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SUMMARY

1. The effects of Mg2` on the single-channel conductance of neuronal nicotinic
acetylcholine receptors were examined using receptors expressed by the rat
phaeochromocytoma cell line, PC12. PC12 cells express at least three conductance
classes of channels that are activated by acetylcholine, the largest conductance class
being the most prevalent. This receptor channel is blocked by intracellular and
extracellular Mg2+.

2. The effects of Mg2+ are asymmetrical; at a given concentration, internal Mg2+
is more effective at blocking outward currents than external Mg2+ is at blocking
inward currents. Receptor channels are blocked at concentrations of Mg2+ that are
low compared to the concentration of the main permeant cation, Na+, and the block
is voltage dependent.

3. The block by Mg2+ is not complete as Mg2+ can permeate the channel. With
80 mM-extracellular Mg2+ (no extracellular Na+), the channel has an inward slope
conductance of 2-9 pS.

4. The block by extracellular Mg2+ can be described by a one site, two barrier
model for the channel which includes a negative surface charge on the external
surface of the membrane. The parameters of the model place the binding site for Mg2+
at 52% of the membrane field from the outside with an apparent dissociation
constant of 14 mm. However, the same parameters cannot describe the block by
intracellular Mg2+. The deviations from the model suggest that the receptor channel
may have more than one binding site for Mg2+.

INTRODUCTION

Inward rectification is a characteristic feature of macroscopic acetylcholine (ACh)-
elicited currents of all mammalian peripheral ganglion cells examined to date
(Derkach, Selyanko & Skok, 1983; Hirano, Kidokoro & Ohmori, 1987; Mathie, Cull-
Candy & Colquhoun, 1987; Yawo, 1989; Fieber and Adams, 1991), adrenal
chromaffin cells (Hirano et al. 1987; Maconochie, 1990), and some central nervous
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system cells (Mulle & Changeux, 1990; Zhang & Feltz, 1990). We have been studying
the rectification of the whole-cell and single-channel currents in the rat phaeo-
chromocytoma cell line PC12 which expresses ganglionic-type nicotinic ACh
receptors (Ifune & Steinbach, 1990 b). While the mechanisms underlying the
rectification of whole-cell currents have not been fully elucidated, two voltage-
dependent processes have been shown to play a role in determining the extent of the
rectification. One is the voltage dependence of channel gating and the other is the
rectification of the single-channel current (Yawo, 1989; Ifune & Steinbach, 1990b;
Mathie, Colquhoun & Cull-Candy, 1990).

In this paper, we focus on the rectification of the single-channel currents.
Previously, we determined that the rectification was due to block of the outward
single-channel current by internal Mg2+ ions (Ifune & Steinbach, 1990b). Here, we
extend this finding in two ways: first, by examination of the concentration and
voltage dependence of the channel block by intracellular as well as extracellular Mg2+
and second, by evaluation of whether a one site, two barrier Eyring rate theory
model for the Mg2+ permeation pathway can describe the block of current flow.
Magnesium ions are known to affect the flow of current through a variety of cation

channels including nicotinic ACh receptor channels. Mg2+ reduces the conductance of
muscle (Adams, Dwyer & Hille, 1980; Magleby & Weinstock, 1980; Dani &
Eisenman, 1987), Torpedo (Imoto, Mathfessel, Sakmann, Mishina, Mori, Konno,
Fukuda, Kurasaki, Bujo, Fujita & Numa, 1986; Imoto, Busch, Sakmann, Mishina,
Konno, Nakai, Bujo, Mori, Fukuda & Numa, 1988) and ganglionic ACh receptor
channels (Mathie et al. 1990; Neuhaus & Cachelin, 1990). For muscle receptors, Dani
& Eisenman (1987) have determined that Mg2+ has a relatively high affinity for the
channel and that it is a permeant cation. Their one site, two barrier model of the
muscle nicotinic receptor suggests that block of monovalent current by Mg2+ would
show the following asymmetry: extracellular Mg2+ would block inward currents more
effectively than intracellular Mg2+ would block outward-going currents.
The sensitivity of nicotinic receptors to Mg2+ has been useful in the investigation

of the relationship between receptor structure and function. Examining the effects of
Mg2+ on the single-channel conductance of Torpedo ACh receptors, Imoto and his
colleagues (1988) have identified amino acid residues that are involved in the
permeation of ions through the channel. These specific residues bracket the second
membrane spanning region which has been proposed to form the lining of the channel
pore (Giraudat, Dennis, Heidmann, Chang & Changeux, 1986; Hucho, Oberthur &
Lottspeich, 1986; Imoto et al. 1986; Leonard, Labarca, Charnet, Davidson & Lester,
1988) and can influence the sensitivity of the channel to block by Mg2+ as well as the
sidedness of the block (Imoto et al. 1988).

In this paper, we demonstrate that the inhibition of single-channel currents
through PC12 ACh receptor channels by Mg2+ results in a reduced single-channel
conductance, the effect being similar to that of Mg2+ on the muscle and Torpedo
nicotinic receptors. The effects of Mg2+ are asymmetrical, but in contrast to muscle
receptors, intracellular Mg2+ is more effective at blocking outward currents than
extracellular Mg2+ is at blocking inward currents. Mg2+ appears to have a relatively
high affinity for the PC12 receptor channel and Mg2+ does permeate the channel.
These observations parallel those reported by Neuhaus & Cachelin (1990). However,
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contrary to what was reported by Neuhaus & Cachelin (1990), we show that the Mg2"
block is voltage dependent and that a one site, two barrier model for the channel can
qualitatively describe most of the features of the block.

METHODS

Cell culture
The PC12H cell line (Hatanaka, 1981) was generously provided by D. Schubert (Salk Institute,

San Diego, CA, USA). Cells were maintained and plated for physiological experiments as described
previously (Ifune & Steinbach, 1990a). Briefly, cells were grown at 37 °C in Dulbecco's modified
Eagles' medium containing 10% heat-inactivated fetal bovine serum and 5% heat-inactivated
horse serum (Hazelton Research Products, Lenexa, KS, USA; Irvine, Santa Ana, CA, USA) and
were passaged weekly. For electrophysiological experiments, cells were plated onto collagen-coated
35 mm plastic tissue culture dishes (Vitrogen 100, Collagen Corp., Palo Alto, CA, USA), and treated
with 4 nM- (100 ng/ml) mouse fl-nerve growth factor (kindly provided by E. Johnson, Washington
University School of Medicine, St Louis, MO, USA). Cultures were fed three times a week and used
5-10 days after plating.

Physiological recordings
Single-channel records were obtained from outside-out patches using a List EPC-7 patch clamp

amplifier (List-Electronic, Eberstadt, Germany). Experiments were performed at room tem-
perature (23-24 °C). Patch pipettes were pulled with a P-80/PC Flaming-Brown electrode puller
(Sutter Instruments Co., San Rafael, CA, USA) from KG33 borosilicate capillaries. The pipettes
were coated with Sylgard 182 (Dow Corning Corp., Midland, MI, USA) and fire-polished. The
resistance of the fire-polished pipettes ranged from 3 to 5 MQ when filled with a low-chloride
solution. Agonist-containing solution was perfused onto outside-out patches with a large diameter
(50 ,um) pipette placed near the patch (50 ,um).

Single-channel current-voltage relationships were determined using voltage ramps that started
at -80 mV and linearly increased to + 80 mV over 24 ms. The voltage ramps were generated by
the CLAMPEX program (Axon Instruments, Foster City, CA, USA). An A12020 event detector
(Axon Instruments) was used to initiate a voltage ramp when a single ACh receptor channel opened
in response to 10 ,tM-ACh. Currents were filtered at 2 or 3 kHz (-3 dB frequency) with an 8-pole
Bessel filter (902LPF, Frequency Devices, Haverhill, MA, USA) and digitally sampled every 12 Its.
Data were analysed using the BINFITS program (kindly provided by Dr C. Lingle, Washington
University School of Medicine). Leak current traces consisting of averaged ramp traces taken in the
absence of agonist were subtracted from ramp traces taken in the presence of agonist. Single-
channel I-V relationships were averages of leak-subtracted traces in which a receptor channel
remained open for the entire voltage ramp duration of 24 ms.
For the recordings in the isotonic Mg2+ extracellular solution and for the determination of the

conductances of the three classes of channel openings, single-channel currents from outside-out
patches were recorded at various holding potentials. Data were stored on tape (Racal 4-DS,
Southampton, UK) and analysed at a later time. For analysis, data were filtered at 2 kHz (902LPF
Bessel filter, Frequency Devices) and digitally sampled using the FETCHEX program (Axon
Instruments). The IPROC program (courtesy of Dr C. Lingle) was used to evaluate the single-
channel conductances.

Solutions
The compositions of intracellular and extracellular solutions used in the electrophysiological

experiments are presented in Table 1. The Mg2+ concentrations in the intracellular solutions were
calculated using the stability constants for EDTA, EGTA and HEDTA (Martell & Smith, 1974).
The actual free Mg2+ concentrations were measured using a divalent cation-sensitive electrode
(93-32, Orion Research, Boston, MA, USA). A AgCl-saturated KCl single-junction electrode served
as the reference (90-01, Orion Research, Boston, MA, USA). The divalent electrode was calibrated
using serial dilutions of a 1M-MgCl2 solution. The test solutions used in the measurement of free
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Mg2+ concentrations in the intracellular solutions contained 24 mM-KCl in the place of the sodium
isethionate. The sensitivity of the divalent cation-sensitive electrode to Na+ required K+ to be used
as a major cation in these test solutions. The activity of Mg2+ in the extracellular solutions was
assessed using the divalent cation-sensitive electrode. The test solutions contained 100 mM-
potassium isethionate (Eastman Kodak Company, Rochester, NY, USA) in place of the sodium

TABLE 1. Composition of intracellular solutions
Intracellular solutions

Calculated Measured
free [Mg2+] free [Mg2"] Nalse NaCl MgCl2 NaOH Chelator HEPES

(#ZM) (/#M) (mM) (mM) (mM) (mM) (mM) (mM) pH

0 0 70 10 0 76 20 EDTA 40 7-3
30 50 125 0 5 33 10 HEDTA 40 7-4
100 100 125 0 7 32 10 HEDTA 40 7-3
300 300 110 9 0-5 32 10 EGTA 20 7-3
1000 900 110 6 2 34 10 EGTA 20 7-4
3000 2600 116 0 5 37 10 EGTA 20 7 4

Extracellular solutions
Calculated
free [Mg2+] Nalse NaCl MgCl2 NaOH Chelator HEPES

(mM) (mM) (mM) (mM) (mM) (mM) (mM) pH

005 123 0 5 32 10 HEDTA 20 7-3
1 142 8 1 5 0 20 7-3
3 149 4 1 2 0 20 7-3

10 149 0 10 4 0 20 7-3
30 140 0 30 12 0 20 7-3

The pH was titrated to the specified value with NaOH. The final Na+ concentrations ranged from
150 to 158 mm. Measured free Mg2+ concentrations were determined using a divalent cation-
sensitive electrode (see Methods). Nalse, sodium isethionate; EDTA, ethylenediaminetetraacetic
acid; EGTA, ethyleneglycol-bis(f8-aminoethylether); HEDTA, N-(2-hydroxyethyl)ethylenedinitro-
N,N'N'-triacetic acid; HEPES, hydroxyethylpiperazine-N'-2-ethanesulphonic acid.

isethionate. Although a value for the activity coefficient of Mg2+ in each of the solutions could not
be evaluated, the logarithmic relationship between the electrode potential and the Mg2+
concentration suggested that between 1 and 30 mm the activity coefficient for Mg2+ stayed
relatively constant. Tetrodotoxin (0-5-1,UM) was added to all of the extracellular solutions to block
voltage-activated Na+ channels.
The extracellular solution used in the measurement of single-channel Mg2+ currents contained (in

mM): 75 magnesium acetate, 5 MgCl2, 20 HEPES, 100 mannitol, and was adjusted to pH 7-3 with
magnesium hydroxide. The sodium acetate intracellular solution contained (in mM): 145 sodium
acetate, 10 NaCl, 20 HEPES and 10 EDTA. The pH was adjusted to 7-3 with 1 M-acetic acid.

Calculation of surface potentials
To calculate surface potentials, the following relationship between the surface charge and the

surface potential was used (Grahame, 1947; Muller & Finkelstein, 1974; Hille, Woodhull & Shapiro,
1975; Lewis, 1979):

o2 = 0 37{1[i]. exp (-zF/fRT- 1)},
and the sum was taken over all ions present in the solution. C. is the charge per square nanometer,
0k is the surface potential (mV), [i]. is the bulk activity of ion i in mol/l, and z is the valency of ion
i. Mg2+ binding to negative surface charges was not considered. The activity coefficient for sodium
isethionate was estimated to be 0-8. Taking into account the relationship between CaCl2 activity
and concentration in solutions also containing 150 mM-NaCl (Butler, 1968) and comparing the
activity coefficients for MgCl2 and CaCl2 (Goldberg & Nuttall, 1978), a value of 0 55 was chosen for

686



Mg2+ BLOCK OF ACETYLCHOLINE RECEPTOR CHANNELS 687

the activity coefficient of MgCl2. The Guggenheim convention was used to estimate the activity of
Mg2+ (g2+= (g+)2, where g2+ is the activity coefficient for Mg2+ and g+ is the mean activity
coefficient for MgCl2; Shatkay, 1968; Butler, 1968). A Boltzmann relationship was used to calculate
the surface activity of the cations:

[i], = [i]. exp (- zF/V/RT),
where [i], is the surface activity of ion i.

In order to fit the I-V curves predicted from the one site, two barrier blocking model to the
observed I-V curves, the observed I-V curves were transferred into the Sigmaplot program (Jandel
Scientific, Corte Madera, CA, USA). The program was used to calculate and plot the theoretical I-V
relationships. Best fits were determined by visual inspection.

All drugs and chemicals were obtained from Sigma Chemical Company (St Louis, MO, USA)
unless specified otherwise.

RESULTS

ACh-elicited single-channel currents
Current recordings were made from outside-out patches. Under the conditions

used, few channel openings of any type were seen in the absence of ACh (the solutions
had no added K+ or Ca2+, low Cl- and external tetrodotoxin). During the application
of ACh to the external surface, many channel openings were observed. The response
to 5 jtM-ACh essentially completely desensitized over 40 s and did not fully recover.
The channel activity in outside-out patches showed progressive run-down and could
not be maintained for more than 5-7 min (see also Ballivet, Nef, Couturier, Rungger,
Bader, Bertrand & Cooper, 1988; Zhang & Feltz, 1990).

Three amplitude classes of single-channel openings were seen during the
application of 3-5 1tM-ACh. The largest and most prevalent class of openings had a
slope conductance of approximately 49 pS (Fig. 1). This class was seen in all outside-
out patches examined and depending on the patch comprised 80-100% of openings.
Most of the remaining openings were from a smaller conductance channel of about
37 pS. The smallest amplitude class of openings (- 25 pS) was only seen very
occasionally.
As the largest conductance class of channels was the most prevalent and also had

the longest burst duration (C. K. Ifune & J. H. Steinbach, unpublished), current
through these channels probably accounted for a major portion of the whole-cell
current. Accordingly, we determined the I-V relationship of this receptor channel
and its dependence on Mg2+.

Block by intracellular Mg2+
The dependence of the I-V relationship of the 49 pS channel on intracellular Mg2+

concentrations was determined using voltage ramps. A voltage ramp, 24 ms in
duration, was initiated after a single-channel opening was detected. The mean burst
duration of the ACh receptor channels at -80 mV was approximately 40 ms (C. K.
Ifune & J. H. Steinbach, unpublished) and roughly 25% of the initiated ramps
resulted in a trace in which the channel remained open for the entire ramp duration.
Using a slower ramp (100 ms in duration) did not alter the single-channel I-V
relationships with 0 and 1 mM-intracellular Mg2+ (data not shown).
The effects of increasing the intracellular Mg2+ concentration from nominally zero

to 3 mm on the single-channel I-V relationship are shown in Fig. 2. The extracellular
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Mg2+ concentration was 1 mm for all the I-V traces in this figure. The increase in the
intracellular Mg2+ concentration had no effect on the reversal potential. When the
intracellular Mg2+ concentration was nominally zero (20 mM-EDTA, no added
divalent cations), the single-channel I-V relationships displayed slight outward

CL

4 pA c

100 ms cn 1
Potential (mV)

-80 -40 40 80
-1

* f --2
0 -3

-4

-5
Fig. 1. The symbols represent the mean (± standard deviation) of single-channel
amplitudes recorded at steady holding potentials. *, the I-V relationship for the 26 pS
channel; 0, the 37 pS channel; V, the 49 pS channel. Data at -80 mV were taken from
four outside-out patches. Data were gathered from two patches at each of the other
potentials. Inset, single-channel openings at -80 mV representative (from top to bottom)
of the 49, 37 and 26 pS channels. The intracellular Mg2+ concentration was 0 and the
extracellular Mg2+ concentration was 1 mm.

rectification and the single-channel slope conductance at negative potentials was
approximately 50 pS. Increasing the intracellular Mg2+ concentration decreased the
outward current through the channel. Focusing on the I-V relationships with the
three highest intracellular Mg2+ concentrations, the block of the current appeared to
reach a maximum between + 20 and + 30 mV. Positive to + 40 mV, I-V relationships
curved upward and the single-channel conductance increased. A slight reduction in
the magnitude of the inward current was also seen with the increase in intracellular
Mg2+ concentration. The reduction in current could be described by a single blocking
isotherm with a voltage-dependent apparent IC50 (concentration giving 50% of
maximal inhibition) (Fig. 3).

Block by extracellular Mg2+
The single-channel I-V relationship was also sensitive to concentrations of

extracellular free Mg2+. Single-channel I-V relationships with 0-05, 1, 3, 10 and
30 mM-extracellular Mg2+ are shown in Fig. 4. The intracellular Mg2+ concentration
was nominally zero. As the extracellular Mg2+ concentration was increased, the
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80 mV

1 pA

40 mV

-80 mV

Fig. 2. Single-channel I-V relationships with different concentrations of intracellular
Mg2+. From left to right, the free intracellular Mg2+ concentrations were 0, 0 05, 041, 0 3,
0 9 and 2-6 mm. The extracellular Mg2+ concentration was 1 mm. All currents reversed
close to 0 mV. The current traces have been offset along the abscissa to improve the
clarity of the figure. The applied voltage ramp increased linearly from -80 (left) to + 80
(right) mV in 24 ms. Each trace is the average of thirteen to twenty leak-subtracted
current traces. All traces were low-pass filtered at 3 kHz except for the second and third
traces from the left which were filtered at 2 kHz.

1.0

0.8

0

o 0.6
C.)X(X0

log [Mg2+]; (M)

Fig. 3. Normalized single-channel currents at + 30 mV (0) and + 80 mV (0) as a

function of log [Mg2+]1. Data were taken from the I-V curves shown in Fig. 2. The
continuous lines were calculated using a single site binding isotherm with an IC50 of
280 /tM for the + 30 mV curve and 830 /tM for the + 80 mV curve. Note that the fit is
reasonably good at both potentials.
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inward current through the channel decreased. In addition, extracellular Mg2+
reduced outward current through the channel. A shift in the reversal potential was
not seen as the extracellular Mg2+ concentration was increased; all the current traces
reversed at or close to 0 mV. When the extracellular Mg2+ concentration was 50 ftM

80 mV

-80 mV

1.2 pA

40 mV

Fig. 4. Single-channel I-V relationships with different concentrations of extracellular
Mg2+. From right to left, the free extracellular Mg2+ concentrations were 0 05, 1, 3, 10 and
30 mm. The intracellular Mg2+ concentration was nominally zero. The reversal potential
for all the traces was 0 mV. The current traces have been offset along the abscissa for
clarity. The I-V relationships were determined using voltage ramps (see Fig. 2). Traces
were low-pass filtered at 3 kHz.

and the intracellular Mg2+ concentration was 0, the single-channel I-V relation was
linear and the slope conductance was 60 pS (the presence of some extracellular Mg2+
was needed to prevent the development of a large non-specific leak current).
The fractional block at -80 mV as a function of extracellular Mg2+ concentration

could not be well described by a simple blocking isotherm. The curve is shallower
than that expected for channel block by a single Mg2+ ion (Fig. 5; 0). Later it will
be shown that the apparent deviation from one-to-one binding can be explained by
the effects of a surface charge on the external face of the membrane (Fig. 5; 0).

Single-channel currents carried by Mg2+
As shown above, Mg2+ blocks PC12 ACh receptor channels, but it is a permeant

cation as well. Small single-channel openings in response to ACh can be seen with an
isotonic magnesium acetate extracellular solution (inset to Fig. 6). The I-V
relationship with 155 mM-intracellular sodium and 80 mM-extracellular magnesium
is shown in Fig. 6. The reversal potential for the current was approximately
+ 30 mV, and the inward Mg2+ current has a slope conductance of 2-9 pS.
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A model for the block by Mg2+
The results presented so far demonstrate that Mg2+ ions produce voltage-

dependent block of Na+ currents through these nicotinic ACh receptor channels, that
block can be produced by either intracellular or extracellular Mg2+, and that Mg2+

1.0

0.8-
0

.0
0c 0 6 \

0*4 \\

0.2-

0.c1
-5 -4 -3 -2 -1 0 1 2

log [Mg2+]J (M)

Fig. 5. Normalized single-channel currents at -80 mV as a function of log [Mg2+].. O,
uncorrected data taken from the I-V curves shown in Fig. 4. *, normalized single-channel
currents at -80 mV as a function of the logarithm of the corrected extracellular Mg2+
concentration. The adjustment was made by taking into account the effects of a negative
surface charge of 56 x 1013 e cm-2 on the extracellular face of the membrane. The
concentrations were calculated using a Boltzmann relationship (see Methods). The
continuous lines were calculated using a single site binding isotherm with IC50 of 7-5 mM
(without surface charge) and 1-69M (with surface charge). Note that the fit to the
uncorrected data is less adequate than to the data with corrected concentrations.

can permeate the channel. A simple two barrier, one site model, based on the scheme
developed by Woodhull (1973), was used to describe the block by Mg2+. In the most
general form, Mg2+ ions can get to the binding site in the channel from either the
cytoplasmic or the extracellular side giving rise to the following scheme:

ki k2
[Mg2+]0 =± Mg2+-site =[Mg2+i,

k-I k_2

where kj, k-l, k2 and k12 are voltage-dependent rate constants and [Mg2+]i and
[Mg2+]O are the free intracellular and extracellular Mg2+ concentrations, respectively.
In applying this model, the following assumptions were made. (1) The binding and
unbinding of the Mg2+ ion is assumed to be exponentially dependent on voltage such
that k(E) = k(O) exp (- zdE/RT), where k(O) is the value for the rate constant at zero
potential, d is a fraction of the membrane field, E is the potential across the
membrane, and R and T have their usual meanings. (2) The binding of Mg2+ to the
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site is not affected by other ions. (3) When Mg2+ is bound to the site within the
channel, no ions can pass through the channel and the current carried by Mg2+ is
assumed to be negligible. (4) Finally, the model requires that the block is at steady
state at each point during the voltage ramp. There is evidence to suggest that this

< 3
CL
0)

0

-c
1 pA ||

200 ms

-120 -80 -40 80

-1 1

D w ~~~~~~~~~Potential (mV)

Fig. 6. Single-channel currents carried by Mg2+. The cation in the extracellular solution
was 80 mM-Mg2+ and the intracellular cation was 155 mM-Na+. The I-V relationship was
determined using voltage ramps that started at -100 mV and increased to + 80 mV in
24 ms. The current trace is an average of six leak-subtracted traces filtered at 2 kHz. 0,
mean (± standard deviation) single-channel current amplitudes recorded at steady
holding potentials (n = 5-30 channel openings). The inset shows sample inward currents
carried by Mg2+ at a holding potential of - 120 mV. The current reversed at + 30 mV and
the inward slope conductance was 2-9 pS.

assumption is correct. Following voltage jumps during single-channel openings, the
single-channel currents do not display any relaxation in the presence of Mg2+ (Ifune
& Steinbach, 1990b). This would imply that the block is instantaneous on the time
scale of these experiments.

In terms of this scheme, characteristics of the data such as the asymmetrical effects
of intracellular and extracellular Mg2+ and the concentration dependence of the block
would suggest that the energy barriers for Mg2+ are asymmetrical, the outer barrier
being higher than the inner barrier. The lack of complete block of currents by Mg2+
can be explained if Mg2+ can permeate the channel. Finally, Mg2+ would be expected
to have a higher affinity for the binding site than Na+.
The probability that a channel is not blocked by Mg2+ as a function of potential

(E) and magnesium concentration ([Mg2+]) is given by the following expression:

p(E, Mg2+) = (k-I + k2)/(k/[Mg2+]o + k-, + k2 + k_2[Mg2]i).
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For block by Mg2+ from the extracellular side (note that the concentration of
intracellular Mg2+, [Mg2+]i, is 0), the expression for the current as a function of
voltage and Mg2+ concentration is given by:

i(E, [Mg2+]O) = i(E, 0) (1 + 00(E))/(1 + Go(E) +F0(E)[Mg2+].), (2)

where Go(E) = k2(E)/1k_1(E) and FO(E) = k1(E)/1k_1(E). The term i(E, 0) is the single-
channel current in the absence of intracellular and extracellular Mg2+. However, as
it was not possible to remove Mg2+ from both sides and keep the outside-out patch
intact, the I-V relationship with 0 intracellular Mg2+ and 50 ,tM-extracellular Mg2+
was used for i(E, 0). In Fig. 7A, the dotted lines were obtained by adjusting
parameters Go(E) and FO(E) until the lines fitted the data points. Here, Go(E) = 4-5
exp (-E x 0042 mV-1) and F0(E) = 870 m-1 exp (-E x 0-042 mV-1). These para-
meters can describe the I-V relationships with 0 05 and 1 mM-extracellular Mg2+, but
as the extracellular Mg2+ concentration is increased, the calculated I-V relationships
deviate from the observed ones. At the two highest concentrations of extracellular
Mg2+ (10 and 30 mM), the discrepancy is quite large; more block is predicted than is
observed for both inward and outward currents. The poor agreement between the
theoretical and observed curves is not dependent on voltage, but on concentration.
The deviation increases as the Mg2+ concentration is increased. A possible explanation
is the presence of a surface potential at the extracellular face of the membrane which
would enhance the effective concentration at the mouth of the channel at low
extracellular Mg2+ concentrations, but not at high concentrations.
The effects of a uniformly distributed negative extracellular surface charge were

incorporated into the blocking model. The surface potential as a function of surface
charge and ionic concentration was calculated using the Gouy-Chapman relationship
(Grahame, 1947; Muller & Finkelstein, 1974; Hille et al. 1975; Lewis, 1979) and a
Boltzmann relationship was used to estimate the surface activity of Mg2+ (see
Methods for the calculation of the surface potential). The relationship between the
single-channel current, the membrane potential and [Mg2+]o in the presence of a
surface potential, V#, is given by the following expression:

i(E, [Mg2+]O)
= I(E, 0) (1 + 00(E- if))/(1 + GO(E-f) +FO(E-V) [Mg2+]Oexp (-zFVk/RT)). (3)

The value of the surface charge determined the regularity of the spacing between the
I-V curves with different external Mg2+ concentrations. A surface charge of
5-6 x 1013 e cm-2 was chosen as it enabled all the curves to be fitted simultaneously.
With the addition of a negative surface potential to the model, the agreement
between the calculated and observed I-V relationship was quite good (Fig. 7b). The
parameters used in the fitting were Go(E) = 120 exp (-E x 0-042 mV-1) and FO(E) =
70 M-'exp (-E x 0042 mV-1). From the voltage dependence of FL(E), the binding
site for Mg2+ is calculated to be 52% of the membrane field from the outside. The
apparent dissociation constant at zero potential is about 14 mm.
The presence of an external surface charge also provides an explanation for the

deviation of the fractional block as a function of extracellular Mg2+ concentration
from a single site blocking isotherm (Fig. 5; *0). The addition of the surface charge
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alters the curve in two ways. First, it increases the apparent dissociation constant
because the surface charge increases the effective Mg2+ concentration. Second, since
the surface charge is more effective at increasing the local Mg2+ concentration of
lower Mg2+ concentrations than higher ones, the relationship between fractional

A B
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2V- o

,,' .......,.',",...........-

...... .......

.*.*.*. ..

-80 -40 0 40 80 -80 -40 0 0 0

0~ ~~u~*

(v) 34M() 0m v n 0m O xrclua g+aeietclt hs

10'~~~~~

-4~~~~~~~~~~~~~~~~~
d.,

-8 4 40 8 00 *4 0 8

presented in Fig. 4. Panel A shows the theoretical curves calculated using eqn (2) (dotted
lines). The parameters used were FO(E) = 870 M-1 exp (-E x 0-042 mV-1) and Go(E) = 4-5
exp (-E x 0 042 mV-1). Note that the fit is satisfactory for lower concentrations of Mg2+,
but poor for both inward and outward currents with 10 mm- and 30 mm-external Mg2+.
Panel B shows that including a negative surface charge (eqn (3)) results in an adequate
fit for all Mg2+ concentrations. Parameters used were FO(E) = 70 M-1 exp
(Ex0042 mV-1) and Go(E) = 120exp(-Ex0042 mV-1). The surface charge was

5-6 x 1013 e c-

block and effective Mg2+ concentration is steeper and is well described by a one-to-
one blocking stoichiometry.

According to the one site, two barrier model, a complementary set of parameters
should be able to describe the block of the channel current by intracellular free Mg2+.
The equation used to describe block by intracellular Mg2+ was:

i(E, Mg2+) = i(E, O) (I + Gj(E-#){ + Gj(E- V) +Fi(E-?)[Mg2+]i
+ Hi(E- Vf)[Mg2+]o exp (-2Vf RT)J,

where Gi(E) = k_j(E)1k2(E), Fi(E) = k-2(E)lk2(E), and Hi(E) = kj(E)1k2(E). Again,
i(E, O) was the I-V curve with zero intracellular Mg2+ and 50 Vm-extracellular Mg2+.
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The following constraints were taken into consideration in the derivation of the
parameters. Gi(E) must be the reciprocal of Go(E). IfMg2+ binds to a single site within
the channel, then the sum of the fractions of the membrane field sensed by the Mg2+
ion calculated from the inside and the outside must be one. Finally, when the

A
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Potential (mV)

-80 -40 U 40 8U

Fig. 8. The one site, two barrier model fitted to the observed I-V relationships with
different intracellular Mg2+ concentrations. These I-V relationships with 0 (0), 30 /M
(@), 100 /M (V), 300 /IM (V), 1 mM (E) and 3 mm (M) intracellular Mg2+ are the same as

those presented in Fig. 2. The theoretical curves (dotted lines) were calculated using eqn
(4). Panel A shows predicted I-V relationships for various internal Mg2+ concentrations,
assuming values for parameters which were calculated from the values derived from the
block produced by extracellular Mg2+ (see Fig. 7). The values for the parameters were

Gi(E) = 0-0008 exp (E x 0-042 mV-'),Fi(E) = 70 M-1 exp (E x 0X038 mV-1) andHi(E) = 0-58.
Panel B shows curves predicted when a single parameter (the voltage dependence of the
ratio k2/k-l) was altered. Values for the parameters were Gi(E) = 0-0008 exp
(E x 0-065 mV-1), F,(E) = 70 M-1 exp (E x 0-038 mV-1) and Hi(E) = 0-58.

concentration of Mg2+ is the same on both sides of the membrane, then at 0 mV there
should be no net flow of Mg2+. This requires that k12(0)/k2(0) = kj(0)/k-1(0). The
resulting values for the parameters were:

Gi(E) = 0-008 exp (E x 0-042 mV-'),

Fi(E) = 70 M-1 exp (E x 0-038 mV-1),

Hi(E) = 0-58 M-1.

These parameters do not describe the block by intracellular Mg2+ well over the
entire voltage range of -80 to + 80 mV. The outward currents are poorly described.
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At potentials between 0 and about + 30 mV, the calculated curves, lying above the
observed I-V curves, do not predict enough block. Positive to +40 mV, the
calculated curves do not curve upward and predict less current than is actually seen.
In comparison, the inward currents are better described by the parameters used to
model the block by extracellular Mg2+ (Fig. 8).

Neither reducing the apparent affinity of the site for Mg2" nor decreasing the
voltage dependence of the affinity could introduce any upward curvature into the
predicted curves. The single parameter that had a significant effect on the curvature
at positive potentials was the voltage dependence of the ratio of the unblocking rates.
By increasing the voltage dependence of this ratio from e-fold over 24 mV to e-fold
over 153 mV, the predicted curves displayed an amount of upward curvature
comparable to that seen for the observed I-V curves.
Although the agreement between the observed and theoretical I-V curves is better

when the voltage dependence of the unblocking rates is increased, the fit is not
perfect. At positive potentials between +10 and about +30 mV, the calculated
curves continue to lie above the I-V curves with the three highest intracellular Mg2`
concentrations. In addition, for the highest intracellular Mg2+ concentration, the
inward current is not blocked as strongly as the calculated curve would predict.
Other sets of values for Gi(E) and Fi(E) can provide a slightly better fit for the
outward-going currents, but they resulted in theoretical I-V curves which predicted
too much block of the inward currents. Postulating an intracellular surface charge
did not increase the quality of the fit, as there were no systematic deviations between
the predicted and observed curves that were dependent on Mg2+ concentrations. No
set of parameters could simultaneously account for the I-V curve with 100 JtM-
intracellular Mg2+ and the other curves. The possibility exists that the free Mg2+
concentration was underestimated for the 100 ,tM-intracellular solution.

DISCUSSION

Mg2+ ions reduced the current flow through single PC12 ACh receptor channels.
Removal of Mg2+ from the intracellular and extracellular solutions linearized the
single-channel I-V relationship and under these conditions, the single-channel
conductance with Na+ as the charge carrier was approximately 60 pS. The reduction
of the current had the following qualitative features. Currents were blocked at
concentrations of Mg2+ that were relatively low compared to the Na+ concentration.
The effects of Mg2+ were asymmetrical; intracellular Mg2+ was more effective at
blocking outward currents than extracellular Mg2+ was at blocking inward currents.
Also, the block by intracellular Mg2+ was described by a single binding isotherm, but
block by extracellular Mg2+ was not unless the presence of a negative surface charge
on the external face of the membrane was postulated. Mg2+ can carry current
through the channel. The block of current by Mg2+ and the relief of block were
voltage dependent and qualitatively consistent with a mechanism involving open-
channel block and permeation.
To examine the mechanism of the block further, the inhibition of the single-

channel current by Mg2+ was described with an Eyring rate theory model with one
site and two barriers for Mg2+ and a negative surface charge on the external face of
the membrane. The parameters that provide a good description of the single-channel
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current as a function of voltage and extracellular Mg2+ concentration suggest that
the binding site for Mg2+ is located 52% through the membrane field from the
extracellular side. ACh receptor channels of rat sympathetic ganglion cells are also
blocked by Mg2+. Using a one site, two barrier model to describe the block by
intracellular Mg2+, Mathie and his colleagues (1990) estimate that the binding site
sees 24% of the membrane field. For muscle-type receptors, Dani & Eisenman
(1987) place the binding site 62% through the membrane field. The apparent
dissociation constant is 14 mm when the total potential across the membrane is zero.
The value for the ratio of the unblocking rates at zero potential indicates that the
outer energy barrier for Mg2+ is about 5 kT units higher than the inner barrier. The
external surface charge density needed to account for the observed concentration
dependence of the block of inward current was 5-6 x 1013 e cm-2. Work by others
studying muscle ACh receptors have postulated negative charge densities on outer
membrane surfaces ranging from 1-4 to 3-3 x 1013 e cm-2 (Cohen & Van der Kloot,
1978; Lewis, 1979; Adams et al. 1980).
However, a single site, two barrier model cannot adequately describe the ability

of Mg2+ to block currents as a single set of parameters could not provide a
quantitative description of both inward and outward currents in the presence of
intracellular Mg2+. When using parameters complementary to those used to describe
the block by extracellular Mg2+ to describe the block by intracellular Mg2+, there was
a relatively good description of the inward-going currents. This observation would
suggest that once Mg2+ is inside the channel, its departure from the channel to the
cytoplasmic side can be explained by the proposed one site, two barrier model
whether it entered from the extracellular or intracellular side.

In contrast, the one sitc, two barrier model with the parameters used to describe
the block by extracellular Mg2+ cannot account for the block of outward currents by
intracellular Mg2+. The calculated curves did not predict enough block of the
outward currents at potentials between 0 and about +30 mV. A more obvious
discrepancy was seen at potentials positive to + 40 mV where the degree of unblock
was much less than that actually seen. A somewhat better fit to the observed I-V
curves was achieved by altering a single parameter used to describe the block by
intracellular Mg2+. Increasing the voltage dependence of the ratio of the dissociation
rates from e-fold over 24 mV to e-fold over 15-3 mV resulted in the upward curvature
of the theoretical currents at positive potentials. Although this set of parameters
provided a better qualitative description of the observed I-V curves, it was still
deficient in many ways (Fig. 8B). It is quite apparent that at potentials between 0
and + 30 mV, the degree of block predicted is less than that observed. In addition,
with the highest intracellular Mg2+ concentration, the theoretical curve predicted
more block of the inward current than was observed.
No set of parameters for the calculated curves could quantitatively account for

both the observed degree of block at potentials between 0 and 30 mV and the relief
of block at potentials more positive to + 40 mV. Although increasing the voltage
dependence of affinity of the site for Mg2+ increased the level of block at potentials
just positive to zero, it also increased the block at the more extreme positive
potentials and eliminated the upward swing. The relief of block at potentials positive
to + 40 mV could be reintroduced by increasing the voltage dependence of the
unblocking rates; however, this in turn relieved the block at potentials near zero.
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It is likely that a channel with more than one binding site for Mg2' can provide a
better description of the block. In some ways, the block of the PC12 nicotinic
receptor channels by intracellular Mg2+ resembles the block of monovalent cation
currents through Ca2+ channels by extracellular Ca2 . In both cases, the strongest
block occurs at potentials close to 0 mV (Almers & McClesky, 1984). At the more
extreme positive and negative potentials, the degree of block is less. Finally, the
concentration dependence of the block follows a single site binding isotherm for Ca2+
channels (Almers, McClesky & Palade, 1984; Fukushima & Hagiwara, 1985) and
PC12 ACh receptor channels (see Figs 3 and 5). The similarities between the block of
these two is limited, however. For Ca2+ channels, as the Ca2+ concentration is raised
beyond about 10/M, the current flow through the channel increases as Ca2+ replaces
the monovalent cation as the main charge carrier. Such an effect was not seen with
PC12 receptor channels as the intracellular Mg2+ concentration was increased; there
was no evidence for an anomalous mole fraction effect.
The PC12 ACh receptor channel is permeable to Mg2+. This supports the idea that

the relief of Mg2+ block at positive potentials occurs as Mg2+ is pushed through the
channel. With 80 mM-extracellular Mg2+ and 155 mM-intracellular Na+, the reversal
potential for the single-channel current was about +30 mV. Under the conditions of
the experiment, the external Mg2+ activity is calculated to be 17 mm and the internal
Na+ activity 120 mm (see Methods). Using these values and the Goldman--
Hodgkin-Katz current equation, the permeability ratio between Mg2+ and Na+
(PMg2+/PNa+) is 24. This value is higher than the permeability ratio for ACh receptors
from frog muscle where PMg2+/PNa+ is between 0'2 and 0 3 (Adams et al. 1980).
Some of the observations presented here agree with those reported by Neuhaus &

Cachelin (1990). Studying the effects of Mg2+ on PC12 ACh receptor single-channel
currents, they also noted that the blocking by Mg2+ is asymmetrical, intracellular
Mg2+ being more effective than extracellular Mg2+. Although direct comparisons are
difficult because Neuhaus and Cachelin used Cs+ as the major cation in their solutions
instead of Na+, the concentration dependence and the degree of the block were
similar to what was described here. However, there are some differences. Neuhaus
and Cachelin reported little voltage dependence in the effects of Mg2+, contrary to
what was observed here. Also, they reported that external Mg2+ selectively modifies
the inward conductance without affecting the outward conductance. Conversely, the
effects of intracellular Mg2+ were on the outward currents and left the inward
currents intact. This is also contrary to the results described in this paper. Neuhaus
and Cachelin did not make any single-channel current measurements within 20 mV
of the reversal potential and this may explain both the reported lack of voltage
dependence in the block by Mg2+ and the sideness of the effect. Determining the I-V
relationship around the reversal potential and determining the reversal potential are
crucial in resolving the curvature of the single-channel I-V relationships since the
curvature in these I-V curves is most apparent close to the reversal potential. The
observed lack of effect of extracellular Mg2+ on outward currents which they report
may be due to the fact that they measured slope conductances instead of chord
conductances. Our results indicate that the slope of the I-V relationship for the
outward currents reaches an asymptotic value positive to about +30 mV (see Fig.
4). Determining the I-V relationship at potentials positive to + 30 mV, one could be
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led to the conclusion that external Mg2+ has no effect on outward currents. Similarly
with internal Mg2+, the inward slope conductances appear to reach a limiting value
(see Fig. 2). Therefore, we feel that there is no major difference between the data in
their study and those in the present work.

Divalent cations are able to decrease the conductance of muscle ACh receptor
channels (Adams et al. 1980; Magleby & Weinstock, 1980; Imoto et al. 1986, 1988;
Dani & Eisenman, 1987; Decker & Dani, 1990). According to the model proposed
by Dani & Eisenman (1987), muscle receptors are more effectively blocked by a
given concentration of Mg2+ applied extracellularly than intracellularly, in contrast
to PC12 cell ACh receptors which are more susceptible to block by intracellular Mg2+.
Like PC12 cell receptor channels, the block is consistent with open-channel block and
permeation of Mg2+. The effects of divalent cations on muscle ACh receptor channels
are consistent with a one site, two barrier ion permeation model (Dani & Eisenman,
1987; Decker & Dani, 1990).
Although the structural basis for differences in the effects of Mg2+ between muscle-

type and PC12 cell. receptors has not yet been determined, studies of muscle and
Torpedo nicotinic ACh receptors using site-directed mutagenesis have determined
some of the amino acid residues that influence Mg2+ sensitivity and ion permeation
through the channel (Imoto et al. 1986, 1988; Leonard et al. 1988). These residues are
in or near the second membrane spanning region, M2, that has been proposed to form
the lining of the channel pore (see Dani, 1989, for review). Of particular interest are
three rings of residues that bracket the M2 region. For Torpedo receptors, Imoto
et al. (1988) have shown that amino acid substitutions that increase the net negative
charge on these rings can increase the sensitivity of the channel to Mg2+ and
conversely, decreasing the net negative charge reduces the sensitivity. Therefore, it
is possible that some of the differences between the effects of Mg2+ on muscle-type
and PC12 ACh receptors can be explained by differences in the amount of charge on
these crucial rings. At present, the subunit composition of the nicotinic receptors
expressed by PC12 cells is not known. However, comparison of the subunits known
to be expressed in PC12 cells to those of muscle in the M2 membrane-spanning
regions and flanking sequences suggests that the residues in the charged rings cannot
simply explain the features of Mg2+ block.
The data presented indicate that Mg2+ ions can block ion permeation through the

neuronal nicotinic ACh receptor channels, and do so in a fashion qualitatively
consistent with block following occupancy of a site in the permeation pathway. Our
previous work has shown that channel block by internal Mg2+ can influence the shape
of the whole-cell current-voltage relationship. However, it is clear that even in the
absence of internal Mg2+ some rectification of whole-cell current remains (Yawo,
1989; Mathie et al. 1990; Neuhaus & Cachelin, 1990; Ifune & Steinbach, 1991).
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