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A new approach
was developed
to determine
quantitatively
the fraction of current carried by Ca*+ through an ion channel
under physiological
conditions.
This approach
entails the
simultaneous
measurement
of membrane
current and intracellular Ca2+ for single cells. Whole-cell
patch-clamp
techniques were used to measure current, and intracellular
Ca2+
was monitored
with the fluorescent
indicator fura-2. To obtain a quantitative
measure of the fraction of current carried
by Ca*+, a cell-by-cell
calibration
method was devised to
account for differences
among cells in such factors as cellular volume and Ca2+ buffering.
The method was used to
evaluate the Ca2+ flux through muscle and neuronal nicotinic
ACh receptors
(nAChRs).
In a solution
containing
2.5 mM
Ca2+ at a holding potential of -50 mV, Ca2+ carries 2.0% of
the inward current through muscle nAChRs from BC3H 1 cells
and 4.1% of the inward current through neuronal
nAChRs
from adrenal chromaffin
cells. The Ca2+ flux through neuronal nAChRs of adrenal chromaffin
cells is insensitive
to
a-bungarotoxin.
The influx of Ca2+ is voltage dependent,
and
because of the Ca*+ concentration
difference
across the
cellular membrane,
there is Ca*+ influx into the cell even
when there is a large net outward
current. At both muscle
and neuronal cholinergic
synapses, activity-dependent
Caa+
influx through nicotinic receptors
produces
intracellular
signals that may have important roles in synaptic development,
maintenance,
and plasticity.
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Nicotinic ACh receptors (nAChRs) form a family of ligandgated cation-selective channelsin vertebrate neuronsand muscle cells(review: Sargent, 1993).The many subtypesof nAChRs
can be classifiedinto three main functional categories:muscle
nAChRs, neuronal nAChRs, and neuronal a-bungarotoxin (aBGT) binding proteins. Muscle nAChRs mediate the high efficiency synaptic transmissionat the vertebrate neuromuscular
junction. Neuronal nAChRs are a more diverse secondcategory
composedof many different subunits. Genetic diversity in the
subunit composition of the neuronal receptor subtypesprobably
underliesthe functional and pharmacological diversity that has
been observed(Mathie et al., 1987; Moss et al., 1989; Papke et
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al., 1989; Luetje et al., 1990; Mulle and Changeux, 1990; Luetje
and Patrick, 1991). Neuronal nAChRs are not inhibited by
CX-BGT(Ascher et al., 1979; Boulter et al., 1987; Lipton et al.,
1987; Luetje et al., 1990),but there is a third category ofa-BGT
binding proteins homologous to nAChRs (Carbonetto et al.,
1978; Conti-Tronconi et al., 1985) that are presentin neuronal
tissues(Jacob and Berg, 1983; Clarke et al., 1985; Schulz et al.,
1991). The function and complete composition of native neuronal ar-BGT receptors is still unknown, but the homo-oligomerit channelsformed by (~7in oocytes are inhibited by a-BGT
(Couturier et al., 1990; Schoepfer et al., 1990; StguCla et al.,
1993) asare somenicotinic currents in the CNS (Alkondon and
Albuquerque, 1991; Zorumski et al., 1992).Therefore, it is possible that high-affinity neuronal (Y-BGT receptorsalso can function as ion channelsunder some circumstances(Zhang et al.,
1994).
We and our collaborators have differentiated the three categories of nAChRs based on their ability to permeate calcium
ions (Decker and Dani, 1990; Vernino et al., 1992; SeguClaet
al., 1993). Muscle nAChRs have a small, but significant, Ca*+
permeability (Katz and Miledi, 1969;Adams et al., 1980; Decker and Dani, 1990). Basedon reversal potential measurements,
neuronal nAChRs are more permeablethan musclenAChRs to
Ca*+ (Fieber and Adams, 1991; Sandsand Barish, 1991; Vernino et al., 1992). In the oocyte expression system, a7 homooligomer nAChRs sensitive to (u-BGT are even more permeable
to Ca2+than are traditional neuronal nAChRs (Segutla et al.,
1993).
The Ca2+permeability of nAChRs is of interest becausesynaptic activity can generate intracellular and extracellular Ca2+
signalsthat influence cellular excitability. For example, nicotinic
activity can produce intracellular Ca*+ signalsthat lead to the
activation of Ca2+-dependention channels(Tokimasaand North,
1984; Fuchsand Morrow, 1992; Vemino et al., 1992).Activitydependentdecreasesin extracellular Ca2+throughout the central
nervous systemalso are large enough to provide important extracellular signals(see Heinemann et al., 1990). For example,
neuronal nAChRs are directly modulated by extracellular Ca2+
in a dose-dependentmanner (Mulle et al., 1992b; Vemino et
al., 1992). Thus, nAChRs can act both as initiators of Ca*+
signalsand as targets for Ca2+-dependentmodulation.
The purpose of these experiments was to measurequantitatively the Ca2+flux through nAChRs under physiological conditions. A new approach was developed to determine the fraction of current through nAChRs carried by Caz+. The current
through nAChRs was measuredusing whole-cell patch-clamp
techniques while simultaneously monitoring the concentration
of intracellular Ca2+ using the indicator fura-2. The approach
required a cell-by-cell calibration that related a fura- signalto
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a specific influx of Ca*+. The calibration controlled for differences among cells in their cellular volume and Ca2+ buffering.

Materials

and Methods

Cell culture. Neuronal nAChR channels were studied in bovine and rat
adrenal chromaffin cells. Adrenal chromaffin cells were isolated from
the rat adrenal medulla using methods similar to Akaike et al. (1990).
Young adult Sprague-Dawley rats (Sasco) were sacrificed in a carbon
dioxide euthanasia chamber (CarboBox, Humane Causes Inc.), and adrenal glands were quickly removed and washed with ice-cold, low Ca*+
buffer. Adrenal medullae were isolated from the adrenal cortex and
connective tissue, chopped into four to eight pieces, rinsed with cold
low Ca2+ buffer, and incubated for 15 min at 37°C in low Ca2+ buffer
containing 0.3% collagenase (Worthington Biochemical Corp.). The tissue was washed several times. dissociated in DMEM nlus 1% bovine
serum albumin, and plated onto coated coverslips onthe bottoms of
modified culture dishes. Some cells were incubated in serum-free media
and were used acutely (3-8 hr after plating). Other cells were cultured
in media containing 10% heat-inactivated fetal bovine serum (FBS,
GIBCO) and were used for l-2 d. As we have described previously
(Vemino et al., 1992), bovine chromaffin cells were prepared using a
protocol similar to that described above. The bovine cells were studied
S-20 d after plating. All of the cells were stored in an incubator at 37°C
with 5% CO,.
Each 35 mm culture dish (Falcon 3001) had a hole drilled in its
bottom. A coverslip was mounted with Sylgard silicone elastomer (Dow
Coming)over the hole. The coverslip was then coated with collagen
and poly-n-lysine. The experiments were done on the cells in these thin
glass-bottomed culture dishes so that excitation light at 340 nm and
380 nm could pass through to reach the fura- inside the cells.
Clonal BC3Hl mouse muscle cells were used to study embryonictype skeletal muscle nAChRs. BC3H 1 cells were maintained using standard techniques (see Dani, 1989) in DMEM containing 15% FBS (GIBCO or Hyclone) at 37°C with 5% CO,. The cells were passed when they
became about 70% confluent. For patch-clamp experiments, the cells
were plated onto uncoated coverslips at the bottoms of the modified
culture dishes. The cells were maintained in DMEM with 0.5% FBS,
which induced differentiation and increased the production of nAChRs.
The media was changed every other day, and the cells were used 4-12
d after plating.
Whole-cell recording and solution-exchange techniques. Whole-cell
nAChR currents were measured in chromaffin and BC3H 1 cells using
standard patch-clamp techniques (Hamill et al., 1981). Patch pipettes
were pulled from borosilicate glass (Gamer Glass Co.) and coated with
Sylgard silicone elastomer. Pipette tips were polished immediately before
the experiment using a microforge (Narishige USA). Currents were amplified and filtered (four-pole Bessel filter) using a Dagan 3900A or
Warner 50 1A patch-clamp amplifier.
Fast agonist applications were made with large outflow tubes (375
pm inner diameter glass pipettes) that were positioned in a row (Amador
and Dani, 199 1; Vemino et al., 1992). The outflow tubes were mounted
on a high-speed motorized manipulator (Newport Corp.) so that they
could be repositioned rapidly for solution changes that were complete
in tens of milliseconds. The solution bathing the cell was changed by
moving the outflow tubes from one containing pure external solution
to one containing the external solution with agonist added. The movement of the motorized manipulators was controlled by trigger pulses
from the computer. Therefore, the solution changes were rapid and
timed for reproducible agonist applications even in total darkness.
Solutions. Based on the results from preliminary experiments, external solutions were chosen to isolate nAChR currents from other membrane conductances. Extracellular test solutions contained (in mM) 150
NaCl. O-5 CaCl,. O-l M&l,. and 10 HEPES: the extracellular uure Ca*+
solution contained 75 Cad; and 10 HEPES. Solutions were adjusted
to pH 7.4 with the hydroxide of the major cation and were osmotically
adjusted to 0.3 osmolal with sucrose. All external test solutions additionally contained 0.5 FM atropine to inhibit muscarinic responses and
25-250 nM TTX to block voltage-dependent Na+ channels. A nicotinic
specific agonist, 1,l -dimethyl-4-phenylpiperizinium
(DMPP), was usually used to elicit nAChR currents.
Intracellular solutions were also chosen to promote large nAChR
currents while inhibiting other channels. Pipette solutions contained (in
mM) 140 cesium methanesulfonate (Cs-CH,SO,) or 140 N-methyl-Dglucamine (NMG), 1 Mg-ATP, 5 tetraethylammonium
chloride (TEA),
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0.2 EGTA, 0.1 or 0.4 or 1 fura-2, and 20 HEPES. The solution was
adjusted to pH 7.4 with methanesulfonic acid.
Because NMG does not carry current through nAChRs, the internal
solution containing NMG was practically a solution of impermeant ions.
With this impermeant internal solution, nAChR currents were unidirectional, inward currents. The nicotinic agonist DMPP induced inward
currents at potentials up to +75 mV, and outward currents were never
seen. With the Cs+ internal solution, nAChR currents were bidirectional, and DMPP-induced currents had reversal potentials near 0 mV.
The Cs+ internal solution was used to approximate physiological conditions where there is bidirectional, net current through nAChRs.
The experimental conditions ensured that the currents were only due
to ion flux through nAChRs. Voltage-dependent and Ca2+-dependent
channels were inhibited by voltage clamping and by the ionic composition of the internal and external solutions. Voltage-dependent Ca*+
channels rapidly ran down under our experimental conditions (similar
to Fenwick et al., 1982). Voltage-dependent
and Ca2+-activated K+
channels were inhibited by replacing intracellular K+ with Csf and TEA.
Ca2+-activated Cl- conductances were eliminated by replacing intracellular Cl- with the impermeant anion methanesulfonate. In some
experiments, both internal and external Cl- were replaced by methanesulfonate. This manipulation did not affect the fraction of current
carried by Ca2+, indicating that Caz+-activated Cl- current did not
contaminate these results. After establishing the proper conditions for
these experiments, we never saw slowly inactivating tail currents suggestive of Ca2+-activated conductances.
Fura- microjluorimetry. Simultaneous measurements of the intracellular calcium concentration and membrane current were made at the
single cell level using instrumentation adapted from the methods of
Thayer et al. (1988b). The cell-impermeant pentapotassium salt of firm-2
(Molecular Probes) was introduced into the cell through the patch pipette
at a concentration of 100 PM or 400 PM with 200 PM EGTA or alone
at 1 mM. Excitation light was generated by a modified Deltascan-l
(Photon Technologies) containing a 100 W mercury lamp. A five-blade
mirror spinning at 30 Hz alternated the incident light between two
monochrometers set at wavelengths of 340 and 380 nm. Output light
from the monochrometers was combined in a random bundle fiber optic,
passed through a diffusing lens into the epifluorescence port of a Nikon
Diaphot microscope, and focused on the specimen via an oil-immersion
ultraviolet 100 x objective.
The intracellular CaZ+ concentration was measured by monitoring the
ratio of fura- fluorescence emission above 480 nm with a photomultiplier tube (Thorn-EMI). The output then passed through a discriminator (Thorn-EMI)
and into a counter of an analog-to-digital
board
(TL- 1, Axon Inst.). A rectangular diaphragm along the path of the fluorescence light allowed us to define the area of the cell used for the ratio
measurement. This area of the cell that was used always excluded the
patch pipette, which was filled with fura- and was the main source of
background fluorescence. A small background correction, ranging from
0 to 8%, was made before calculating the fluorescence intensity ratio.
Standard methods were used to estimate the absolute values of the
Ca2+ concentration (Thayer et al., 1988b) from the fura- ratio measurements based on the following equation (Grynkiewicz et al., 1985):
[Ca2+] = K(R - R ml,”)/(R max- R), where R is the measured ratio of
fura- fluorescence at incident wavelengths of 340 nm and 380 nm.
Calibration solutions containing known amounts of free calcium were
prepared based upon a computer program by Fabiato (1988). In addition
to the method using simple solutions of Ca2+, two methods using individual cells were also used to calibrate the fura- signal for the absolute
Ca*+ concentration. In the first method, a cell was perfused by an internal
solution containing 100 PM fura-2. Then, the cell was exposed to a Ca2+
ionophore (4-Br-A23 187, Molecular Probes) in an external solution of
either 10 mM EGTA or 2 mM Cal+. In the second method, a cell was
perfused with an internal solution containing fura- and either 10 mM
EGTA or 2 mM CaCl,. The fura- ratios gave R,,, in the 10 mM EGTA
solution and gave R,,, in the 2 mM Ca2+ solution. Taken together, the
calibrations gave values for K, R,,,, and R,,, of 1.O PM, 0.1, and 3,
which were used to compute the intracellular Ca2+ concentration from
fura- ratio measurements. These values are within the range used by
others (Grvnkiewicz et al.. 1985: Thaver et al.. 1988a: Mulle et al..
1992a).‘ Fluorescence intensity and patch-clamp currents were recorded simultaneously. These data were sampled alternately and interleaved into
computer memory so that the temporal correlation between the two
types of data was maintained. For these experiments, the current was
_
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Figure
1. Calcium influx through ganglionic-type neuronal nAChRs. Single simultaneous recordings of current (lower) and intracellular Ca*+
concentration (upper) are shown for an adrenal chromaffin cell in a pure external Ca2+ solution (A) and in a physiologic solution containing 2.5
rnM Ca2+ (B). The agonist was 25 PM DMPP, and the cell was held at -50 mV. The horizontalbars indicate the computer-controlled
application
of agonist, which was the same for all the records that are shown. The cell was perfused with the impermeant internal solution. To increase the
signal-to-noise ratio, three recordings in pure external Ca*+ (C) and three recordings in physiologic solution (D) were averaged. The integrated
currents are shown as smoothcurves just above the fura- records. The curves are slightly displaced so it can be seen that the shape of the integrated
current follows the fura- signal beyond the time used in the analysis (the shadedarea out to 0.8 set). E, The fraction of current carried by Ca*+
was determined by plotting the change in intracellular Ca*+ (A[Ca]) against the cationic influx (charge, Q). In pure external Ca2+ (O), current is
carried exclusively by Ca2+ ions, and the linear regression line associating intracellular Ca 2+ to the incoming charge is steep. In physiologic solution
(0), most of the current is carried by Nat, and only a fraction of the current is carried by Ca *+. The x data point serves as an example of how
the raw data are plotted. The current is integrated to determine the influx of cationic charge. The charge is represented by the shaded
ureabounded
by the current in D. The change in the intracellular Caz+ concentration that is associated with that charge is labeled by an arrow in D. The x data
point represents the associated charge and change in Ca *+. Such a data point can be determined at different times along the record.

sampled every 4 msec, and fluorescence intensity was sampled every 2
msec. Fluorescence intensity samples were averaged so that a ratio was
calculated every 17 msec. Data acquisition and analysis (AXOBASIC,
Axon Instruments) was performed using a personal computer equipped
with an interface board (TL- 1, Axon Inst.).

Results
Fraction of unidirectional, inward current carried by CaZ+and
validity of the approach
Simultaneousrecordingsof DMPP-induced current and the concentration of intracellular Ca*+ were usedto determine the fraction of current carried by Ca*+. Figure 1 shows data from a
whole-cell voltage-clamped chromaffin cell perfused with the

impermeant internal solution. Under these electrolyte conditions only unidirectional, inward current passesthrough the
nAChR channels. Simultaneous recordings are shown in pure
external Ca*+ (Fig. 1A) and in the external solution containing
2.5 mM Ca*+ (Fig. 1B). Usually, multiple recordings were averaged together to improve the signal-to-noiserelationship of
the data (Fig. 1CD). The number of recordsthat wasaveraged
dependedon how long the whole-cell voltage-clamp lasted. Becauseagonist applications were controlled by computer, successive recordings aligned very well, making signal averaging
an easy and effective way to reduce the noise.
The fraction of current carried by Ca2+was determined by
comparing simultaneous current and fura- recordings in a
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physiologic solution of CaZ+ with those in pure external Ca2+.
In pure external Ca*+, the inward current is carried exclusively
by Ca2+. Therefore, a particular fura- response can be associated with a known Ca2+ influx. This association serves as a
phenomenological calibration of the fura- response to Ca*+ for
each cell. The cell-by-cell calibration allows comparison among
cells by avoiding artifacts related to cellular variables such as
volume, transport processes, and Ca2+ buffering. With these
pure Ca*+ recordings as calibrations, the magnitude of the Ca*+
concentration change in a physiologic solution indicated how
much of the current was carried by Ca*+ .
In Figure lE, the change in intracellular Ca2+ (A[Ca]) is plotted against the integral of the membrane current. The current
integral indicates the amount of charge (Q) that moved across
the membrane through neuronal nAChRs activated by DMPP.
After application of agonist, the charge influx (shaded area of
Fig. 1D) can be associated with a particular change in the intracellular Ca2+ concentration (arrow in Fig. 1D). In a pure
solution of external Ca2+, all the incoming current is carried by
Ca2+. Therefore, a small charge influx (Q) produces a large change
in the Ca2+ concentration (A[Ca]). In the external solution containing 2.5 mM Caz+, the slope of the A[Ca] versus Q plot is
smaller because only a fraction of the current is carried by Ca2+.
By matching the A[Ca] in physiologic solution to the amount of
pure Ca2+ current that produces the same A[Ca], the fraction of
the current in physiologic solution carried by Ca*+ was determined. The fraction was precisely determined by comparing the
slopes of the A[Ca] versus Q plots for the two solutions (solid
lines in Fig. 1E). With the impermeant internal solution and
an external solution containing 2.5 mM Ca*+ at a holding potential of - 50 mV, the percentage of inward current carried by
Ca2+ through neuronal nAChRs in chromaffin cells is 4.1 f
0.3% (n = 15). Under identical conditions, the percentage of
inward current carried by Ca*+ through muscle nAChRs in
BC3Hl cells is 2.0 + 0.1% (n = 10). Again, simultaneous recordings of current and intracellular Ca2+ were made in pure
external Ca2+ (Fig. 2A) and in an external solution containing
2.5 mM Ca*+ (Fig. 2B). The percentage of Ca*+ is significantly
less for muscle nAChRs than for neuronal nAChRs (p < 0.00 1).
Figures 1E and 2C show that there is a linear relationship
betweenthe changein intracellular Ca2+and the integral of the
membrane current. This linear correlation indicates that the
measuredCa2+transient is a direct result of agonist-induced
Ca*+ influx and is not affected by Ca2+-inducedCa2+ release
from intracellular stores, transport processes,nonlinear Ca*+
buffering, or Ca2+-activated conductances(Thayer and Miller,
1990; Schneggenburgeret al., 1993). For example, secondmessenger-mediatedCa2+signalsor Ca*+-inducedCa2+releasefrom
intracellular storeswould have causedthe A[Ca]-Q relationship
to be curved upward. A linear A[Ca]-Q relationship that passed
through the origin was always observed as long asthe intracellular changesin Ca2+were not extremely large. A seriesof preliminary experiments enabled us to settle on conservative protocols for maintaining the linear relationship betweenA[Ca] and
Q. We required that the starting concentration of Ca*+ waslow
(below 100 nM) and that the intracellular Ca2+ concentration
remainedlessthan 400 nM for the analysis.In addition, although
agonistwas applied for 2 set, only the first 0.8 set (shadedarea
in Fig. 1D) or lesswas examined to determine the slope. The
remainder of the signal was used to be certain that a linear
relationship between A[Ca] and Q continued well beyond the
0.8 set that was analyzed.
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Figure 2. Calciuminflux throughmusclenAChRs.Simultaneous
re-

cordingsof nAChR currentand intracellularCa2+concentrationwere
madefrom a BC3H1 cell in an externalsolutionof pureCa*+(A) and
in a2.5mMCa2+solution(B). Thecellwasperfusedwith animpermeant
internalsolutionand voltageclampedat -50 mV. Currentswereinducedby 5 PM DMPP. Beforeand betweenrecordings,the cell was
incubatedin a CaZ+
-freesolutioncontaining10mMcaffeineto deplete
intracellularstoresof Ca*+.C, The changein intracellularC?a*+
concentrationis plottedagainstthe cationicinflux in pureCa2+(0) andin
a physiologicsolutionof 2.5 mM Ca2+(0). The percentage
of inward
musclenAChR currentcarriedby Ca*+for this cell was2.0%.
We tested for Ca*+-induced Ca2+ releaseand uptake mechanismsby determining the fraction of current carried by Ca2+
after depleting Ca2+-sensitive intracellular storeswith caffeine.
Before and in betweenrecordings,cellswereincubated in a Ca*+free external solution containing 10 mM caffeine. Caffeinecauses
the releaseof Ca2+from Ca*+-sensitive intracellular stores(Lipscombeet al., 1988; Malgaroli et al., 1990) and the Ca2+-free
solution prevents thesestoresfrom refilling (Thayer et al., 1988a).
Only the first acute application of 10 mM caffeine produced a
Ca*+ transient in chromaffin cells bathed in 10 mM EGTA, but
this responsewas not repeatable during whole-cell perfusion,
suggestingthat caffeine treatment effectively depleted calcium
stores. The measuredfraction of current carried by Ca*+ was
unaffected by this procedure (seeFig. 30). In addition, half of
the 10 measurementswith BC3Hl cells were conducted with
l-3 I.IM thapsigargin in the internal solution to inhibit Ca2+
uptake into stores. The fraction of current carried by Ca2+was
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Figure 3. The approachis not sensi-

tive to the rate of Ca2+influx. Simultaneousrecordingsare shownof agonist-induced current and the
intracellularCa*+ concentrationin a
chromaffincell perfusedwith an impermeantinternalsolution.Recordings
weremadein a pureexternalCa2+solutionsothat themembrane
currentwas
carriedsolelyby incomingCa*+at a
holdingpotentialof -50 mV (A) and
- 10 mV (B). C, The changein intracellularCa2+isplottedagainstthe cationic influx for this cell. The A[Ca]-Q
relationships
arethe sameat - 50 mV
(0) andat - 10mV (0) eventhoughthe
rateof Ca2+influx is different.D, The
measured
valuesfor the percentage
of
currentcarriedby Ca2+through neuronalnAChRsare plotted againstthe
sizeof the peakcurrentobtainedin the
2.5mMCa2+solution.Eachdatapoint
represents
a determinationfrom a singlechromaffincellwith (0) or without
(0) caffeinetreatment,andthe averages
and SDSare represented
by n and 0,
respectively.
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not significantly different with thapsigargin, 1.8 f 0. l%, or without, 2.2 + 0.2%. The results indicate that Ca*+-induced Ca*+
releaseor refilling of storesdid not influence the results under
our experimental conditions.
We also tested for artifacts related to cellular processesby
increasingthe buffering by fura-2. Usually the experiments were
performed with 0.1 mM fura- and 0.2 mM EGTA perfusingthe
cell. Under those conditions, the percentageof inward current
carried by Ca*+ through BC3Hl muscle nAChRs was 2.0 f
0.2% (n = 7) in 2.5 mM Ca2+.When the buffering of the perfusate
wasincreasedto 0.4 mM fura- and 0.2 mM EGTA, exactly the
samepercentageof Ca*+ was measured:2.0 f 0.2% (n = 3).
We further assessed
the effects of fura- buffering in neuronal
cells by increasing the fura- concentration to 1 mM, with no
added EGTA. Theseexperiments were carried out on rat sympathetic neurons, which are analogousto chromaffin cells in
expressingganglionic-type nAChRs. In three sympathetic neurons, the fraction of inward current carried by Ca2+ through
neuronal nAChRs was4.7 f 0.2%. This value is not statistically
different from the average of 4.4 + 0.4% (n = 4; p > 0.5)
obtained with 0.1 mM fura- in rat chromaffin cellsunder similar
conditions of caffeine pretreatment (seeFig. 30). Theseresults
indicate that cellular buffering or other cellular processesare
not affecting the measurements.If they were, the percentage
Ca2+determination would depend on the concentration of exogenousCaZ+buffers.
Several other potential problems also had to be considered.
Experimentswereconducted to showthat the phenomenological
relationship betweenthe intracellular Ca2+signaland the charge
influx wasnot sensitive to the absoluterate of Ca2+influx. This
possibleproblem was minimized by having the Ca2+ influxes
be of similar size in both pure Ca2+and the test solution. Figure
3 shows, however, that pure CaZ+ currents of different sizes
producethe samecalibration slopein a chromaffin cell perfused

20
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with the impermeant internal solution. The pure Ca2+current
at - 50 mV (Fig. 3A) is larger than the Ca2+current at - 10 mV
(Fig. 39. Despite the difference in the rate of Ca2+influx, the
change in intracellular Ca2+ per unit charge is the same(Fig.
3C): the A[Ca]-Q relationshipsoverlap. This control experiment
was pursued further in BC3Hl cells. By altering the holding
potential and the agonist application, the size of the pure Ca*+
currents obtained with a single cell was varied from three- to
ninefold. In all six cellsthat were tested, the slopesof the A[Ca]Q relationships were not dependent on the rate of the Ca2+
influx. The averageslopewas 0.64 + 0.15 nM/pC for the larger
current and 0.65 -t 0.16 for the smaller current. Figure 30
further showsthat the percentageCa2+determination was independent of the chargeinflux. There is no correlation between
the amount of charge entering the cell and the measuredpercentageof that chargecontributed by Ca*+. The validity of the
approach is supported by the finding that many different cells
with different morphologiesand different nAChR densitiesgave
the sameresult for the fraction of current carried by Ca2+.Furthermore, several concentrations of different agonistsgave the
sameresults. Problems related to differences in the spatial distribution of the incoming Ca2+were avoided becausethe pure
Ca2+signalused for the calibration and the test solution signal
both arise from Ca2+ influx through the same nAChRs. The
distribution of the Ca*+ influx is the samefor both solutions.
All of theseresults support the accuracy of the approach, which
overcomesthe inherent shortcomingsof fura- asa quantitative
Ca2+indicator.
The approach also has someintrinsic strengths.Becauseeach
cell is calibrated and the fura- responsefor the test solution is
compared to the calibration, the approach is quite insensitive
to changesin the fura- calibration constants,K, R,,,, and R,,,.
Arbitrary changesin these values drastically changedthe calculated free intracellular Ca2+concentration but did not affect

The Journal of Neuroscience,

the measured fraction of current carried by Ca*+ . Only changes
in Ca*+ need be measured not the absolute Ca*+ concentration.
Finally, the method avoids quantitative corrections that require
a complete understanding of the processes underlying Ca*+ homeostasis, which may vary from cell to cell.

A

Voltage dependence of Caz+ in&x
The fraction of current carried by Ca*+ through nAChRs is
voltage dependent. Unidirectional, inward currents and the associated Ca*+ transients were recorded at two holding potentials
using chromaffin cells in an external solution of 2.5 mM Ca*+
and perfused with the impermeant internal solution. At a holding potential of - 10 mV (Fig. 4A) the current and the Ca*+
transient are smaller than the current and the Ca*+ transient at
-50 mV (Fig. 48). In Figure 4C, the change in intracellular
Ca*+ concentration (A[Ca]) is plotted against the influx ofcharge
(Q). The slope of the A[Ca] versus Q plot decreases at - 10 mV,
indicating that a smaller fraction of the inward current through
the neuronal nAChRs is carried by Ca*+ as the cell is depolarized. The percentage of inward current carried by Ca*+ through
neuronal nAChRs at - 10 mV is 2.7 f 0.5% (n = 4). This value
is significantly less than the value of 4.1% obtained at - 50 mV
(p < 0.05). The result indicates that the Ca*+ influx is reduced
by depolarization more than the Na+ influx. Because the cell
contains only impermeant ions, the reversal potential for both
ions is extremely positive and does not influence the result (see
Materials and Methods). The result indicates that the molecular
steps for the inward permeation of Ca*+ have a greater voltage
dependence than those for the permeation of Na+.
In separate experiments with cells perfused with the Cs+ internal solution, the fraction of net current carried by Ca*+ was
determined. When agonist is applied, a net current is measured
that is composed of inward and outward ion fluxes through the
open nAChR channels, similar to the physiologic situation. Under our experimental conditions, the inward component of the
net current is carried by Na+ and Ca*+ and the outward component is carried by Cs+.
In chromaffin cells perfused with Cs+, simultaneous recordings of net current and intracellular Ca*+ were made at -50
(Fig. 5A), -30 (Fig. 59, and - 15 mV (Fig. 5C) with 2.5 mM
Ca*+ in the external solution. In Figure 5D, the A[Ca]-Q relations for these recordings are shown. Under these conditions,
the percentage of net neuronal nAChR current carried by Ca2+
is 4.7 k 0.3% (n = 4) at -50 mV, 4.4 _+ 0.8% (n = 3) at -30
mV, and 15.6% (n = 2) at - 15 mV. The fraction of current
carried by Ca*+ appears to increase with depolarization because
the net current becomes smaller near the reversal potential. At
the reversal potential for monovalent cations (near 0 mV), the
inward and outward components of the current are equal and
the net current is zero. Because of the Ca*+ concentration gradient across the membrane, however, Ca*+ current reverses at
a much more positive potential and Ca*+ still carries significant
inward current well after the net current has reversed. Since the
measured net current is smaller than the underlying inward
component of the current, Ca*+ appears to carry a greater fraction of the net current. For example, at -50 mV the fraction
of net current carried by Ca*+ (4.7%) is greater than the fraction
of one-way inward current carried by Ca*+ (4.1%, p < 0.05).
As the voltage is decreased from -50 to -30 mV, statistically
identical percentages are seen because both the net current and
the Ca*+ component of the current decrease by comparable
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4. Voltage dependence of the percentage of inward current
carried by Ca*+. Simultaneous recordings of DMPP-induced current
and intracellular CaZ+ were made in an adrenal chromaffin cell held at
- 10 mV L4) and at -50 mV (B).
. , The external solution contained 2.5
mM Ca2+,‘akd the cell was perfused with an impermeant internal soFigure

lution. The currents were induced by 25 PM DMPP. Because Ca2+ influx
is voltage dependent, the change in intracellular Ca2+ is less pronounced
at the depolarized potential. C, The change in intracellular Ca2+ is
plotted against the cationic influx for recordings made at - 50 mV (0)
and at -10 mV (V). Calcium carries 2.7% of the inward neuronal
nAChR current at - 10 mV and 4.1% of the inward neuronal nAChR
current at - 50 mV. To simplify the figure, the recordings and calibration
line in pure external Ca2+ are not shown.

amounts. At - 15 mV, the net current decreasesappreciably as
the reversal potential for monovalent ions is approached, but
the Ca*+ component of the current is not equivalently reduced;
thus, a high percentage(15.6%) is measured.
The apparent fraction of net current carried by Ca*+ wasalso
determined for the musclenAChRs of BC3H 1 cellsunder physiologic conditions. At -50 mV, Ca*+ carries 2.3% of the net
current (2.4% and 2.2%, n = 2). Again, sinceCa*+ is essentially
absent inside the cell, Ca*+ carries only inward current at all
potentials. Figure 6 demonstratesthat nAChRs can allow Ca*+
influx even at positive potentials where the measurednet membrane current is outward. For this experiment, agonist was applied to a BC3Hl cell perfusedwith Cs+ and held at +20 mV.
The size of the outward current does not correlate with the
magnitude of the Ca*+ influx becausethe Ca*+ current was inward while the net current was outward.
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Figure 5. Voltagedependence
of the

percentageof net current carried by
Ca*+. Simultaneous recordings of
DMPP-inducedcurrent and intracellular Ca*+were made in an adrenal
chromaffincell perfusedwith Cs+ at
-50 mV (A), at -30 mV (B), and at
- 15mV (C). A andB are at the same
scale.D, The changein intracellular
Ca*+is plottedagainstthe cationicinflux for recordings
at - 50mV (0), - 30
mV (A), and -15 mV (0). A single
linearregression
line is drawnthrough
the overlappingdata at - 50 and - 30
mV, but the relationshipis steeperat
- 15 mV. The calibrationline in pure
externalW+ is not shownto simplify
the graph.
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Concentration dependence of the Caz+ injlux
The agonist-inducedCa2+influx through nAChRs dependson
the concentration of external Ca*+. In a Ca2+-freeexternal solution, large DMPP-induced currents do not produce furasignalsin muscle or chromaffin cells (Fig. 7A,B). When extracellular Ca2+ is present, DMPP-induced currents in the same
cells are accompaniedby large Ca2+transients. This result is
further evidence that nicotinic receptor activation doesnot liberate Ca*+ from internal stores, and that there is a direct relationship betweencalcium influx and the fura- transient. As the
external concentration of Ca*+is increasedfrom 0 to 5 mM, the
percentageof inward current carried by Ca2+through neuronal
and musclenAChRs (Fig. 7C) increasesto 6.3 f 0.2% (n = 4)
and 3.4 ? 0.3% (n = 3), respectively.

Agonist-induced currents and Ca2+ signals in chromafin cells
are mediated by traditional neuronal nAChRs
Two sets of experiments were conducted to test whether an
unexpected subtype of nAChR could be contributing to the
measuredCa*+ influx. Recent reports have indicated that neuronal receptorssensitiveto cu-bungarotoxin(ar-BGT) have a high
Ca2+permeability (Vijayaraghavan et al., 1992; S&g&la et al.,
1993). The cY-BGT-sensitive CaZ+ signal described in ciliary
ganglionneurons was maximally activated by 1 I.LMnicotine. It
has been suggestedthat the (Y-BGT binding proteins are preferentially activated by low concentrations of nicotine (Vijayaraghavan et al., 1992), and it has been reported that cloned
neuronal cY-BGT-sensitive nAChRs do not respond to the nicotinic agonistDMPP (Hussy and Bertrand, 1991;but seeStgdla
et al., 1993).
One set of experiments tested for an cr-BGT-sensitive component of the DMPP-induced Ca*+ influx in adrenal chromaffin
cells. As found with most other neuronal nicotinic cholinergic
responses(Mulle and Changeux, 1990; Vijayaraghavan et al.,
1992; Vemino et al., 1992), DMPP-induced currents and Ca2+
signalsin chromaffin cells were not affected by a 40 min incu-
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bation in 50 nM a-BGT. After a-BGT treatment, the fraction
of inward neuronal nAChR current carried by Ca*+ at - 50 mV
was 3.8 + 0.6% (n = 3). This value is not significantly different
from the fraction of current carried by Ca2+in untreated chromaffin cells (4.1%, p > OS), suggestingthat the Ca2+influx and
current induced by 25 PM DMPP in chromaffin cells was due
to activation of traditional (a-BGT insensitive) neuronal
nAChRs.
To verify that this LU-BGTtreatment was effective, muscle
nAChR currents were recorded in BC3Hl cells incubated for
40 min in 50 nM cr-BGT. Muscle nAChR currents were reduced
from about 1600 pA to 10 pA by the same(u-BGT incubation
that had no affect on neuronal nAChR responsesin chromaffin
cells.
In a second set of experiments, we evaluated whether there
was a population of receptors present in the chromaffin cells
that was sensitive to low concentrations of nicotine (Fig. 8). In
each of three cells, a 5 set application of 1 PM nicotine failed
to induce a measurablemembrane current or measurabletransient of intracellular Ca2+ (Fig. 8A), but all the cells showed
robust responsesto 25 PM DMPP. To prevent desensitization,
the cells were not exposed to any agonist until the first application of nicotine. In another cell, the nicotine concentration
was increasedto 5 PM to elicit responses(Fig. 8B), and in that
samecell the responseto 25 PM DMPP wasmeasured(Fig. 8C).
Figure 8D showsthat 5 PM nicotine and 25 PM DMPP produce
the samechangein intracellular Ca*+ per unit influx of charge:
the two A[Ca]-Q relations overlap. The result shows that the
Ca*+ permeability of the nAChRs activated by 5 PM nicotine is
the same as that activated by 25 PM DMPP. We found no
evidence for a pharmacologically distinct receptor subtype in
chromaffin cells with a remarkably different Ca2+permeability.

Discussion
We have developed and tested an approach to determine quantitatively the percentageof current carried by Ca*+ through an
ion channel. The approach has an inherent strength: for each
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Figure 6. Inward Ca*+ flux during net outward current. A simultaneous
recording of DMPP-induced current and intracellular Ca*+ is shown for
a BC3Hl cell perfused by the Cs+-containing internal solution. As indicated by the horizontal bars below the current record, two applications
of 25 PM DMPP opened muscle nAChRs allowing a Caz+ influx even
though the net current was outward. The cell was held at +20 mV.

cell, the channelsusedto determine the percentageare the same
channelsusedto calibrate the Ca*+influx. Therefore, the method
avoids artifacts arising from differences among cells or from
differencesin the local saturation of the fura- becausethose
effectsare the sameduring the percentagemeasurementand the
calibration. Control experiments alsoshowedthat our protocols
were insensitive to the rate of Caz+ entry. A nearly IO-fold
changein the rate of Ca2+entry and a IO-fold increasein the
fura- concentration did not alter the percentagemeasurement.
Calcium percentage measurementsfrom other laboratories
employed voltage-dependentCa2+channels(VDCCs) from different cells to calibrate

the Ca*+ influx

through

ligand-gated

channels(Schneggenburgeret al., 1993; Trouslard et al., 1993;
Zhou and Neher, 1993). With that method, differencesbetween
the cells in buffering and intracellular Ca2+processesneed not
cancel.Furthermore, VDCCs and ligand-gatedchannelsare not
identically distributed so the local saturation of the indicator
by the Ca*+ influx will be different during the calibration, which
usesVDCCs, and during the percentagemeasurement,which
usesligand-gated channels.
In this report,

we quantitatively

determined

the Ca2+ flux

through muscle nAChRs from BC3Hl cells and neuronal
nAChRs from adrenal chromaffin cellsand rat sympathetic neurons. BC3Hl cells expressthe embryonic form of the muscle
nAChRs that is composedof cr1J3176.The chromaffin cellsand
sympathetic neuronsexpressganglionic-type neuronal nAChRs
(Mathie et al., 1987; Akaike et al., 1990), which are usually
thought to contain (~3(Criado et al., 1992).The geneticdiversity
of the neuronal nAChRs raisesthe possibility that more than
one subtype of channelcontributes to our measurement.Among
the neuronal nAChR subtypes, a significantly different Ca2+
permeability is found only for the ~y7homo-oligomer channel
expressedin oocytes (Vemino et al., 1992; SCguCla
et al., 1993).
That homo-oligomer channel is blocked by ol-BGT, but the
measurementswith chromaffin cells and sympathetic neurons
were not affected by (u-BGT, eliminating the possibility that an

v
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Figure 7. Calcium concentration dependence of the percentage of inward current carried by Ca*+. In a Ca *+-free external solution, simultaneous recordings of DMPP-induced current and intracellular Ca*+ are
shown for a chromaffin cell (A) and BC3Hl cell (B). The cells were
perfused with the impermeant internal solution and held at -50 mV.
Cells did not give fura- responses in the absence of external Ca2+. C,
The percentage of inward current carried by Ca2+ is plotted against the
external concentration of Ca *+ for muscle nAChRs (0) and neuronal
nAChRs (0). The solid line connects the three theoretical predictions
of an ion permeation model for the muscle nAChR (Dani, 1986; Decker
and Dani, 1990).

ol-BGT-sensitive component was contributing to our results.
Chromaffin cells showed no evidence for a subpopulation of
neuronal nAChRs with a dramatically different Ca*+ permeability.
Permeation
permeability

models of the nAChR and the relative
of Ca”+ to Na+ or Cs+

Although the permeability ratio of Ca2+to Na+ or Cs+doesnot
tell the amount of Ca*+ moving through a channel, the ratio can
be usedto rank the relative Ca2+permeability of the three major
categoriesof nAChRs. Based on permeability ratio estimates,
musclenAChRs have a small,but significant, Ca*+permeability
(pcalpNaor pcJpcs x 0.2; Adams et al., 1980; Decker and Dani,
1990; Vemino et al., 1992). Neuronal nAChRs have a greater
Ca2+permeability. Ganglionic nAChRs have a P,,IP,, or P,l
PC, of about

1.5 (Fieber

and Adams,

199 1; Sands and Barish,

1991; Vemino et al., 1992),and ol-BGT-sensitive nAChRs composed of the neuronal a7 subunit have an even greater Ca2+
permeability (PJP,,
= 20; Seguelaet al., 1993).
These permeability ratio determinations were made by eval-
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Figure 8. Calcium influx through nicotine-activated channels. Simultaneous
recordings of nAChR current and intracellular Ca2+ were made in chromaffin cells perfused with Cs+ and held
at -50 mV. A) Application of 1 MM
nicotine (horizontal bar) failed to induce a membrane current or an intracellular Ca*+ response, but 25 PM DMPP
induced both responses in all cells tested. B, In a different chromaffin cell, 5
PM nicotine induced a current and furaresponse. C, In that same cell, 25 PM
DMPP induced a current and fura- response. D, The change in intracellular
Ca*+ is plotted against the cationic influx for the recordings in B and C. The
A[Ca]-Q relationships are the same for
5 PM nicotine (r) and for 25 PM DMPP
(0), and a single linear regression line
is drawn through the data. The calibration line in pure external Ca2+ is not
shown to simplify the graph.

0

1986). Therefore,

a permeability

50

75

100

Q (PC)

uating the CaZ+-dependentshift in the reversal potential using
the Goldman-Hodgkin-Katz (GHK) equations. It is known,
however, that the model of ion permeation representedby the
GHK equationsdoesnot accurately describethe nAChRs (Lewis, 1979; Adams et al., 1981; Dwyer and Farley, 1984; Sanchez
et al., 1986;Dani and Eisenman, 1987).In fact, the GHK model
doesnot describelarge data setsof ion permeation for any ion
channelthat hasbeen studied becausethe model doesnot allow
for ion binding within the pore (reviews: Hille, 1975, 1992;
Levitt,

25

ratio does not predict

the ratio of ion fluxes. For a singleoccupancy channel like the
nAChR, permeability ratios dependonly on the energy barriers
the ionsencounter during permeation, but conductancedepends
on barriers and binding sites(Hille, 1975; Dani, 1989). Therefore, the GHK permeability ratios are not expected to predict
the Ca*+ flux through the nAChR channels. This shortcoming
is exemplified by the permeability ratio prediction that the fraction of current carried by CaZ+shouldbe about sevenfoldgreater
for the neuronal nAChR than for the muscle nAChR, but our
direct measurementsshow there is only a twofold difference.
A simple, but more realistic, model of ion permeation (Dani,
1986)accurately predicted that 2% ofthe current through muscle
nAChRs is carried by Ca2+(Decker and Dani, 1990).The model
extendsthe rate theory approach to consider the basic structure
of the pore and is constrained by data sothat the narrow region
of the pore contains not more than one permeant cation at a
time (Dani, 1989). When all of the adjustableparametersof the
model are constrained by previous permeation data (Dani and
Eisenman,1987; Dani, 1989;Decker and Dani, 1990),the model reasonably describesthe concentration dependenceof Ca2+
flux through the muscle nAChR (seeFig. 7C). In the solution
containing 5 mhi Ca*+, the model predicts that 3.8% of the
current is carried by Ca2+compared with the measurementof
3.4%. In addition, the model agreesexactly with the data in
predicting that the percentageof current carried by Ca2+is 2.0%
for inward current and 2.3% for net current under our experimental conditions. Although the model is not basedon or con-

strained by the neuronal nAChR, the qualitative featuresof the
data are described.When consideringonly inward flux, the percentageof current carried by Ca*+ decreasesas the potential is
depolarized toward 0. Under physiologic conditions, asthe potential approaches0 mV the percentageof net current carried
by Ca*+ increases.Both of these predictions of the model are
seenin the data. The model is successfulat predicting biologically important aspectsof permeation, but it is not intended
to precisely describe the molecular details of the permeation
process(review: Dani and Levitt, 1990). This success,however,
suggeststhat the permeation model could be valuable if used
to develop a model synapsewith realistic nAChR channels.

Calcium signals at nicotinic cholinergic synapses
At the neuromuscular endplate, Ca*+ modulates nAChR synthesis (McManaman et al., 1981; Berlin et al., 1990), nAChR
turnover (Rotzler et al., 1991) and nAChR clustering (Bloch
and Steinbach, 1981). In addition, CaZ+may participate in second messengersystemsthat alter protein phosphorylation (review: Nestler and Greengard, 1984), which in turn may directly
modulate nAChRs (reviews: Huganir, 1988; Berg et al., 1989).
Calcium influx at the endplate can alsohave detrimental effects.
Agonist-induced myopathy, a necrosisof muscletissuecaused
by the absenceof AChE or by exogenousagonist application,
seemsto result from persistent activation of Caz+-dependent
proteases.This myopathy can be prevented by blocking muscle
nAChRs or by removing external Ca*+ (Leonard and Salpeter,
1979).
The role of Ca*+ influx at neuronal nicotinic synapsescould
be even more important and varied. Neuronal nAChRs have
both a presynaptic and postsynaptic location. A function ofthese
receptors is to modulate the excitability of neurons (Brown et
al., 1984; McCormick and Prince, 1987). Calcium influx is well
suited to participate in this modulatory role. Stimulation of
presynaptic neuronal nAChRs potentiates the spontaneousand
evoked releaseof neurotransmitters from intact neuronal tissue
(Sakurai et al., 1982; Lapchak et al., 1989; review: Wonnacott
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et al., 1990) and from synaptosomes (Belleroche and Bradford,
1978; Rowe11 and Winkler, 1984). At the neuromuscular junction, neuronal nicotinic autoreceptors on the motoneuron terminal facilitate the release of ACh and may act to prevent synaptic fatigue (Vizi and Somogyi, 1989; review: Bowman et al.,
1990). Ca*+ influx through neuronal nAChRs may participate
in some of these presynaptic effects.
The CaZ+ influx through neuronal nAChRs also could participate in activity-dependent
plasticity in ways previously reserved for glutamatergic synapses. For example, Messing et al.,
(1989) showed that activation of neuronal nAChRs in PC12
cells caused the Ca2+-dependent translocation of protein kinase
C. It also has been shown that Ca2+ influx through neuronal
nAChRs can activate Ca*+-dependent K+ and Cll channels
(Tokimasa and North, 1984; Mulle et al., 1992a; Vernino et al.,
1992). In septal neurons and in outer hair cells, this secondary
activation of Ca*+-dependent channels produces an overall inhibition (Wong and Gallagher, 199 1; Fuchs and Morrow, 1992).
The dimensions of the extracellular space between cells at
synapses are very small. Therefore, channel activity that allows
CaZ+ influx causes a local reduction in extracellular Ca2+ that
has been reported throughout the brain (review: Heinemann et
al., 1990). A further complexity of the neuronal nicotinic system
is that neuronal nAChRs are modulated by physiological changes
in extracellular Ca2+ (Amador et al., 199 1; Mulle et al., 1992b;
Vemino et al., 1992). Ca2+ influx at neuronal nicotinic synapses
could diminish extracellular Ca 2+, which would directly inhibit
further neuronal nAChR activity. It seems likely that an interplay exists between intracellular and extracellular Ca2+ signals
generated by nicotinic synaptic activity and Ca2+-dependent
modulation of neuronal nAChRs.
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