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Abstract. The activity of a calcium-activated nonselec-
tive (Ca-NS™) channel in a rat insulinoma cell line (CRI-
G1) is inhibited by pyridine nucleotides in excised
patches. The effects of all four pyridine nucleotides
tested, B-NAD"', B-NADH, B-NADP* and B-NADPH
were very similar when tested at 0.1 mm, and at 1 mm the
phosphorylated forms, B-NADP* and B-NADPH, ap-
peared to be slightly more potent than B-NAD* and
B-NADH. All the pyridine nucleotides tested reduced
both the open state probability of the channel and the
number of functional channels observed in a single
patch.

The application of B-NAD™, but not of the other
nucleotides tested, to the cytoplasmic surface of isolated
inside-out patches from CRI-GI1 cells opened a novel
nonselective cation channel (the B-NAD*-NS* channel).
The activity of this new channel is calcium sensitive and
may also be inhibited by AMP.
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Introduction

The nature of the factor coupling the metabolism of glu-
cose and other carbohydrates to the depolarization of the
pancreatic B-cell has been a matter of great debate (Ash-
croft, 1980; Ashcroft & Rorsman, 1991). However, it
has now become well established that membrane depo-
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larization arises due to the closure of the ATP-K* chan-
nel and that the intracellular ratio of ATP/ADP consti-
tutes the primary determinant of ATP-K* channel activ-
ity in the intact B-cell (Ashcroft, Harrison & Ashcroft,
1984; Cook et al., 1988; Ashcroft & Rorsman, 1991).

Other mechanisms that have been suggested to reg-
ulate the membrane potential of the B-cell include protein
kinase C, which may alter the activity of the ATP-K*
channel by phosphorylation (Wollheim et al., 1988), and
changes in the redox ratio of nicotinamide-adenine dinu-
cleotides, [NAD(P)H]/[NAD(P)*] (Panten et al., 1973;
Ashcroft & Christie, 1979; Matschinsky et al., 1986; He-
deskov, Capito & Thams, 1987). However, in the latter
case this ratio may not be the triggering factor coupling
metabolism to insulin secretion, since all four pyridine
nucleotides are capable of producing a similar concen-
tration-dependent effect on the activity of the ATP-K*
channel in excised patches from an insulin-secreting cell
line (RINm5F) (Dunne, Findlay & Petersen, 1988). In
this case low concentrations (100 pM and below) of the
nucleotides increase channel activity and higher concen-
trations (500 pum and above) decrease channel activity.
Thus, since there is a complex concentration-dependent
interaction between the effects of adenine nucleotides
and the pyridine nucleotides on the activity of the ATP-
K" channel, the latter nucleotides may well contribute to
the tonic inhibition of the ATP-K™* channel under phys-
iological conditions.

A complex regulatory mechanism is also emerging
for another ion channel that may well be involved in the
regulation of the release of insulin from the pancreatic
B-cell, namely the calcium-activated nonselective cation
(Ca-NS™) channel. This channel is present in the plasma
membrane of the insulin-secreting cell line CRI-G1 (Car-
rington et al., 1986) and may also be present in intact
[3-cells since a channel of similar conductance and kinet-
ics has been reported in cell-attached patches from adult
(Ashcroft, Ashcroft & Harrison, 1987, 1988) and fetal
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Table 1. Solutions (mm)
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Solution NaCl KCl1 CaCl, MgCl, EGTA HEPES pH adjusted Final
to 7.2 with [Ca?*]
A 140 0.9 1 10 KOH 0.001
B 140 1 1 1 10 KOH 0.01
Cc 140 0.2 1 10 KOH 0.20
D 140 0.5 1 10 KOH 0.50
E 135 5 0.5 1 10 NaOH 0.50
F 135 5 1 1 10 NaOH 1
G 140 0.5 1 10 NaOH 0.50
H 924 0.5 1 10 KOH 0.50

(Rorsman et al., 1989) P-cells. At present, the physio-
logical function of this channel is not clear. However, in
the CRI-G1 cells the Ca-NS™ channel activity is regu-
lated by both adenine nucleotides (Sturgess, Hales &
Ashford, 1986, 1987; Reale, Hales & Ashford; 1994) and
by cyclic nucleotides (Reale, Hales & Ashford, 1992;
Reale et al., 1994). The activity of the channel is re-
duced by both AMP and ADP (1-100 um) in a concen-
tration-dependent manner with AMP being more potent
than ADP. However, at lower concentrations (0.1-5 um)
both ADP and AMP activate the channel in some
patches. Cyclic AMP also exhibits a dual effect, pre-
dominantly increasing channel activity at low concentra-
tions (0.1-10 pum) and reducing it at higher concentra-
tions (100 um and 1 mm). In view of the complex effects
of pyridine nucleotides on the activity of the ATP-K*
channel, the present investigation has examined the ef-
fects of pyridine nucleotides on the activity of the Ca-
NS* channel in excised patches from CRI-G1 cells. The
results are discussed in terms of the regulatory properties
of nucleotide derivatives on Ca-NS* channels and the
possible physiological significance of such modulation.

Materials and Methods

CeLL CULTURE

Cells of the rat pancreatic islet cell line, CRI-G1, were used in all
experiments. These were grown in Dulbecco’s modified Eagle’s me-
dium at 37°C in an humidified atmosphere of 95% air and 5% CO, and
passaged at weekly intervals (Carrington et al., 1986). For the patch
clamp studies, cells 2-6 days old were used. After this time they be-
come unsuitable for experimentation because of their high density.

RECORDING AND ANALYSIS

In all the experiments shown in this paper, the inside-out configuration
of isolated membrane patches (Hamill et al., 1981) was used. The
recording pipettes used had resistances of 8-10 M€Q. Single channel
currents were recorded using a Dagan 8900 patch clamp amplifier,
coupled to an 8930 probe (Dagan, Minneapolis, MN). Seal formation
was monitored using a digital oscilloscope (Gould 1421) and informa-

tion stored on video cassettes (VHS video cassette recorder, SLV-201,
Sony; Digital pulse code modulation, PCM-701ES). Recorded data
from the experiments were played back into a Gould 3000 chart re-
corder that filtered the signals at 0.14 kHz. Outward currents (defined
as the current flowing from the intra- to extracellular side of the mem-
brane) are indicated as upward deflections of the trace.

The open state probability, single channel current amplitudes, and
mean open and closed times of the channels were quantified off-line
using an analysis system consisting of an Elonex PC286C-100 micro-
computer and an analysis program that incorporated a 50% threshold
crossing parameter to detect events (Dempster, 1988). Data segments
between 1-4 min were replayed to the computer at the recorded speed,
filtered at 600 Hz using an 8-pole Bessel filter, and digitized at a
frequency of 3.3 kHz using a Data Translation 2801A interface. The
open state probability was determined by measuring the total time spent
at each unitary current level and expressed as a proportion of the total
time recorded; the number of channels observed in the patch was taken
into consideration. All data in the text and figures are presented as
means + SEM.

SoLuTiONS

The compositions of the solutions used in this study are listed in
Table 1.

The cell culture medium was washed from the experimental dish
with four applications of Solution A. The free Ca** and Mg?* concen-
trations of this solution, calculated using the computer programme
“METLIG”’ (P. England, and R. Denton, University of Bristol), were
1 um and 1 mu, respectively. This is the same extracellular medium in
which the inside-out patch was first obtained. The recording pipette
contained Solution F. On the formation of an inside-out patch the
bathing solution facing the intracellular face was replaced in most
experiments by Solution D. This solution with a high calcium concen-
tration is needed to produce a significant activation of the Ca-NS*
channel (Sturgess et al., 1987).

For the studies of the ion selectivity of the f~-NAD*-NS* channel,
four different sets of ionic solutions were used in the pipette and in the
bath: (i) Symmetrical KCl solutions: Solution D was used both inside
the pipette and in the bath. (ii) Symmetrical NaCl solutions: Solution
G was used both inside the pipette and in the bath. (iii) Asymmetrical
distribution: Solution E was used in the recording pipetie; and a Solu-
tion D was used in the bath. (iv) Diluted asymmetrical distribution: the
recording pipette contained Solution E; and Solution H was used in the
bath. A series of Solutions (A, B, C and D) with differing levels of free
calcium (0.001, 0.01, 0.2 and 0.5 [mMm], respectively) were used in the
bath to test the calcium sensitivity of the B-NAD*-NS* channel.

All the pyridine nucleotides used were applied directly by super-
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fusion to the cytoplasmic face of the membrane, diluted in the appro-
priate saline solution, and removed by suction. They were applied at a
rate of approximately 0.5 ml/sec, which allowed a complete solution
exchange within 45 sec. All experiments were performed at room tem-
perature, 22-25°C. All reagents used were obtained from Sigma
Chemical (Poole, Dorset, UK).

Results

To investigate whether or not the Ca-NS* channel from
the CRI-G1 cell line is sensitive to pyridine nucleotides,
we tested the effects of a range of these nucleotides
(B-NAD*, B-NADH, B-NADP" and B-NADPH) on sin-
gle channel activity in inside-out patches. The B-forms
of the pyridine nucleotides are the common forms of the
nucleotides that are used as coenzymes. The structurally
related o-forms are not used as coenzymes, and were not
tested in the present investigation.

The sensitivity of the Ca-NS™ channel activity to two
concentrations of f-NAD™ is shown in Fig. 1 in patches
held at 45 mV in the presence of 0.5 mM Ca®". Figure
1A shows an example of a patch in which channel ac-
tivity was decreased by exposure to 0.1 mm B-NAD* to
15.7% of the control level. These effects were reversible
on washing the patch in nucleotide-free solution (n = 45).
The effects of B-NAD™ were concentration dependent,
since exposure of another patch to 1 mm B-NAD™ (Fig.
1B) further reduced the activity of the channel to 4.7% of
the control level and produced a reduction of the number
of functional channels observed, from five under control
conditions, to two in the presence of the dinucleotide.
These effects were also fully reversible upon washing in
nucleotide-free solution (n = 18).

To establish if the decrease in the activity of the
Ca-NS™ channel induced by B-NAD" was a result of a
reduction in Py, (P,) and/or a reduction in the number
of functional channels observed (Vp), we carried out a
binomial analysis of the single channel activity as de-
scribed previously (Kozlowski, Hales & Ashford, 1989).
This analysis (results not shown) established that
B-NAD™ also appears to change both parameters, at least
over the time periods used for the analysis of the data.
Thus, to present the single channel data quantitatively,
since no change in channel amplitude (i) was observed,
N;- P, was used (I = N;-P,-i). The threshold for a
significant reduction in Ca-NS* channel activity oc-
curred between 1 and 10 um B-NAD™ (10 um B-NAD™
reduced channel activity to 27.5 and 85.8% of control
levels in two different patches, while 1 um produced no
significant change from control levels; n = 3). No in-
crease in channel activity was observed in the concen-
tration range 1 UM to 1 mm B-NAD™ in any of the patches
tested.

The ability of B-NAD" to alter the kinetic properties
of the Ca-NS* channel was also investigated. The mean
open and closed times of the Ca-NS* channel were mea-
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Fig. 1. Single channel current records showing the inhibitory effects of
different concentrations of B-NAD*, 0.1 mM (4) and 1 mm (B), in two
separate patches which did not contain the B-NAD*-NS* channel. Ca-
NS channel currents were recorded from excised inside-out patches in
the presence of 0.5 mmM Ca®" on the inside. Single channel openings are
denoted by downward deflections (inward currents) and the membrane
potential was maintained at —45 mV. The values for N,- P, are as
follows: (A) Control, 1.06; 0.1 mm B-NAD*, 0.17;, Wash, 0.44. (B)
Control, 1.12; I mm B-NAD"*, 0.05; Wash, 1.38. In A the traces start
170 sec after patch formation. The gap between the top and middle
traces was 162 sec, of which the patch spent 44 sec in the presence of
0.1 mM B-NAD". The gap between the middle and bottom traces was
256 sec, of which the patch spent 76 sec in the wash. In B the traces
start 118 sec after patch formation. The gap between the top and middle
traces was 180 sec of which the patch spent 100 sec in the presence of
1 mM B-NAD™. The gap between the middle and bottom traces was 219
sec of which the patch spent 99 sec in the wash. In this figure, and all
subsequent figures, the current levels are indicated on the right (¢ =
closed; / = one channel open; 2 = two channels simultaneously open,
etc).

sured from records in which only one channel was ap-
parently active, that is, from patches where no overlaps
of the unitary cutrent were observed throughout the re-
cording period. Table 2A compares the mean open and
closed times under control conditions, with those ob-
tained in the presence of 1 mm B-NAD™*. It can be seen
that in the presence of B-NAD”, the mean open time of
the channel is decreased, while the mean closed time of
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Table 2. Kinetic parameters of Ca-NS™ channel in the presence and
absence of pyridine nucleotides
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Table 3. The specificity of Ca-NS* channel inhibition by pyridine-
containing nucleotides

Mean open Mean closed (Intervals)
times (msec) times (msec)
A
Control 130.0 13.9 (768)
1 mm B-NAD* 40.1 26.1 (1,765)
B
Control 30.5 173 (1,208)
0.1 mm B-NADPH 6.0 93.6 (572)

the channel is increased. This analysis was performed on
the data obtained from three separate patches and similar
qualitative changes were obtained in the mean open and
closed times of the channel in all cases.

The ATP-K' channel showed very little selectivity
between the effects of the different nicotinamide-ade-
nine dinucleotides tested (Dunne et al., 1988). To see if
the Ca-NS* channel binding site for the pyridine-
dinucleotides exhibited a similar lack of specificity, we
compared the effects of B-NAD™ to those observed with
its reduced form, B-NADH, and with their corresponding
phosphorylated derivatives, B-NADP* and B-NADPH.
The Ca-NS* channel was inhibited by all the pyridine
nucleotides tested. Table 2B compares the mean open
and closed times under control conditions and in the
presence of 0.1 mm B-NADPH. It can be seen that just as
for B-NAD", B-NADPH also decreased the mean open
time of the channel, while increasing the closed time of
the channel.

Binomial analyses of the effects of B-NADH,
B-NADP" and B-NADPH indicated that the actions of all
four of the pyridine nucleotides on the Ca-NS™ channel
activity are best expressed by the term N;- P, since both
parameters are altered in the presence of each of the
pyridine nucleotides tested. A quantitative comparison
of the relative inhibitory effects of the four different
nicotinamide-adenine dinucleotides tested on the activity
of the Ca-NS* channel at two different concentrations
(0.1 and 1 mm) is shown in Table 3. It can be seen that
when tested at a concentration of 0.1 mm, there was little
difference in the inhibitory effects of the dinucleotides
tested. At this concentration, the mean effect of all the
pyridine nucleotides tested, [NAD(P)(H)], was a reduc-
tion in channel activity to 15.3 & 3.4% (mean £ Sg) (n =
23) of control values with a recovery to 85.8 £ 9.6%
(mean = sg) (n = 23) of initial control values during the
subsequent wash periods. However, when tested at a
concentration of 1 mum, the phosphorylated dinucleotides,
B-NADP* and B-NADPH, were slightly more effective
than both B-NAD* and 3-NADH in inhibiting the activ-
ity of the Ca-NS* channel.

An unsuspected and intriguing finding from the
present investigation was the ability of B-NAD™ to open

Concentration Ny« P (test)/N; - P, (control)

0.1 mM (n) 1 mMm (n)
B-NAD* 0.14£0.08 (8) 0.09 £0.05 o)
B-NADH 0.23+£0.13(3) 0.13+£0.10 ()]
B-NADP* 0.17 £0.05 (6) 0 5)
8-NADPH 0.12 £0.05 (6) 0 3)

The results are expressed as the mean relative change in N;- P, = SEM.
The number of patches (#) used are shown in parentheses.

another channel when applied to the cytoplasmic surface
of isolated inside-out patches from CRI-G1 cells. When
applied to an isolated patch at concentrations of either
0.1 or 1 mm (but not at lower concentrations) in the
presence of 0.5 mm Ca**, B-NAD" induced the opening
of a channel passing a larger amount of current than the
Ca-NS* channel, in addition to closing the Ca-NS* chan-
nel. Figure 2A shows an example of the effect of apply-
ing 1 mM B-NAD™ to an inside-out patch held at a mem-
brane potential of —45 mV in the presence of 0.5 mm
Ca®", with symmetrical ionic concentrations on both
faces of the membrane patch (135 mm NaCl and 5 mm
KCD. It causes almost a complete closure of the four
Ca-NS™ channels apparently active in this patch, plus the
opening of a channel carrying a larger current. The
channel activity disappears immediately after washing
the membrane patch with nucleotide-free solution (rot
shown). Figure 2B shows an example of the effect of
applying 0.1 mm B-NAD™ to an inside-out patch held
under the same conditions as in Fig. 1. It causes a re-
duction in the Ca-NS™ channel activity, plus a number of
brief openings of the larger channel. In this patch, both
channels can be observed at the same time in the pres-
ence of 0.1 mm B-NAD*. The activity of the large chan-
nel again disappears immediately after washing the
membrane patch with nucleotide-free solution and the
activity of the Ca-NS™ channel also begins to recover.
The larger channel has a mean single channel current of
3.94 £ 0.08 pA (mean * sg, n = 16 separate experiments)
at a membrane potential of —45 mV, using the solutions
described in Materials and Methods. This channel was
not opened by B-NADH (n = 9), B-NADP" (n = 14) or
B-NADPH (n = 9) at concentrations up to 1 mm under the
conditions used. The channel was observed in 40 out of
59 inside-out patches exposed to high concentrations of
B-NAD" and at an average frequency of three to four
channels per patch.

To determine the ion selectivity of this B-NAD™-
activated channel, plots of single channel current ampli-
tude against membrane voltage (I-V plots) were obtained
under a variety of ionic conditions across the membrane
patch. With symmetrical 140 mm KCI solutions on both
sides of the membrane patch and with 0.5 mm Ca®* and
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Fig. 2. Single channel current records illustrating the opening of a
B-NAD*-NS* cation channel and the inhibition of Ca-NS* channel
activity by 1 mM (A) and 0.1 mm (B) B-NAD™. Channel currents were
recorded from excised inside-out patches held at a membrane potential
of —45 mV in the presence of 0.5 mm Ca>*, The values for N, P, are:
(A) Control, Ca-NS* channel, 1.23; I mm B-NAD" on Ca-NS* channel,
0.00 and on B-NAD*-NS* channel, 0.6. (B) For Ca-NS* channel, Con-
trol, 1.06; 0.1 mm B-NAD*, 0.11, Wash, 0.40. The traces start 384 sec
(A) and 118 sec (B) after patch formation. In A the gap between the two
traces was 154 sec, of which 48 sec was spent in the presence of 1 mm
B-NAD". In B the gap between the first two traces was 270 sec, of
which 106 sec was spent in the presence of 0.1 mm B-NAD* and the
gap between the second and third traces was 197 sec, of which 77 sec
was spent in the wash.

A A A
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0.1 mm B-NAD™" in the bath (Fig. 34, open circles), the
I-V curve was approximately linear for the potentials
studied (45 to +45 mV), and exhibited a reversal po-
tential of 0 mV and a single channel conductance of 87.3
+ 3.4 pS (n=3). A similar I-V curve was obtained with
symmetrical 140 mm NaCl across the membrane patch in
the presence of 0.5 mm Ca®" and 0.1 mM B-NAD" in the
bath (Fig. 3A, filled circles) and this resulted in a reversal
potential of 0 mV with a single channel conductance of
81.1 £ 3.4 pS (n = 6). Under these conditions, the I-V
relationship was also approximately linear for the poten-
tials studied (—45 to +45 mV). Single channel currents
obtained under symmetrical conditions (140 mm NaCl in
both the pipette and the bath) are illustrated in Fig. 4A.
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Fig. 3. Current-voltage relationships for the B-NAD"-NS* channel in-
duced by 0.1 mM B-NAD™ in the presence of 0.5 mM Ca**. The rela-
tionships shown in A were obtained from two separate inside-out
patches under symmetrical 140 mM KCI conditions (open circles) and
under symmetrical 140 mm NaCl conditions (filled circles). Those in B
were obtained from two separate inside-out patches with 135 mm NaCl
and 5 mM KCl in the recording pipette and 140 mm KCI in the bath
(open circles), and with 135 mm NaCl and 5 mm KCl in the recording
pipette and 92.4 mm KCl in the bath (filled circles).

In experiments where an asymmetrical distribution
of cations across the membrane (mm: 140 KCI inside,
and 135 NaCl plus 5 KCI outside) was present, the I-V
curve for the large channel induced by 0.1 mm B-NAD*
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Fig. 4. (A) Single channel current recordings of the B-NAD'"-NS*
channel obtained under symmetrical ionic conditions from a single
inside-out patch held at a range of different patch membrane potentials
from +55 to —45 mV. The solution in the recording pipette contained
140 mM NaCl, and that in the bath contained 140 mm NaCl plus and 0.1
mM B-NAD*. The —45 mV trace starts 618 sec after patch formation
and 258 sec after exposure to 0.1 mM B-NAD". The gaps between the
traces are as follows: 147, 48, 28, 180 and 28 sec. (B) Single channel
current recordings of the p-NAD*-NS* channel obtained under asym-
metrical ionic conditions from a single inside-out patch held at a range
of different patch membrane potentials from +35 to —45 mV. The
solution in the recording pipette contained 135 mm NaCl and 5 mM
KCl, and that in the bath contained 140 mm KCI plus and 0.1 mm
B-NAD*. The —45 mV trace starts 120 sec after patch formation and 20
sec after exposure to 0.1 mM B-NAD™. The gaps between the traces are
as follows: 48, 24, 16, 22, 16, 10, and 64 sec. In both A and B the
numbers to the left of the traces refer to the patch membrane potentials
(mV) and the arrows to the right of the traces indicate the closed levels
of the channels. Inward currents are shown as downward deflections at
negative membrane potentials. The openings superimposed on that of
the large conductance big channel are due to the Ca-NS* and ATP-K*
channels that are not completely closed in some patches by this con-
centration of B-NAD™.
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was again linear and the reversal potential remained at 0
mV with a single channel slope conductance of §9.8 £
3.0 pS (n = 6) (Fig. 3B, open circles). Single channel
currents obtained under asymmetrical conditions (mm:
140 KC1 outside, and 135 NaCl and 5 KCl inside) are
illustrated in Fig. 4B. In these recordings (and in Fig. 44
above) the openings superimposed on that of the large
conductance channel are the Ca-NS* and ATP-K* chan-
nels that are not completely closed in some patches. At
0 mV the few upward deflections observed are due to the
ATP-K* channel. The fact that the reversal potential did
not change under any of the conditions used, suggests
that the large channel is either relatively nonselective to
cations or is anion selective. It is possible to differentiate
between these two possibilities by simply diluting the
intracellular solution to two-thirds of the control (i.e., to
92.4 mm KCl) to alter the salt gradient across the mem-
brane. Under these conditions (Fig. 3B, filled circles),
the I-V curve was still linear with a slope conductance of
82.6 £ 2.8 pS (n = 3), but displaced in the positive di-
rection. There was a concomitant shift in the reversal
potential to +11, +12 and +9.5 mV for three different
patches. These values are close to that predicted from
the Nernst equation (+10.5 mV) for a purely cation-
selective channel. Thus, the large channel induced by
B-NAD" is another nonselective cation channel that we
will refer to as the B-NADY-NS* channel.

In view of the calcium dependence of the Ca-NS*
channel} from the CRI-G1 cells, we investigated the sen-
sitivity of the B-NAD" —NS™ channel to intracellular cal-
cium levels. Figure 5 illustrates an experiment where the
B-NAD*-NS* channel was induced by application of 0.1
mm B-NAD™ to an inside-out patch held at —45 mV and
subsequently exposed to calcium concentrations of 1, 10,
200 and 500 um Ca**. At a calcium concentration of 500
LM, the channel spends a large proportion of time in the
open state (P, = 0.55) and this value was much re-
duced in the presence of 200 pm Ca®* (P, = 0.05) and
10 pm Ca** (Pgpen = 0.01). No channel openings were
observed at a concentration of 1 pm Ca®* (n = 3).

The Ca-NS* channel from the CRI-G1 cells is also
sensitive to adenine nucleotides which inhibit channel
activity (Sturgess et al., 1986, 1987; Reale et al., 1994).
Thus, to see if the B-NAD'-NS" channel was similarly
sensitive to such nucleotides it was activated in inside-
out paiches by the application of 0.1 mm B-NAD™, and
the effects of ATP and AMP on its activity were as-
sessed. In three out of the four patches tested, 0.1 mm
ATP had no significant effect, only increasing the activ-
ity of the B-NAD" —NS* channel to 119.1 £ 15.0% of its
control level before the addition of ATP. On the other
hand, 0.1 mmM AMP produced a variable degree of inhi-
bition of the B-NAD* —NS* channel activity in the four
patches tested. In two patches, it reduced the activity of
the channel (to 42.8 and 47.2% of control levels) and in
the other two patches it completely abolished the activity
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Fig. 5. Single channel currents recorded from a single inside-out patch
showing the calcium sensitivity of the B-NAD*-NS* channel in the
presence of 0.1 mm B-NAD". The membrane potential of the patch was
held at —45 mV. The traces show the activity of the channel at four
different Ca®* concentrations: 0.001, 0.01, 0.2 and 0.5 mm. The values
of P, for the four traces are 0.000, 0.005, 0.051 and 0.549, respectively.
The traces start 34 sec after patch formation and 30 sec after exposure
to 0.1 mM B-NAD™. The gaps between the traces are 60, 310 and 18 sec,
respectively.

of the channel. Further, more detailed experiments are
required to confirm this apparent sensitivity of the
B-NAD* —NS* channel to adenine nucleotides.

Discussion

It is clear from the present study that the activity of the
Ca-NS™ channel in the insulin-secreting cell line, CRI-
G1, can be reduced by pyridine nucleotides. The effects
of all four of the pyridine nucleotides tested, B-NAD",
B-NADH, B-NADP* and B-NADPH, were very similar
when tested at 0.1 mm, and at 1 mm the phosphorylated
forms, f-NADP” and B-NADPH, appeared to be slightly
more potent than B-NAD™ and B-NADH.

To date, very few studies have examined the mod-
ulatory effects of pyridine nucleotides on ion channel
activity using single channel recording techniques. One
exception is the study of the actions of pyridine nucle-
otides on the activity of the ATP-K* channel in another
insulin-secreting cell line, RINmSF (Dunne et al., 1988).
This study also found very little qualitative or quantita-
tive differences between the effects of the four different
nicotinamide-adenine dinucleotides tested, except that at
low concentrations (10 and 100 pm) each promoted chan-
nel opening, whereas high concentrations (500 um and
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above) evoked channel closure. In each case the reduced
forms of the dinucleotides were slightly more effective
than the nonreduced forms. Unlike the ATP-K* channel
(Dunne et al., 1988) there was no activation of the Ca-
NS* channel at low concentrations of pyridine nucle-
otides (1-10 um). The levels of endogenous pyridine
nucleotides in the unstimulated cell are within the mi-
cromolar range (B-NADH, 20-70 um; B-NAD™, 200-350
um; B-NADPH, 30-70 pm; and B-NADP*, 30-100 pm;
Dunne et al., 1988), while the levels of ATP and ADP are
5 and 2 mu, respectively (Malaisse et al., 1979; Kakei,
Kelly & Ashcroft; 1986). Thus, since the activating ef-
fects of the pyridine nucleotides seem to be blocked by 4
mM ATP plus 1 mm ADP, Dunne et al. (1988) concluded
that the only effects that would be present in the cell
would be the inhibitory effect of B-NAD". However,
they point out that this conclusion might be altered by the
results of Malaisse and Sener (1987) who reported that
the levels of ATP and ADP in the cytosol may be less
than 0.5 mm and less than 0.2 mm, respectively. Under
these conditions where the concentrations of ATP and
ADP would not inhibit the stimulatory effect of the pyr-
idine nucleotides, both the stimulatory effects of
B-NADP*, B-NADH and B-NADPH would also be ex-
pressed, as would the overall inhibitory effects of
B-NAD". One possible physiological role for f-NAD*
would be that in the intact cell it may contribute to the
tonic inhibition of the ATP-K* channel. Since the Ca-
NS* channel is inhibited by the same concentration range
of pyridine nucleotides as the ATP-K* channel, it is
likely that it too will be tonically modulated by them in
the intact cell. However, the lack of specificity of the
pyridine nucleotides on the Ca-NS™ channel would argue
against any glucose-mediated changes in the [NAD(P)H/
[NAD(P)™] ratio being able to alter the activity of this
channel. Nevertheless, the functional significance of the
modulation of the Ca-NS* channel by pyridine nucle-
otides can only be speculated on at present until their
effects have been assessed in the presence of physiolog-
ically relevant concentrations of ATP (and ADP).
Since both the adenine nucleotides and the pyridine
nucleotides are capable of reducing the activity of the
Ca-NS™* channel and since the nicotinamide-adenine di-
nucleotides, B-NAD" and B-NADH, contain the structure
of AMP, this raises the question of whether they are all
acting at the same site or on different sites on the chan-
nel. Low concentrations of adenine nucleotides have
been shown to activate the Ca-NS* channel (Reale et al.,
1994), while a parallel effect was not observed for the
nicotinamide-adenine dinucleotides. Consequently, it
seems likely that the activation site for adenine nucle-
otides is separate from the pyridine nucleotide site, un-
less the pyridine nucleotides can bind to, but not activate,
this site. In the absence of specific agents to block the
inhibition of Ca-NS* channel activity by either adenine
nucleotides or pyridine nucleotides, it is impossible to
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distinguish if they are acting on separate sites on the
Ca-NS™ channel.

It is also possible that some of the effects of B-NAD*
described in the present paper could result from its en-
zymatic breakdown to active metabolites. There is cur-
rently much interest in the role of cyclic ADP ribose, a
metabolite of B-NAD*, in modulating calcium release
from ryanodine-sensitive stores (see Berridge, 1994).
Although this mechanism seems unlikely to function in
isolated membrane patches, further experiments are re-
quired to rule out the possibility that enzymatic break-
down of B-NAD™ is not involved in the regulation of
Ca-NS* channel activity.

An unexpected finding of the present study was that
B-NAD", in contrast to the other pyridine nucleotides
studied, induced the opening of a new channel with a
single channel current amplitude of 3.9 pA and a con-
ductance of 80-90 pS (n = 9). The B-NAD™-induced
channel has some similarities in its properties with the
Ca-NS* channel since they are both nonselective cation
channels that are activated by Ca®* and sensitive to
AMP. The exact physiological role of the f-NAD*-NS™
channe] is not known at present and it has not been
established whether it is present in B-cells. The possi-
bility that the B-NAD*-NS* channel is really a different
form of the Ca-NS* channel whose conductance has been
changed in the presence of B-NAD™ seems unlikely since
both channels can be shown to be present at the same
time in many patches. In addition, preliminary experi-
ments (data not shown) suggest that 0.1 mm AMP can
completely block Ca-NS* channel activity in patches
where the B-NAD*-NS* channel is still partially active.
One can speculate that this B-NAD"-NS* channel con-
tributes to the cell depolarization during insulin secretion
evoked by metabolizable substrates. However, if the
ideas of Matschinsky et al. (1986) are correct and in-
creases in the glucose concentrations around PB-cells
cause an increase in the [NADH]/[NAD™] ratio, then this
would reduce the effective concentration of B-NAD* and
make the B-NAD'-NS* channel less likely to open.
Under such circumstances the B-NAD*-NS* channel
would be unlikely to be involved in insulin release, since
its contribution to the general depolarizing background
current would be decreased.

The pyridine nucleotides, such as B-NAD* and
B-NADP" are ubiquitous coenzymes for a wide variety
of enzymes involved in metabolism. B-NAD* undergoes
a reduction to B-NADH during oxidative degradation
reactions and it is the subsequent oxidation of NADH by
the cytochromes of the electron transport chain that con-
stitutes the principal source of ATP in aerobic organisms.
Conversely, B-NADP" is confined, with very few excep-
tions, to the reactions of reductive biosynthesis, such as
the synthesis of fatty acids and steroids, and the synthesis
of sugars during photosynthesis (Scrutton et al., 1990).
It is interesting that both coenzymes are now emerging as
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potential direct modulators of ion channels, extending
their role to encompass that of coupling factors between
metabolism and membrane potential-dependent pro-
cesses. To understand the physiological significance of
the newly discovered B-NAD'-NS* channel, it will be
important to study its nucleotide sensitivity in detail, in-
cluding possible modulation by cyclic nucleotides since
the Ca-NS* channel is sensitive to cyclic nucleotides
(Reale et al., 1992, 1994} and to look for its presence and
frequency of occurrence in B-cells. At present, the phys-
iological significance to the cell of the inactivation of
one type of nonselective cation channel and the activa-
tion of another by B-NAD™ is not clear. In the future it
will also be important to determine if either the B-NAD™-
NS* or the Ca-NS* channels is involved in the control of
the release of insulin.
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