where the fraction of inward current carried by calcium 
is greater. 

The calcium influx calculated for the nAChR can be compared 
with an estimate of the calcium current through a Ca channel 
in the physiologic solution of 2.5 mM Ca. Hess et al. (1986) 
made single-channel measurements of L-type Ca channels from 
ventricular heart cells. Based on the concentration dependence 
of the single-channel currents, an estimate for the calcium cur- 
rent is 0.2 pA at 0 mV. At the same potential, the current carried 
by calcium through the nAChR is 0.014 pA (Fig. 6B). Under 
physiologic conditions, the calcium current achieved through 
an nAChR channel is about 7% of the calcium current achieved 
through the cardiac L-type Ca channel. 

It is also interesting to compare the density of nAChRs and 
Ca channels. Binding and microscopic methods have been used 
to estimate the density of nAChRs at the neuromuscular junc- 
tion. The most likely value is about 10,000 receptors per pm* 
at the top of the junctional folds (reviewed by Salpeter, 1987). 
About 50% of the channels are opened by rapid application of 
ACh (reviewed by Adams, 1987). So there are 5000 nAChRs/ 

prn2, each carrying 7% of the calcium carried by a Ca channel. 
Schwartz et al. (1985) estimated that there are about 6 functional 
Ca channels per Km2 in frog muscle. Therefore, at the top of the 
junctional folds of the neuromuscular endplate, the calcium- 
current density through nAChRs could be about 50 times greater 
than the average calcium-current density through Ca channels. 
This, of course, is a rough estimate because Ca channels form 
clusters (Silver et al., 1990), and the neuromuscular junction is 
not uniformly active (reviewed by Rash et al., 1988). Even with 
a heterogeneous distribution of nAChRs, however, an activity- 
dependent local environment of calcium may exist beneath an 
end plate (Zucker, 1985). This expectation has important im- 
plications for the regulation and plasticity of cholinergic syn- 
apses. 

Roles of calcium at cholinergic synapses 

Calcium has varied effects on nAChRs and cholinergic synapses. 
Calcium may directly alter desensitization (Parsons et al., 1974; 
Parsons, 1978; but see Clapham and Neher, 1984) and modulate 
nAChR clustering (Bloch and Steinbach, 198 1; Bloch, 1983; 
Peng, 1984). In addition, calcium participates in second-mes- 
senger systems that regulate phosphorylation and other enzyme 
activity (see Nestler and Greengard, 1984). For example, cal- 
cium in concert with protein kinase activity may be a link be- 
tween electrical activity and nAChR synthesis (McManaman et 
al., 198 1; Rubin, 1985; Fontaine et al., 1987; reviewed by Laufer 
and Changeux, 1989). 

Calcium permeation through nAChRs could be an important 
component of these synaptic processes. Calcium arriving via 
nAChRs would be precisely in the area defined by the end plate. 
The same area where the calcium arrives is also the location of 
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the biosynthetic machinery that produces postsynaptic special- 
izations. Nuclei of muscle cells associate near the synaptic end 
plate (Englander and Rubin, 1987), and synthesis at these nuclei 
provides a source of molecules usable by that end plate (Merlie 

rents define the ionic channel of the nicotinic acetylcholine receptor. 
Trends Neurosci 12: 125-l 28. 

Dani JA, Eisenman G (1987) Monovalent and divalent cation per- 
meation in acetylcholine receptor channels: ion transport related to 
structure. J Gen Physiol89:959-983. 

and Sanes, 1985). The Golgi apparatus is focally located un- Decker ER, Dani JA (1988) Permeability properties of the AChR 
derneath innervated motor-end plates (Jasmin et al., 1989). 
Therefore, calcium influx through nAChRs could provide an 
immediate activity-dependent signal that regulates processes vi- 
tal for postsynaptic integrity and plasticity. 

The role of calcium influx throucrh neuronal nAChRs could 
be even more varied. Neuronal nA&Rs have both a presynaptic 
and postsynaptic location. Their main function is to modulate 
the excitability and firing rate of neurons (Brown et al., 1983). 
The calcium influx accompanying ACh-induced currents could 
participate in the modulation of excitability. For example, cal- 
cium influx through presynaptic nAChRs could alter excitation- 
secretion coupling. Stimulation of postsynaptic nAChRs could 
affect calcium-dependent channels. Synaptic transmission could 
then be altered by the resulting change in the input resistance 
of the postsynaptic membrane. These rapid modes of modu- 
lation could be coupled to the longer-term action of calcium on 
enzyme systems, as hypothesized for the NMDA receptor. Al- 
though the main role of the nAChR channel is to depolarize the 
postsynaptic cell, the calcium permeability suggests involve- 
ment in other processes. 

channel to calcium. Biophys J 53:357a. 
Decker ER, Dani JA (1989) Calcium permeability of the nicotinic 

acetylcholine receptor channel determined from single-channel meas- 
urements in BC3Hl cells. Biophys J 55:551a. 

Dwver TM. Adams DJ. Hille B (1980) The nermeabilitv of the end- 
piate channel to organic cations in frog muscle. J Gen Physiol 75: 
469-492. 
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