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Summary. We have studied a 25-pS nonselective cation channel
from the apical membranes of cell line STgs, derived from neo-
natal mouse mandibular glands. Its Cl~ permeability was not sig-
nificantly different from zero. The permeabilities (relative to
Na™) for inorganic cations were NH} (1.87) > K~ (1.12) > Li*
(1.02) > Na* (1) > Rb* (0.81) > Mg?™ (0.07) > Ca>* (0.002), and
for organic cations, guanidinium (1.61) > ethanolamine (0.70) >
4-aminopyridine (0.66) > diethylamine (0.54) > piperazine (0.25)
> Tris (0.18) > N-methylglucamine (0.12). The Tris and N-
methylglucamine permeabilities differed significantly from zero.
Fitting the Renkin equation indicated that the channel had an
equivalent pore radius of 0.49 nm. The channel was activated by
Ca?* on the cytosolic surface (>0.1 mmol/liter) with a Hill coeffi-
cient of 1.2; it was also activated by depolarization. Open- and
closed-time histograms indicated that it had at least two open and
two closed states. The channel was blocked by cytosolic AMP or
ATP (0.1 mmol/liter). It was also blocked by the Cl~ channel
blocker, diphenylamine-2-carboxylate (DPC; 0.1 mmol/liter), ap-
plied to the extracellular but not the cytosolic surface. 4-Amino-
pyridine, which permeated the channel when applied to the
extracellular surface. blocked it when applied in low concentra-
tions (5 mmol/liter) to the cytosolic surface. Quinine (0.1 mmol/
liter) blocked from both the extracellular and cytosolic surfaces,
blockade from either side being enhanced by depolarization. The
channel was held open by application of SITS (0.1 mmol/liter) to
the cytosolic surface. The channel shows striking similarities to
the nicotinic acetylcholine receptor channel, viz., both channel
types are abnormally permeable to 4-aminopyridine applied ex-
ternally, and their selectivity sequences for inorganic ions are
similar and for organic cations are identical.
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Introduction

Ca’7-activated nonselective cation channels were
first reported in 1981 in cultured rat ventricular
myocytes [6]. Since then, cation channels that have
a single-channel conductance in the range 15-40 pS,
that discriminate poorly between Na* and K*, and
are activated by Ca?* from the cytosolic surface,

have been observed in a wide varicty of tissues:
neuroblastoma cells [39], rat and mouse pancreatic
acinar cells [11, 19, 21], rat and mouse salivary end-
piece cells [17], rat lacrimal gland endpiece cells
[16], cultured rat Schwann cells [3], rat thyroid fol-
licular cells [18], cultured mouse mandibular end-
piece cells [7], human neutrophils [38], cultured rat
insulinoma cells [35], cultured rat brown-fat cells
[33], bursting neurons from Helix [24], guinea pig
ventricular myocytes [10], rat pancreatic duct cells
[12] and guinea pig pancreatic acinar cells [36].
Nevertheless, despite the frequency with which it
has been reported, there have been few detailed
studies of its properties.

Two features of the channel have led us to
study it more closely. (i} The first relates to the
heterogeneity of its response to Ca?* ions and volt-
age changes [25]. For example, Sturgess et al. [35]
report for insulinoma cells that the channel is acti-
vated by Ca?* concentrations greater than 10~* mol/
liter and by depolarization of the cell membrane po-
tential, whereas, in mouse pancreatic acinar cells, it
is activated by Ca’" concentrations as low as 5 X
10=7 mol/liter and is not sensitive to changes in
transmembrane potential [19, 21]. (i/) The second
feature concerns the function of the channel in epi-
thelial cells, particularly cells secreting salt and wa-
ter. Thus, although the Ca®*-activated nonselective
cation channel has been found in many epithelia,
and, in at least one case, cell-attached patch studies
have shown that it can be activated by a secretomo-
tor agonist [20], there is currently no satisfactory
explanation of its role in secretion. The problem is
that, when active, it will permit the entry of Na™*
into the cell and thereby reduce the Na* gradient
across the basolateral membrane, which would be
expected to impair the efficiency of any secretory
mechanism based on an intraepithelial current loop
driven by Na*-coupled CI~ cotransport with devel-
opment of an intraepithelial current loop [8, 27, 34,
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40]. This will occur whether it is in the basolateral
membrane, as in mouse pancreatic acinar cells [19],
or in the apical membrane, as in rat pancreatic duct
cells [12]. It has been suggested that the nonselec-
tive cation channel provides a pathway by which
Ca’* enters the cytosol from the extracellular me-
dium following secretomotor stimulation [26] al-
though convincing evidence of this is so far lacking.
An alternative role was proposed by Marty et al.
[16] who suggested that sustained exocrine secre-
tion is not based on a current loop but, rather, is
driven by the movement of K* across the apical
membrane. In this scheme, the role of the nonselec-
tive channel in the basolateral membrane would be
to maintain the supply of Na* to the Na*-, K*-
ATPase so that it continued to pump K™ mnto the
cell [8].

In the present study we have used a variety of
different measurements to characterize the nonse-
lective cation channel in the apical membrane of a
cell line derived from mouse mandibular cells
(STgss) in which preliminary studies have demon-
strated its presence in large numbers [7]. The chan-
nel characteristics we have studied include its per-
meability to a range of inorganic and organic
cations, its kinetics, the sensitivity of its open prob-
ability to Ca?* and transmembrane potential differ-
ence, and its sensitivity to ATP, AMP, quinine, di-
phenylamine-2-carboxylate and SITS, compounds
that have been reported to influence the activity of
nonselective cation channels in other tissues [11,
35]. Our most striking finding is that the nonselec-
tive cation channel has properties closely resem-
bling those reported for the nicotinic acetylcholine
receptor channel.

Materials and Methods

CELL CULTURE

Cells of the neonatal mouse mandibular cell line, STgs [7], were
used between passages 20 and 40. They were maintained in me-
dium 199 supplemented with 10% fetal calf serum at 37°C in an
atmosphere of 95% air and 5% CO,. Some of the experiments
were performed on cells grown directly on the bottom of 25-mm
plastic petri dishes while others were performed on cells grown
on Cytodex® beads [28], but the resuits were not affected by the
choice of culture substratum. Cells were used 1-6 days after
plating out, the culture medium being replaced by the control
electrolyte solution immediately before the start of the experi-
ment.

PaTcH-CLAMP METHODS

Isolated membrane patches, in either the inside-out or the out-
side-out configuration [13], were used in all experiments. Patch-

clamp pipettes, pulled from borosilicate microhematocrit tubes
(Modulohm, Denmark), had resistances of 10—15 MQ when filled
with the control solution. The pipette bubble number [22] was
approximately 6, which corresponds to a tip diameter of approxi-
mately 0.3 wm [15]. The bath electrode was a Ag/AgCl pellet
(Clark Electromedical, Reading, England) which was placed di-
rectly in the bath solution except in experiments in which the
bath solution Cl- was altered, in which case the Ag/AgCl elec-
trode was connected to the bath via an agar bridge filled with the
control NaCl bath solution.

An EPC-7 extracellular patch-clamp amplifier (List Elec-
tronik, Darmstadt, FRG) was used to measure single-channel
currents which were then recorded on tape with a video cassette
recorder and a Sony 501-ES PCM unit modified as described by
Bezanilla [4]. Currents were replayed, filtered at 500 Hz with an
8-pole Bessel filter, and digitized at | kHz with a 12-bit AD
converter before being analyzed on a PDP micro-11/73 com-
puter. Tracings for illustrative purposes were printed out by the
computer on a laser printer. Single-channel currents, open-state
probabilities, and open- and closed-time distributions were deter-
mined with the aid of an analysis program based on an algorithm
published by Sachs, Neil and Barkakati [31]. In the present pa-
per, outward current, defined as current leaving the pipette, has
been indicated as an upward deflection in all traces, and potential
differences have been defined relative to the bath potential. Ex-
periments were performed at 20°C.

STATISTICAL METHODS

All results are presented as means + seM. The reversal poten-
tials were estimated by fitting the appropriate form of the gener-
alized Goldman equation to the experimental current-voltage re-
lations. The use of this method is justified by the extremely good
fit that the Goldman equation gives to the experimental current-
voltage data. The statistical tests employed were general tests
based on linear models [23] relying on the F statistic. For exam-
ple, to test whether a channel had a significant permeability to
Cl-, the current-voltage relation was fitted first by the Goldman
equation using a least-squares method on the assumption that the
channel was permeable to both Na* and CI-, and the residual
sum of squares (SSQ(p,,#0)) was noted. Then the data were again
fitted with the Goldman equation, this time on the assumption
that only Na*was permeant, and the new residual sum of squares
(SSQp-m) was found. The test statistic, F, to determine
whether P differs significantly from zero can then be calculated
from the following equation:

_ 58Qe=0) — SSQerat0r
S8Qep,=0)

(n = p) ()

where n is the number of data and p is the number of parameters
in the model; in this case p = 2. In this simple example, the
method gives the same results as a 7 test but it can readily be
generalized to test simultaneously whether a channel is permea-
ble to several ions. For instance, we may test simultaneously
whether a channel is permeable to Na*, Cl- and SO}~ whereas
the ¢ test cannot be used in these circumstances.

In this paper, we require confidence limits for the ratio P,/
Py, , where the subscript x denotes any ion. Linear least-squares
fits of the appropriate form of the Goldman equation will give
estimates of P, and Py, , together with their respective variances
and covariances, and these estimates can then be used to calcu-
late confidence limits for P,/Py, by use of the Bonferroni joint



D.I. Cook et al.: Nonselective Cation Channel in an Epithelial Cell Line 39

confidence interval for P, and Py,, as given by the following
rectangle [23]:

P -B-s,<P, <P +B-s (2a)
Ply— B siy=Pu=Pl+B- s, (2b)

where P, and P are the least-squares estimates of Py, and P
and sy,. s, are the standard errors of those estimates and the
constant, B, is defined as

B=l(lf%;n72) (3)

when 7 is Student’s ¢ distribution and (I — «) is the confidence
coefficient. The confidence limits of the ratio P,/ Py, are given by
the ratio of the co-ordinates of two of the corners of the Bonfer-
roni confidence limits. If the confidence limits of P, lie entirely in
the positive range, then the confidence limits of the ratio are:

P.-B-s, _P
- =

P, + B s,
—_— =z
P, +B-s{

=5 —p .o
Py, P, —B-s,

4)

and, if the confidence limits of P, include 0, the confidence limits
of the ratio are:
P, - By, P, P .+ B s,
/' VI S S V‘ ‘V -
Plua=B-siy Pa Plu—Brsy

(5)

A problem posed by our data concerns our ability to be
certain that there is only one channel active in a given patch.
Although most of the patches we obtained contained two or more
active channels, in order to perform a kinetic analysis we had to
select only those in which one active channel was present. Since
we had to use the failure to observe multiple openings as our
criterion for recognizing such a patch, the question arose of how
confident in a given case we could be that there was really only
one active channel present. It can readily be shown that, for a
patch in which there are N channels present with simple two-
state kinetics, the probability, P, of p openings occurring without
multiple openings being observed is:

(o)
P =N o ©

where 1, and 7, are the experimentally determined mean open and
closed times. This equation is similar to that proposed by Colqu-
houn and Hawkes [5], except that it is not subject to their restric-
tion of 7, < r.. The probability, II, that a recording showing p
single and no multiple openings contains only one active channel
is thus:

!

N—-=
> (P
N-1

where P is defined in Eq. (6).

SOLUTIONS

The composition of the control solution (in mmol/liter) was made
up to be: NaCl 145, KCl1 5, CaCl, 2.7, MgCl, 1.2, NaH,PO, 1.2,
NaHEPES 7.5, HHEPES 7.5 and glucose 10; the pH was 7.4.

This solution was used in both the pipette and the bath except in
ion substitution experiments. The composition of the solutions
used for the cation substitution experiments are shown in Table
1. In all experiments except those in which Li*, K* or N-meth-
ylglucamine was the test cation, we placed the control solution in
the bath and the test solution in the pipette. In most experiments
the concentration of the test cation was 130 or 150 mmol/liter
but, when using Ca?~ as the test cation, we could not obtain seals
at concentrations greater than 75 mmol/liter. In experiments in
which the cation-to-anion selectivity was to be determined, the
pipette contained the control solution and the bath solution con-
sisted of the control solution, diluted with 2 parts isotonic su-
crose to | part control solution. In experiments in which low
concentrations of free Ca?~ were required, Ca-EGTA buffer was
employed: for a free Ca>* concentration of 1079 mol/liter the
EGTA concentration was 1.92 mmol/liter and the calcium salt
concentration was 0.01 mmol/liter, and for a free Ca?* concen-
tration of 10~¢ mol/liter, the EGTA concentration was 1.73
mmol/liter and the calcium salt concentration was 1.54 mmol/
liter. For the calculation of relative ionic permeabilities from the
Goldman equation, ionic activities rather than concentrations
were used, the activity coefficients being calculated from the
lonic strengths of each solution with the aid of data and methods
described in Robinson and Stokes {30]. The activity coefficients
we used are given in Table 1. In experiments where the pipette
and bath solutions differed at the start of the experiment, a junc-
tion potential arose at the pipette tip. This junction potential was
determined with an electrometer by measuring the diffusion po-
tential established by the solutions across a dialysis membrane.
The pipette potentials were then corrected appropriately. The
electrometer was connected to the test solutions with Ag/AgCl
peilet electrodes. In no case did the correction exceed 4 mV.,

CHEMICALS

AMP, ATP, 4-acetamido-4'-isothiocyanatostilbene-2,2’-disul-
phonic acid (SITS), quinine sulphate, HEPES and EGTA were
obtained from Sigma (St. Louis, MO). Diphenylamine-2-carbox-
ylate (DPC) was the gift of Professor R. Greger, University of
Freiburg, FRG. All other chemicals used were of the highest
grade available.

RESULTS

We encountered several channel types in apical
membrane patches isolated from the STgss cell line
studied in symmetrical solutions of NaCl. The main
types observed were a small-conductance Cl~ chan-
nel, a 12-pS nonselective cation channel and the
nonselective cation channel that is the subject of
this paper. We observed this last channel in 68% of
241 excised inside-out patches. In only 10% of the
patches in which the channel was observed did it
appear (with greater than 99% probability) that only
one channel was active, in the majority, two to four
channels were simultaneously active and occasion-
ally nine or more channels were seen. SITS, which
will be shown below to activate these channels
when added to the cytosolic surface of inside-out-
patches, unmasked up to six channels in patches in
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Table 1. Cation concentrations (in mmol/liter) and activity coefficients (y) of the pipette and bath
solutions used in the cation substitution experiments summarized in Tables 2 and 3.2

Test cation Bath solution

Pipette solution

Test cation Yy Na Yne  Testcation Yy Na Vra
NH;? — — 153.7°  0.76 150 0.74 5 0.76
Rb* — — 153.7  0.76 150 0.74 5 0.76
Guanidinium — — 153.7°  0.76 150 0.74 5 0.76
Caz* 2.7 0.58 153.7  0.76 75 0.53 75 0.71
Lit 120 0.77 31 0.76 — — 153.7*  0.76
K+ 120 0.74 31 0.76 5 0.74  153.7°  0.76
N-methylglucamine 120 0.74 31 0.76 — — 153.7°  0.76
Mg?* 1.2 0.59 153.7° 0.76 130 0.51 23 0.68
Ethanolamine — — 153.7*  0.76 130 0.74 23 0.76
Diethylamine — — 153.7°  0.76 130 0.74 23 0.76
Piperazine — — 153.7°  0.76 130 0.74 23 0.76
4-Aminopyridine — — 153.7°  0.76 130 0.74 23 0.76
Tris — — 153.7°  0.76 130 0.74 23 0.76

a Bath and pipette solutions contained (in mmol/liter) Mg?* 1.2, Ca** 2.7, HEPES buffer 15 and
glucose 10; the K* concentration varied but was never greater than 5 mmol/liter
® The control solution contained (in mmol/liter) Na* 153.7, K+ 5, Mg?~ 1.2, Ca?* 2.7, CI~ 157.8, HPO;~

1.2, HEPES 15 and glucose 10.

which only two or three channels has been observed
under control conditions.

In a series of eight consecutive cell-attached
patches obtained from unstimulated cells, we were
able positively to identify the 25-pS channel in four
patches, and there were a further two patches in
which the 25-pS channel may have been present but
we were unable to identify it positively because of
the activity of other channel types in the patch. In
only two of the eight cell-attached patches could we
say that the channel was definitely not active. The
activity of the 25-pS channel declined with time af-
ter the formation of the cell-attached patch, so that
in only one of the four patches in which the channel
was initially active did it remain active for more
than 20 sec. In two of the four patches in which the
25-pS channel was active, we were able to obtain
excised inside-out patches in which the channel re-
mained active. The typical channel activity in a cell-
attached patch can be seen in the single-channel
recordings in Fig. 14. The current-voltage relation
of the nonselective cation channel in cell-attached
patches studied under these conditions was linear
over the range examined and it indicated a single-
channel conductance of 30.5 pS (Fig. 14).

Figure 1B shows the typical activity of the non-
selective cation channel in an inside-out patch
bathed symmetrically in the control NaCl solution.
Under these conditions, it was the predominant
channel type and although the current-voltage rela-

tion appeared to be sigmoidal, the size of the errors
were such that the current-voltage relation was
found not to be significantly different from a straight
line within a range of pipette holding potentials from
—80 to +80 mV (Fig. 1B). Under these conditions,
the single-channel conductance was 25.1 = 1.0 pS
(n = 10), and the reversal potentiat was +1.2 = 1.8
mV (n = 10). Dilution of the bath NaCl to 52 mmol/
liter with isotonic sucrose shifted the reversal po-
tential to —28.0 = 3.8 mV (# = 6), and caused the
current-voltage relation to rectify (Fig. 2). A linear
least-squares fit of the Goldman equation yielded a
value for Py, 0f 4.9 X 1074 = 2.3 X 1071 ¢cm? sec™’
(n = 3); the value for P¢y, viz., —2.6 X 107 = 1.8 %
1071 cm? sec™! (n = 3), was not significantly differ-
ent from zero. The 95% confidence limits for the
ratio Po/Pua, calculated from Eq. (5) were —0.005
= Pco/Pn. = +0.004. In two experiments we re-
duced the bathing solution Cl~ to 53 mmol/liter by
replacing it with SO3". In these experiments the
reversal potentials were found to be —5.3 and +1.3
mV, consistent with our conclusion from the dilu-
tion potential measurements that the channel was
not appreciably permeable to anions.

The 25-pS channel discriminated very poorly
among monovalent inorganic cations, particularty
between Na* and K* (Table 2 and Fig. 2). Thus, in
four experiments in which the bathing solution was
replaced by one containing 120 mmol/liter K* and
31 mmol/liter Na*, the reversal potential did not
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Fig. 1. (A) Representative single-channel recordings from a cell-attached patch, together with the current-voltage relation obtained for
the nonselective cation channel in cell-attached patches studied under the same experimental conditions, i.e., with the control NaCl
solution in the pipette. In these recordings, the nonselective cation channel is responsible for the 2-pA transitions, and the smaller 0.8-
pA transitions that are particularly marked in the recording at —100 mV are due to an 8-pS Cl- channel. The current-voltage relation
shown is a least-squares fit and the points shown with error bars are from between three and five experiments. (B) Representative
single-channel recordings from an excised inside-out patch, together with the current-voltage relation of the nonselective cation
channel under the same experimental conditions, i.e., with the control NaCl solution in the pipette. The current-voltage relation shown
is a least-squares fit and the points shown with error bars are from between three and 10 experiments. In this and in subsequent figures,
currents flowing out of the pipette are defined as positive and are shown as upward deflections. Pipette potentials are defined with

respect to the bath

shift significantly and the current-voltage relation
remained linear with a slope conductance of 24.7 +
0.8 pS. The ratio Px/Pn. was estimated to be 1.12
with 95% confidence limits of 1.08 and 1.16. The
data in Table 2 and the current-voltage relations
shown in Figs. 2 and 3 also show that the channel is
highly permeable to NH}, Li* and Rb*, the perme-
abilities relative to Na* being 1.87, 1.02 and 0.81,
respectively.

We also investigated the permeability of the
channel to the divalent cations, Mg?* and Ca?~ (Ta-
ble 2 and Fig. 2). When the control pipette solution
was replaced with 130 mmol/liter Mg?*, 23 mmol/
liter Na* and 290 mmol/liter Cl~, the reversal po-
tential shifted to +43.7 = 1.6 mV (n = 3) (Fig. 2). A
linear least-squares fit of the Goldman equation to
these data indicated that the channel had a permea-

Table 2. Reversal potential and permeability of the nonselective
cation channel in STys cells to various inorganic ions, expressed
relative to the Na~ permeability.*

lon Reversal {Px] 95% Confidence n
potential (mv) Py limits
Lit 0.3+ 1.3 1.02 0.95 -1.09 4
NH; —10.1 = 1.6 1.87 1.77 -1.98 3
Na~ 1.2 = 1.8 1 —_ — 10
K+ 1.3 +1.2 1.12 1.08 —1.16 4
Rb+ 5.0%+1.3 0.81 0.79 -0.83 4
Mg>* 43.7 = 1.6 0.07 0.06 ~-0.08 3
Ca*t 20.0 = 0.6 0.002 —0.007-0.010 4
Cl —28.0 + 3.8 —0.001 —0.005-0.004 6

4 The data were obtained from inside-out excised patches.
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Fig. 2. The current-voltage relations for the
Magnesium 4 Calcium 4 experiments summarized in Table 2. The lines
( ( are least-squares fits of the Goldman equation,
assuming that both Na* and the test ion are
permeant. The composition of each solution
Vet used is as given in Table 1. In the
‘ ) T .t experiments with sucrose, Li* and K+, the
bath contained the test solution and the
-12 - . . .
0 60 60 120 pipette contained the control Na*-rich
L mV solution, whereas in the experiments with
M Rb*, Mg?* and Ca?*, the pipette contained the
test solution and the bath contained the
-4 - pA -4 - pA control solution

bility to Mg?* relative to Na* of 0.07. When the
pipette contained a solution with 75 mmol/liter
CaCl, and 75 mmol/liter NaCl, the reversal poten-
tial shifted to +20.0 = 0.6 mV (n = 4) and the least-
squares fit of the Goldman equation showed that
Ca?* did not permeate through the channel to any
appreciable extent (Fig. 2 and Table 2).

We measured channel permeability relative to
Na* for a wide range of organic cations with the aim
of determining the equivalent pore size of the chan-
nel; the current-voltage relations are shown in Fig.
3 and the reversal potentials and the permeability
ratios obtained from fitting the Goldman equation to
these curves are summarized in Table 3. Both N-
methylglucamine and Tris were found to permeate
the channel to a small but significant extent. At the
other extreme, guanidinium was almost twice as
permeant as Na*. Figure 4 shows a plot of the rela-
tive permeability of these cations vs. their molecu-
lar radii. We found that, with the exception of 4-
aminopyridine, they defined a smoothly declining

function and when the data were fitted by the
Renkin equation (which describes the permeation of
a rigid sphere through a cylindrical pore [29]), the
equivalent pore radius of the channel was estimated
to be 0.49 nm.

We tested the effect of cytosolic free Ca’* in
concentrations between 1072 and 1072 mol/liter on
channel open probability for inside-out patches
while the pipette potential was held at +60 mV. The
calcium sensitivity of these channels did not change
between 15 sec and 10 min after patch excision. The
calcium sensitivity of the channel is shown in Fig. 5.
The channel was not active at free Ca?* concentra-
tions of less than 1079 mol/liter, and was half-maxi-
mally stimulated at approximately 1073 mol/liter. At
the highest Ca’" concentration tested, 10=2 mol/li-
ter, the channel was open 67% of the time. A least-
squares fit of the Hill equation, viz.,

Pmax )

p= (1 T KJ(Car Ty @®
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Table 3. Reversal potential and permeability of the nonselective cation channel in STy cells to
various organic ions, expressed relative to the Na™ permeability .2

fon MW Reversal [ P, } 95% Confidence n
potential (mV) Pra limits
Guanidinium 60.1 -11.7 = 1.1 1.61 1.53-1.70 3
Ethanolamine 62.1 7.6 £ 1.4 0.70 0.68-0.73 3
Diethylamine 73.1 (3.0 +24 0.54 0.51-0.57 3
Piperazine 87.1 264 =2.2 0.25 0.23-0.28 3
4-Aminopyridine 95.1 8.6 = 1.1 0.66 0.61-0.72 3
Tris 121.2 33.1 £ 3.5 0.18 0.16-0.19 4
N-methylglucamine 195.2 -30.8 £ 3.3 0.12 0.08-0.17 4

@ The data were obtained from inside-out excised patches.
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e
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™ Fig. 3. The current-voltage relations for the
experiments summarized in Table 3. The lines
4= pA are least-squares fits of the Goldman equation,
assuming that both Na* and the test ion are
N-methylglncamine 4 permeant. The composition of each solution
used is as given in Table 1. In the
L experiments with N-methylglucamine, the
s AT bath contained the test solution and the
. T . pipette contained the control Na*-rich
“10—~"50 50 100 solution, whereas in the experiments with the
mv other organic cations, the pipette contained
the test solution and the bath contained the
4L pA control solution

where P is the open probability at any given Ca?*
concentration, gave a Hill coefficient (1) of 1.2,
with a maximum open probability (P,.,) of 0.7 and a
binding constant (K,) of 1.8 x 10~3 (mol/liter)".
The single-channel tracings (Fig. 1B) suggested

that the channel was activated by depolarization of
the membrane potential. This impression was con-
firmed by experiments showing the dependence of
channel] open probability on the holding potential in
excised inside-out patches studied with 2.7 mmol/
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Fig. 4. The relation between the permeability (relative to Na~)
and molecular radius for the monovalent organic cations listed in
Table 3. The Stokes-Einstein radius (r..) was calculated from the
limiting conductivities (A) of the ions with the formula: r,, - A =
constant [30], the constant being determined from the behavior
of tetraethylammonium at 25°C, for which A = 44.9 cm? Q°,
equiv™!, and r, = 0.204 nm. The Stokes-Einstein radius was then
converted to the molecular radius using correction factors read
off from Figure 6.1 in Robinson and Stokes [30]. The equivalent
limiting conductance for ethanolamine is given in Robinson and
Stokes [30] and those of the other ions were calculated from their
molecular weights by the formula, MW®5 - X = constant {30], the
constant being determined by the values for ethanolamine at
25°C: MW = 62.1 and A = 4.42 cm? (0~ ! equiv~'. The cations are
(a) guanidinium, (») ethanolamine, (¢) diethylamine, (d) pipera-
zine, (e} 4-aminopyridine, (f) Tris and (g) N-methylglucamine.
The solid line is a least-squares fit of the Renkin equation to the
relative permeabilities for the organic cations other than 4-
aminopyridine (¢). Each point is the mean of three or four experi-
ments = SEM

liter Ca?* in the bathing solution (Fig. 6). In each
case, the results were obtained from at least four
inside-out patches, all of which had a greater than
99% probability than they contained only one active
channel, determined as outlined in Egs. (6) and (7).
The channel was clearly activated by depolarization
of the cell membrane. The open probability at —60
mV was 79% which declined to 28% when the hold-
ing potential was increased to +60 mV.

Kinetic analysis of recordings from outside-out
patches held at +60 mV in which only one channel
appeared to be active showed that the open-time
histogram could best be described by two exponen-
tials (Fig. 74) with time constants of 1.0 and 11.4
msec. The closed-time histogram also required two
exponentials to fit it (Fig. 7B), with time constants
of 1.0 and 20.0 msec. Figure 7 also shows the open-
and closed-time histograms for the channel when it
was held at —60 mV. Once again, the open-time
histogram could be described by two exponentials
(with time constants of 1.3 and 9.2 msec), as could
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Fig. 5. The relation between open probability and cytosolic Ca?”
concentration in excised inside-out patches. The unbroken line is
a least-squares fit of the Hill equation. Each point is the mean of
three experiments * SEM, with the exception of the point at 3 x
10~* mol/liter Ca** which is from a single experiment. For those
patches in which multiple channels were active, we calculated
open probabilities by assuming that the number of channels open
at any instant is described by a binomial distribution and that the
number of channels present in the patch is equal to the maximum
number open during the time in which the record was made
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Fig. 6. The effect of pipette holding potential on the open proba-
bility of the 25-pS nonselective channel in inside-out excised
patches. The height of each bar is the average from four inside-
out patches += seM. The patches used in preparing this figure
had a greater than 99% probability of having only a single chan-
nel active (see Materials and Methods)

the closed-time histogram (with time constants of
9.2 and 43 msec). The channel thus had at least two
open and two closed states. The time constants de-
scribing the open-time distribution were little influ-
enced by the transmembrane potential, but the slow
time constant describing the distribution of closed
times was markedly reduced as the patch was de-
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Fig. 7. (4) Open-time and (B) closed-time histograms for the 25-pS nonselective cation channel in an inside-out patch held at pipette
potentials of +60 and —60 mV. The curves are least-squares fits of two exponentials to the dwell-time histogram data. The parameters
of the fitted equations are given in each panel. The parameter  is the dwell time in seconds. The patch used in this figure had a greater
than 99% probability of having only a single channel active (see Materials and Methods)

polarized. The activation of the nonselective chan-
nel by depolarization thus appeared to be due to
destabilization of the closed states rather than to
stabilization of the open states.

The channel was blocked by the addition of 0.1
mmol/liter AMP to the cytosolic surface (Fig. 8)
and also by ATP (0.1 mmol/liter) (resuits not
shown). We also found that the channel was
blocked by diphenylamine-2-carboxylate (DPC, 0.1
mmol/liter) (Fig. 9) when this compound was added
to the extracellular surface. The single-channel
records (Fig. 9B) indicate that DPC in this concen-
tration produces an almost complete blockade of
the 25-pS channel. The current histogram (Fig. 94),
which showed a marked reduction in currents
through the patch in the presence of DPC, confirms
that the absence of single-channel transitions in the
tracing in Fig. 9B is due to channel blockade. This
block was not influenced by transmembrane volt-
age, and from the occasional openings that we ob-
served in the presence of DPC, it would appear that
the blockade was of the ‘‘slow’ type (data not
shown).

Quinine (0.1 mmol/liter), when added to the cy-

tosolic surface of an excised inside-out patch, pro-
duced a rapid ‘‘intermediate’’ blockade that was
strongly voltage dependent, being most pronounced
when the patch was depolarized (Fig. 104) by mak-
ing the pipette potential negative with respect to the
bath. When added to the outside surface of an ex-
cised outside-out patch, quinine (0.1 mmol/liter)
also produced a voltage-dependent ‘‘intermediate”’
type of blockade (Fig. 10B), which, as in inside-out
patches, was most pronounced when the patch was
depolarized (i.e., when the pipette was made posi-
tive with respect to the bath). Thus, quinine block-
ade from either side of the channel was enhanced by
depolarization. The basis for this surprising behav-
ior is discussed below.

Surprisingly, 4-aminopyridine, which perme-
ated when present on the extracellular surface of
the channel, caused a ‘“‘slow’’ type of blockade
when present in a concentration of 1 or 5 mmol/liter
on the cytosolic side of inside-out excised patches
(Fig. 11A4). This blockade was not voltage depen-
dent and was characterized by prolonged closures
and a reduction in the number of active channels.
Exposure of the extracellular surface to up to 130



46 D.I. Cook et al.: Nonselective Cation Channel in an Epithelial Cell Line

A
trol
S0+ contro 00+ AMP (0.1 mmol/l)
5 250} 250
S
0 current (pA) 5 10 0 5 1.0
B control

closed — WM&WW

AMP (0.1 mmol/l)

closed —> WMWWWWWWMWMWWWMWWMMWwMMm

5 pA .
holding potential = +60 mV
400 ms
control DPC (0.1 mmol/l)
1000 1000 1
7501 750
g
0 500 500
5 |
250 250
-2 current (pA) 2 6 2 2 6
B control

closed — MWWWMM»MWWM

DPC (0.1 mmol/l)

closed —> wdpbonsmid TR A S i ot o s il

S pA holding potential = +60 mV

400 ms

Fig. 8. The effect of the addition of 0.1
mmol/liter AMP to the cytosolic surface of an
excised inside-out patch at pipette potential of
+60 mV. (A) Histograms of the current
flowing through the patch at 1-msec intervals
during 20-sec recordings taken before and
after the addition of the blocker. (B)
Representative single-channel recordings
before and after the addition of AMP to the
bath

Fig. 9. The effect of the addition of
diphenylamine-2-carboxylic acid (DPC; 0.1
mmol/liter) to the extracellular surface of an
excised outside-out patch held at a pipette
potential of +60 mV. (A) Hitograms of the
current flowing through the patch at 1-msec
intervals during 20-sec recordings taken
before and after the addition of the blocker.
(B) Representative single-channel recordings
before and after the addition of DPC to the
bath

mmol/liter 4-aminopyridine failed to block the SITS (0.1 mmol/liter), when added to the cyto-
channel at all (Fig. 11B). Indeed, as shown above  solic surface of the patch, also led to single-channel
(Table 3 and Fig. 3) 4-aminopyridine can actually  recordings characterized by the absence of single-
permeate the nonselective cation channel when  channel activity (Fig. 12B). As the current histo-
present on the extracellular surface. gram in Fig. 12A makes clear, however, this was
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excised inside-out patch showing the effect of
0.1 mmol/liter quinine added to the cytosolic
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mV and when it was —60 mV. Quinine
produced a rapid flickering block that was
most noticeable at —60 mV. (B)
Single-channel record showing the effect of
0.1 mmol/liter quinine added to the
extracellular surface of an excised outside-out
patch when the pipette potential was +60 mV
and when it was —60 mV. Quinine produced a
rapid flickering block that was most noticeable
at +60 mV
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due to irreversible channel activation, not channel
blockade. The occasional transitions that occurred
following the addition of SITS (Fig. 10B) were of
the same size as those seen prior to the addition of
SITS, which indicates that SITS was increasing
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Fig. 11. Single-channel records showing the
effects of 4-aminopyridine on the nonselective
cation channel. (A) Single-channel records
showing the nonselective cation channel in an
excised inside-out patch at a pipette potential
of +60 mV before and after the addition of
4-aminopyridine (5 mmol/liter) to the bath. (B)
Single-channel records showing that the
presence of 130 mmol/liter 4-aminopyridine
and 30 mmol/liter Na* in the pipette did not
inhibit channel activity at either
hyperpolarized or depolarized pipette
potentials
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the channel open probability rather than the single-
channel current. Quinine (0.1 mmol/liter), which as
described above, produces an ‘‘intermediate”
blockade when added to the cytosolic surface of
inside-out patches, produced the flickering charac-
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teristic of this type of blockade and reduced the
current flowing through the patch when it was
added to a patch previously exposed to SITS,
thereby confirming that SITS was holding the chan-
nels open. The ability of AMP to close channels
held open by SITS was not impaired (data not
shown).

We exploited the ability of SITS to lock the
nonselective cation channel into an open state in
order to study the Kinetics of quinine blockade.
When quinine (100 wmol/liter) was added to the cy-
tosolic side of a patch already exposed to SITS, we
found that the distributions of the open times and
blocked times could be described by single expo-
nentials and the voltage dependence of the time
constants indicated that the quinine binding site
sensed 60% of the transmembrane voltage (data not
shown).

Discussion

We report here the characteristics of the 25-pS non-
selective cation channel as expressed in the cul-
tured salivary cell line STgss. Many of its properties
are similar to those found in the nonselective cation
channels described in other exocrine tissues: cul-
tured sweat gland cells [14], pancreatic acini [11,
211, pancreatic ducts [12], lacrimal end-pieces [16]
and thyroid follicles [18].

ety Bty g L

holding potential = +60 mV

Fig. 12. Effect of the addition of 0.1
mmol/liter SITS to the intracellular surface of
an excised inside-out patch held at a pipette
potential of +60 mV. (A} Histograms of the
current flowing through the patch at 1-msec
intervals taken before and after the addition of
the drug. (B) Representative single-channel
recordings before and after treatment with
SITS

Ca?™ AND VOLTAGE SENSITIVITY

As pointed out in the Introduction, the 25-pS nonse-
lective cation channels that have been described so
far in the literature are heterogeneous with respect
to the sensitivity of their open probabilities to trans-
membrane voltage and to the level of cytosolic
Ca’*. The channel in STsgs cells is activated by de-
polarization, and in inside-out patches it requires
Ca?* concentrations in excess of 10~* mol/liter to
activate it. The Ca?* dose-response curve actually
shows that a high Ca?’ concentration alone is not
sufficient to open the channel fully since the dose-
response curve reached a plateau at an open proba-
bility of 67% (when the Ca?* concentration was
1072 mol/liter). Further increases in Ca?* concen-
tration actually reduced the open probability but we
do not have sufficient information to decide
whether this was due to Ca?* blocking the pore or to
the high Ca?* concentration causing formation of
ineffective Ca?*-channel complexes (i.e., competi-
tive self-inhibition of Ca?" activation as a result of
the high ambient Ca?" concentration).

In its Ca?" and voltage sensitivity properties, the
nonselective cation channel in STggs cells is similar
to the channels found by Sturgess et al. [35] in rat
insulinoma cells, and by Bevan et al. [3]in Schwann
cells, and to the 28-pS channel observed by Ehara et
al. [10] in ventricular myocytes. In some of the
other exocrine tissues in which this channel type
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has been reported, the open probability was not
voltage sensitive and the channel was activated by
Ca?* concentrations only in the micromolar range:
mouse pancreatic acini [19], rat and mouse salivary
endpiece cells [17], rat thyroid follicular cells [18]
and guinea pig pancreatic acinar cells [36]. The ob-
servation that the Ca?"-sensitivity of the channel in
excised patches from pancreatic acinar cells de-
clines rapidly after excision, and that the channel
can be activated by Ca?* concentrations as low as
5 x 1077 mol/liter when studied in cell-attached
patches on saponin-permeabilized cells [21], sug-
gests very strongly that the Ca2*' sensitivity of the
mouse pancreatic channel must have been en-
hanced by the presence of some intracellular sub-
stance that was too large to diffuse rapidly out of
the permeabilized cell. Although we have not ob-
served any change in the Ca?" sensitivity of the
channel in STggs cells following patch excision, our
finding that the nonselective cation channel is active
in cell-attached patches does support the idea that
the channel is activated by an intracellular sub-
stance. If the difference in Ca’* sensitivity is to be
attributed to different conformations of a single pro-
tein, then the shift in conformation must have been
very great because the transition from high sensitiv-
ity to low sensitivity forms was accompanied by the
development of voltage sensitivity.

BLOCKERS AND ACTIVATORS

The studies with channel blockers and activators
suggest that the Ca?"-activated nonselective cation
channel in STggs cells must be similar to those with
higher Ca?* sensitivities found in other exocrine tis-
sues. Thus, ATP has been found to block the nonse-
lective cation channel in guinea pig pancreatic aci-
nar cells [36] and the channel is blocked by DPC and
activated by SITS applied from the cytosolic sur-
face in rat pancreatic acinar cells [11]. It is surpris-
ing to note that although DPC blocked the nonse-
lective cation channel in both pancreatic and man-
dibular secretory cells of the rat, it did so from op-
posite surfaces of the plasma membrane, cytosolic
in the pancreas [11] and the external surface in the
mandibular gland (present studies). Needless to
say, in the light of the findings in the pancreas [11],
we rechecked our findings by repeating the experi-
ments; we also tested DPC from the cytosolic sur-
face and found it to be without effect. We have no
explanation for the difference. The sensitivity of the
nonselective cation channel in STggs cells to AMP,
ATP, quinine and to 4-aminopyridine, also links it
closely to another nonselective cation channel with
a low sensitivity to Ca?*, that found in rat insulin-
oma cells [35].

The findings with quinine are of particular inter-
est. We found that quinine causes a block of inter-
mediate type from both the cytosolic and the extra-
cellular sides of the nonselective cation channel.
Yet from ecither side, depolarization of the patch
caused the effectiveness of the block to increase. It
is not surprising that depolarization of the patch
should enhance the effectiveness of cytosolic qui-
nine, because if the quinine binding site senses part
of the transmembrane potential, depolarization
should increase the amount of quinine bound, but it
was very surprising to observe that depolarization
also enhanced the effectiveness of extracellular qui-
nine, because depolarization under these circum-
stances should decrease the amount of quinine
bound. Clearly these observations are not compati-
ble with a simple model in which extracellular qui-
nine enters the channel pore and blocks it. We have
two explanations for voltage dependency of the qui-
nine block. The first is that quinine only blocks from
the cytosolic surface of the channel, and that extra-
cellular quinine acts by diffusing through the mem-
brane and entering the channel from the cytosolic
side. The second possibility is that extracellular qui-
nine is blocking by binding to a conformation of the
channel protein that is stabilized by depolarization.
In this model, the binding site for extracellular qui-
nine might not even be within the channel pore or
sense any fraction of the transmembrane potential.
We do not currently have any evidence that would
permit us to distinguish between these alternative
explanations.

CHANNEL KINETICS

Analysis of the channel kinetics also shows many
similarities with nonselective channels having a
high affinity for Ca?*. In STgs cells, the open- and
closed-time distributions are both described by two
exponentials but only the slow time constant de-
scribing the closed-time distribution is voltage de-
pendent. It becomes faster as the membrane is de-
polarized, so causing an increase in channel open
probability with depolarization. The kinetics sug-
gest the presence of at least two open and two
closed states, a complex mechanism similar to that
observed by Sturgess et al. [35] in rat insulinoma
cells and Siemen and Reuhl [33] in brown adipose
cells.

IoN PERMEABILITY: SIMILARITIES TO THE
NicotiNIic ACh REceEpTOR CHANNEL

Our studies on the relative permeabilities of the
channel to inorganic and organic cations have re-
vealed some striking similarities to the endplate
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ACh receptor channel. With the exception that Rb*
was swapped with Li*, the relative permeabilities to
inorganic cations that we have found (see Table 2)
are the same as those reported for the frog endplate
channel, viz., NH} (1.79) > Rb* (1.30) > K* (1.11)
> Na* (1.0) > Li* (0.87) [1, 9]. The transposition of
Rb™ with Li* suggests that the nonselective cation
channel cannot be regarded simply as a watery
pore, an impression that is strengthened when we
look at the data obtained on the permeation of or-
ganic cations (Table 3). Once again the similarities
with findings in the frog endplate channel, viz.,
NH; (1.79) > guanidinium (1.59) > Na* (1.0) >
ethanolamine (0.72) > 4-aminopyridine (0.54) > di-
ethylamine (0.38) > piperazine (0.30) > Tris (0.18)
> N-methylglucamine (0.034) [9], are striking, the
STggs nonselective cation channel showing an iden-
tical rank order of permeabilities (Table 3). When
we fitted the Renkin equation [29] to our data we
found that the STggs channel behaved like a cylinder
with a radius of 0.49 nm, which is similar to the
radius of the ACh receptor channel determined by
Dwyer et al. [9], viz., 0.37 nm. (The small difference
arises largely because Dwyer et al. [9] attempted to
exclude the effect of the hydration shell when as-
sessing molecular radius whereas we have included
it.) In both the endplate ACh receptor channel and
the nonselective cation channel, the permeation of
4-aminopyridine was anomalous (compare Fig. 2 of
this paper with Fig. 5 of Dwyer et al. [9]), its rela-
tive permeability being considerably higher than
would be expected on the basis of its molecular ra-
dius. Furthermore, in both channels the compound
acts as a blocker and yet is quite permeant when
present in high concentrations. In endplate ACh re-
ceptor channels, the ability of large, permeable cat-
ions to act as blockers has been explained by San-
chez et al. [32] as being due to their interaction with
a binding site within the channel for which they
have a high affinity. In contrast to the case with the
endplate channel [32], 4-aminopyridine blockade of
the STgss channel was not influenced by transmem-
brane potential. We conclude from this that the
binding site for 4-aminopyridine in the nonselective
cation channel must be in a position where it does
not sense a significant part of the transmembrane
potential. Another finding of interest was that Tris
and N-methylglucamine, which are widely used as
“impermeant’’ substitutes for common inorganic
cations, have measurable permeabilities through the
nonselective cation channel. Tris has also been
found to permeate the nonselective cation channel
in the bursting cells of Helix [24].

We also measured the permeabilities of Mg?*
and Ca?* relative to Na* and found that, as in the
endplate ACh receptor channel, Mg?* is slightly

permeant (about 7% as permeant as Na*). Unlike
the endplate channel, however, where Ca?* exhibits
between 10 and 20% of the permeability of Na*, we
were unable to demonstrate any permeability to
Ca?" in the STgss channel. Since it is known that
there is an inverse relation between the ambient
Ca?* concentration and the Ca2* permeability of the
endplate channel [1], we repeated our measure-
ments in STggs cells with only 20 mmol/liter Ca?* in
the pipette solution, but we were still unable to
demonstrate any permeability to Ca’". We have not
taken into account the effects of membrane surface
charge in these estimates of divalent cation permea-
bility but, since surface charge does not alter the
reversal potential of an ion channel that is permea-
ble only to monovalent cations [2, 37], our finding
that Ca** does not permeate the nonselective cation
channel in STggs cells would not be altered by the
inclusion of such effects. In the case of Mg?*, which
does appear to be permeable, our neglect of surface
charge will have led to overestimation of the perme-
ability of Mg?* relative'to Na* but the extent of this
overestimation is not known because we do not
have any measurements of the surface charge on
these cells. Nevertheless, a simple example will
show its possible magnitude. If we assume a surface
charge of 1075 C cm~2, which is in the middle of the
range measured for the extracellular surface of
nerve and muscle membranes [2, 37], we find that a
reversal potential of +43 mV indicates a permeabil-
ity to Mg?* relative to Na® of as little as 0.003,
which is 10 times lower than that we have estimated
when ignoring surface change. Consequently, our
estimate of the relative permeability of Mg?>™ may be
a substantial overestimate. Although it remains pos-
sible that very small amounts of Ca*" do enter exo-
crine cells through these channels [21], we believe
that their low Ca?" permeability makes it unlikely
that they could represent an important pathway for
Ca?* entry to the cell.

THE ROLE oF
THE NONSELECTIVE CATION CHANNEL
IN SECRETION

What then is the role of the nonselective cation
channels in secretory epithelia? As mentioned in
the Introduction, regardiess of whether the channel
is in the apical or the basolateral membrane, it
would inhibit secretion in any epithelium relying on
the classical model as proposed by Silva et al. [34]
for the shark rectal gland. This is because the drive
for Cl~ secretion in Silva’s model is due to the cell
membrane potential being lower than the Nernst po-
tential for C1~, so that nonselective cation channels,
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by depolarizing the cell, would be expected to re-
duce this drive. This suggests that in epithelia
where the channel appears to be active during se-
cretion (mouse pancreas, rat lacrimal gland, rat
pancreatic ducts), the process must be driven by a
mechanism that is either insensitive to membrane
voltage or is stimulated by depolarization. In con-
sidering the role of the channel it should also be
remembered that in at least one epithelium, viz., rat
pancreatic duct [12], it is found both in apical and
basolateral membranes. Indeed, this might well be
the rule rather than the exception because in most
of the epithelia that have so far been studied by
patch-clamp methods, only one or the other mem-
brane has been readily accessible to investigation
(i.e., the apical membrane in cultured epithelia, and
the basolateral membrane in tissue fragments and
dispersed cells).

It is quite possible to devise models for epithe-
lial secretion in which the presence of nonselective
cation channels in the plasma membrane would be
advantageous. An extreme example would be an
epithelium in which secretion was due to the move-
ment of K* across the apical membrane into the
lumen with change balance being maintained by the
movement of Cl~ through the tight junctions and
Na' through nonselective cation channels in the
basolateral membrane (i.e., a reversed epithelial
current loop model). The K* would then have to
exchange with Na* through the tight junctions so as
to give rise to a Na™-rich secretion. In such a mech-
anism, only two Cl~ ions would be secreted per
molecule of ATP hydrolyzed, which is only one-
third as efficient as a secretory process driven by
Na*-K*-2Cl~ cotransport. For tissues in which the
bulk of the Na™ entering the cell is not carried by a
Na*t-K*-2Cl~ cotransporter, however, but via a
Na*-H* exchanger or a Nat-amino acid cotranspor-
ter, it could be a satisfactory alternative secretion
mechanism.

It is also possible to conceive of hybrid models
in which both K*-driven and Cl -driven secretion
occur simultaneously. Indeed, these can be more
efficient [8] than the standard current loop model.
If, for example, the apical membrane contained
both K* and Cl~ channels, and the basolateral
membrane had a sufficiently high K* conductance
to keep the cell potential away from the Nernst po-
tential for CI~, then the epithelium would secrete
both K* and Ci~ into the lumen across the apical
membrane and the secreted fluid would become
Na' rich as a result of exchange of K¥ for Na*
across the tight junctions. Secretion by this mecha-
nism would not depend exclusively on a current
loop and so would not necessarily be adversely
affected by the presence of nonselective cation

channels in the basolateral membrane. The pre-
sence of a Na' leak across the basolateral mem-
brane might even be helpful because it would cause
the Na*-,K*-ATPase to pump additional K* into
the cytosol which could then be secreted across the
apical membrane. The role of apical nonselective
cation channels, as seen in the rat pancreatic ducts
[12], remains a mystery however. It is difficult to
see how they could ever support secretion.
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