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The effects of the nitric oxide (NO) synthase inhibitor N“-nitro-L-arginine methyl ester (L-NAME) were
studied on electrical activity, Kirp currents and voltage-dependent K* and Ca®* channel currents in mouse
pancreatic B cells. In the presence of 15 mM glucose, L-NAME (>5 mM) depolarized the B cell membrane
and electrical activity became continuous. The depolarization caused by L-NAME was not reversed by the
addition of a membrane permeant cyclic GMP analogue. L-NAME inhibited the whole-cell Ki7p current
reversibly by reducing the single channel current conductance and open probability. The results are consistent
with the assumption that L-NAME depolarizes the B cell membrane by a direct action on the Kx1p channel.
L-NAME also influenced the whole-cell current through voltage-dependent K* and Ca®* channels. © 199

Academic Press, Inc.

Recently, it has been shown that nitric oxide (NO) markedly influenced electrical activity
and ion channels in pancreatic B cells [1, 2]. Besides its cytotoxic, cell deleterious effects,
NO is known to be involved in the regulation of cell function like regulation of vascular tone,
synaptic transmission in the brain and platelet aggregation [3-6]. Since it is dtill debatable
whether NO produced by a constitutive NO synthase plays a role in the regulation of insulin
secretion under physiological conditions[7-9] we have recently tested whether the NO synthase
inhibitor N“-nitro-L-arginine methyl ester (L-NAME) alters glucose-induced electrical activity
in B cells[10]. L-NAME did not influence glucose induced electrical activity at a concentration
of 100 uM, at which the NO synthase is completely inhibited in other tissues [11]. This
observation speaks against an important contribution of NO to the regulation of B cell electrica
activity. However, at higher concentrations (5-20 mM) L-NAME reversibly depolarized the
membrane potentia as it has been shown for its mother compound L-arginine [12, 13]. It has
been reported by others that L-NAME, similar to L-arginine, stimulates insulin secretion in
this concentration range [14-16] and it has been concluded from these data that NO is involved
in the regulation of insulin secretion. We now provide evidence that the depolarization caused
by L-NAME is independent from the NO synthase activity. Moreover, despite the similarity
in structure and effects of L-arginine and L-NAME, the mechanism of depolarization seems
to be different for the two molecules. L-Arginine has been shown to depolarize B cells because
it entersthe cells as a positively charged molecule [13, 17]. In the present paper we demonstrate
that L-NAME directly influences the activity of ion channels in B cells. Concerning the
probable use of L-NAME as adrug, it is certainly of relevance to understand its pharmacol ogi-
ca and toxic actions. Several diseases are considered to be connected to the overproduction
of NO, e.g. diabetes or septic shock [18-20]. It is under investigation whether NO synthase
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inhibitors are beneficial in the treatment or protection against different pathological states in
animals [21-25].

MATERIALS AND METHODS

The experiments were performed on islets of fed female NMRI mice (25-30 g), killed by cervica dislocation.
Membrane potential measurements were done using high resistance microelectrodes [26] with an extracellular fluid
composed of (in mM): 120 NaCl, 5 KClI, 2.5 CaCl,, 1.2 MgCl,, 24 NaHCQ;, 15 glucose, gassed with 95% O, and
5% CO, to maintain a pH of 7.4 a 37° C. Patch-clamp experiments were performed with islet cells isolated by
collagenase digestion, dispersed in Ca?* free medium, and cultured for up to 4 days in RPMI 1640 medium [27].
Whole-cell Karpe currents were measured at a holding potential of —70 mV and during 300 ms pulses to —80 mV
and —60 mV at 15 sintervals. Voltage-dependent whole-cell K* and Ca?* currents were elicited by applying depolariz-
ing pulses from the holding potential of —70 mV to 0 mV. Experiments were performed at 32° C. Single K zr» channel
currents were recorded in inside-out patches at membrane potentials of —30 or —50 mV. Open probabilities (P,) were
calculated as the sum of time at which the current of each single channel was greater than half the amplitude of the
single channel, devided by the number of available channels in the patch and the total recording time (1 min). P, is
expressed as percentage of control values. Single channel measurements were done at 25° C. Whole-cell Kirp and
voltage-dependent K* current recordings were performed with a pipette solution containing (in mM): 130 KClI, 4
MgCl,, 2 CaCl,, 10 EGTA, 0.65 Na,ATP, 20 HEPES, pH 7.15 adjusted with KOH. Bath solution was composed of
(in mM): 140 NaCl, 5 KClI, 1.2 MgCl,, 2.5 CaCl,, 0.5 glucose, 10 HEPES, pH 7.4 adjusted with NaOH. For the
measurement of voltage-dependent K* currents 100 uM tolbutamide was added to the bath solution to inhibit the
Kxrp current [28]. B Cell whole-cell Ca®* currents were recorded in a solution containing (in mM): 115 NaCl, 20
TEACI, 10 CaCl,, 1.2 MgCl,, 0.1 tolbutamide, 15 glucose, 10 HEPES, pH 7.4 adjusted with NaOH. The pipette
solution was composed of (in mM): 50 CsCl, 70 N-methyl-D-glucamine, 58 HCI, 4 MgCl,, 3 NaATP, 10 EGTA, 2
CaCl,, 10 HEPES, pH 7.15 adjusted with CsOH. To record currents through single Kx7p channels, seals were obtained
using a pipette solution composed of (in mM): 130 KClI, 1.2 MgCl,, 2 CaCl,, 10 EGTA, 20 HEPES, pH 7.4 adjusted
with KOH and the same bath solution as for the measurement of whole-cell Ki1p currents. Before patch excision, the
bath solution was replaced by a Mg?* free solution with the following composition (in mM): 130 KCl, 4.6 CaCl,, 10
EDTA, 20 HEPES, pH 7.20 adjusted with KOH. The lack of Mg?* and ATP in this solution prevents phosphorylation
and probably reduced Kz channel rundown by this mechanism [29, 30].

N“-Nitro-L-arginine methyl ester (L-NAME) and 8-bromoguanosine 3':5’-cyclic monophosphate (8-Br-cGMP) were
purchased from Sigma, Deisenhofen, FRG. All other chemicals were purchased from Merck, Darmstadt, FRG in the
purest form available. Where applicable, experimental data are expressed as arithmetic means = SEM. Statistical
significance was accepted at P<0.05.

RESULTS
Effects of L-NAME on Electrical Activity of Mouse Pancreatic B Cells

In the presence of 15 mM glucose B cells exhibited typical oscillations of membrane potential
with Ca?* action potentials superimposed on the plateau potential (figure 1). Under control
conditions the fraction of plateau phase (percentage of time with spike activity, calculated for
the last 4 min before change of solution) was 47 + 5 % (n=5) in this series of experiments.
Addition of 15 mM L-NAME to the perifusion medium led to depolarization of the cellsand the
spike activity became continuous in al experiments. After wash-out of L-NAME, oscillations
reappeared and the fraction of plateau phase was 54 + 9 %. The addition of 100 uM of the
membrane permeant cGMP derivative 8-Br-cGMP in the presence of L-NAME did not alter
electrical activity (n=5; figure 1). In another series of experiments a lower concentration of
L-NAME (5 mM) was tested (not shown). The percentage of plateau phase increased from
46 = 3 % under control conditions to 73 + 6 % after addition of 5 mM L-NAME (n=5;
P<0.01). Again, the application of 100 uM 8-Br-cGMP in the presence of L-NAME was
without effect on the electrical activity. The addition of 8-Br-cGMP aone did not change
electrical activity (not shown). The fraction of plateau phase under control conditions was 59
+ 8 % and 63 += 5 % after a 10 min treatment of the cells with 100 uM 8-Br-cGMP (n=5).

Effects of L-NAME on K* ,rp Channels

L-NAME (5 and 20 mM) decreased the whole-cell K +p current in a concentration dependent
manner (figure 2A). The amplitude of the current, measured during the 10 mV depolarizing
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FIG. 1. Effects of 15 mM L-NAME and 100 uM 8-Br-cGMP in the presence of L-NAME on the membrane
potential of single mouse pancreatic B cells perifused with a medium containing 15 mM glucose. The drugs were
added for the periods indicated by the bars. The three panels show one experiment without interruption. This record
is representative of results obtained in five similar experiments.
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FIG. 2. (A) Effect of 5 mM and 20 mM L-NAME on ATP-sensitive whole-cell K* currents in a single cultured
mouse pancreatic B cell. The currents are shown at the holding potential of —70 mV (solid line) and during 300 ms
steps to —80 and —60 mV (lower dashed trace and upper dashed trace, respectively). L-NAME was added at the
periods indicated by the bars. At the time points marked with cc, membrane potential was measured in the current-
clamp mode. The record is representative of eight experiments with similar results. (B) Effect of 20 mM L-NAME
on single K channel currents recorded in the inside-out patch configuration at a membrane potential of —50 mV
under control conditions (upper panel), after addition of L-NAME (middle panel) and after remova of L-NAME
(lower panel). Data were filtered at 1 kHz for display. For comparison, the dashed lines in each panel indicate the
channel amplitude under control conditions. The record is representative of six experiments with similar results. (C)
Channel open probability calculated for these six experiments as a percentage of control.
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FIG. 3. (A) Effects of 20 mM L-NAME on currents through voltage dependent K* channels of mouse B cells.
Currents were monitored every 15 s during 100 ms voltage steps from the holding potential of —70 mV to O mV. L-
NAME was added at the period indicated by the bar. At the points marked by an asterisk |-V curves were recorded.
Currents before, during, and after application of L-NAME are shown above the continuous current trace on an extended
time scale. This record is representative of five experiments with similar results. (B) Effect of 20 mM L-NAME on
voltage-dependent Ca®* currents. Currents were elicited every 15 s by 50 ms voltage steps from the holding potential
of =70 mV to 0 mV. To evaluate effects on channel inactivation 2 pulses of 300 ms duration (indicated by *) were
applied under each experimental condition before solution exchange. Below the continuous trace, currents are shown
before, during, and after addition of L-NAME on an extended time scale. This record is representative of nine
experiments with similar results.
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step, was reduced by 48 % from 118 = 8 pA to 61 = 7 pA (n=8; P<0.001) by 5 mM L-
NAME. The effect seemed not to be fully reversible, probably due to channel rundown.
Removal of L-NAME resulted in a current amplitude of 79 + 8 pA (n=8). The addition of
20 mM L-NAME caused a reduction of the current amplitude by 62 % from 91 = 12 pA to
35 = 5 pA (n=8; P<0.01). After wash-out the current was 64 + 13 pA (n=8). Simultaneous
measurementsin the current-clamp mode showed that the reduction in Kz current depol arized
the membrane potential from —81.3 = 0.4 mV to —78.5 + 1.0 mV (n=6; P<0.02) and —81.1
+03mVto—-77.1=* 1.1 mV (n=7, P<0.01) after application of 5 and 20 mM L-NAME,
respectively.

The effect of L-NAME was also tested on single KA channels in the excised inside-out
patch configuration. As shown in figure 2B, L-NAME inhibited KA channels by reducing
the single channel conductance and the open probability (P,). The single channel conductance
decreased from 77 += 1 pS under control conditions to 61 + 2 pS after application of 20 mM
L-NAME to the perifusion medium (n=6; P<0.001). After removal of L-NAME the single
channel conductance increased again to 76 + 1 pS (n=6; P<<0.001). The open probability was
quite variable in the patches tested (range from 0.012 to 0.274). Thus it was expressed as
percentage of the open probability under control conditions. P, decreased to 44 +11 % (n=6,
p<<0.005) during the application of 20 MM L-NAME and increased again after removal of L-
NAME to 103 = 14 % (n=6, p<0.005) (figure 2C).

Effects of L-NAME on Voltage-Dependent K* and Ca?* Channels

As demonstrated in figure 3A, 20 mM L-NAME inhibited the current through voltage-
dependent K* channels. The amplitude of the peak current was reduced from 762 + 143 pA
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to 542 = 78 pA (n=5; P<0.05). The L-NAME effect on this channel type was not reversible.
The mean amplitude was estimated to be 592 = 120 pA after remova of L-NAME (n=3).
The current inactivation was partly blocked. As a measure for the degree of inactivation, the
current recorded at the end of a 100 ms pulse was divided by the peak current resulting in a
mean value of 0.73 = 0.05 under control conditions, 0.81 = 0.02 after application of L-NAME
(n=5, p<0.05) and 0.84 = 0.03 after wash-out of L-NAME (n=3).

Figure 3B shows that 20 MM L-NAME also reduced the current through voltage-dependent
Ca®" channels. The amplitude decreased from —90 + 12 pA to —44 = 6 pA (n=9; P<0.01).
The effect was only partly reversible. After remova of L-NAME the amplitude reached a
value of —66 + 14 pA (n=5). L-NAME also slowed Ca&* current inactivation. The quotient
calculated by dividing the steady state current recorded after 300 ms by the peak current was
0.47 = 0.03 under control conditions and 0.59 = 0.04 after treatment of the cells with L-
NAME (n=9; P<0.05). This effect was hardly reversible after removal of L-NAME.

DISCUSSION

The present paper demonstrates that the NO synthase inhibitor L-NAME has profound
effects on electrical activity and ion channel currents in mouse pancreatic B cells. Several
studies have shown that L-NAME enhances insulin secretion in the concentration range used
in our experiments [14-16]. This effect is not unique for L-NAME but was a so observed with
N®-monomethyl-L -arginine (L-NMMA) and N°-nitro-L-arginine (L-NNA) in cultured rat islets
[31]. On the contrary, two other reports show that L-NMMA inhibits insulin secretion [7, 8].
The reason for this discrepancy is unknown.

A stimulation of insulin secretion is in good agreement with the membrane depolarization
induced by L-NAME observed in our experiments [10 and this paper]. It has been speculated
[14, 31] that the increase in insulin secretion is due to the fact that NO synthase inhibitors
are transported into cells as positively charged molecules as it has been demonstrated for L-
arginine [13, 17]. It has been shown with aortic endothelial cells and a murine macrophage
cell linethat L-NMMA and N®-iminoethyl-L -ornithine are transported viathe cationic transport
systemy™ but not L-NNA nor its methyl ester L-NAME, which should be neutral at physiologi-
cal pH [32, 33]. Thus, it appears that the mechanism by which L-NAME depolarizes B cells
is different from that of L-arginine.

We show here that L-NAME reduces the whole-cell Kip current and that it reversibly
decreases single Kire channel activity by diminishing single channel conductance and open
probability. This action is different from that of L-arginine which does not influence Kite
current [34], again suggesting that the two molecules depolarize B cells by different mecha-
nisms. Concerning L-NAME, the observed inhibition of KArp channel activity and subsequent
membrane depolarization is assumed to be sufficient to stimulate insulin secretion. The experi-
ments performed with excised patches confirm that L-NAME directly acts on the channels
and not via intracellular messenger molecules.

Action potential generation in pancreatic B cells has been attributed to Ca* inward and
K* outward currents through voltage-dependent ion channels [35]. In mouse B cells spike
repolarization mainly results from the opening of the delayed rectifying K* channel. The Ca?*
dependent K* channel may participate in action potential repolarization but seems not to play
a major role [36]. L-NAME partly inhibited voltage-dependent Ca®* and K™ currents and
simultaneously slowed inactivation of both currents. These alterations in the amplitude and
kinetics of the channels are assumed to explain the changes in the spike pattern obtained after
application of L-NAME [10].

A role of NO formed by a constitutive NO synthase in the modulation of glucose-induced
insulin secretion in B cells has been deduced from the observations that NO synthase inhibitors
dlter insulin secretion [7, 8, 15], that glucose and arginine enhance the cGMP concentration
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inislets [7] and that insulin and arginine release NO from a clonal pancrestic B cell line [8].
However, the effects of NO synthase inhibitors on insulin secretion are controversial and the
effects of glucose and arginine on NO release were not confirmed with islets [9]. We have
previously shown that low concentrations of L-NAME (100 pM) which have been shown to
almost completely inhibit NO synthase activity in other tissues [11] did not influence glucose-
induced electrical activity in B cells[10]. In this context, it is interesting to mention that Jones
et al. [9] did not find any effect of L-NAME or L-NMMA on basal, glucose, and glucose
plus arginine stimulated insulin secretion measured with isolated rat islets in the micromolar
concentration range. In another study 100 uM L-NAME was without effect on insulin secretion
elicited in response to an elevation of the glucose concentration from 3.9 to 7.2 mM in the
perfused rat pancreas [37]. The results presented in this paper confirm our conclusions that
NO does not substantially participate, at least in the regulation of glucose-induced electrical
activity. First, addition of 100 uM 8-Br-cGMP did not ater electrical activity induced by 15
mM glucose. Secondly, if the depolarization resulted from a decrease in the cGMP concentra-
tion, which could be a consequence of the inhibition of the NO synthase, the addition of a
membrane permeant cGMP analogue should repolarize the cells. However, cGMP did not
reverse the effect of L-NAME on B cell electrical activity.

In conclusion, the NO synthase inhibitor L-NAME augments electrical activity of pancreatic
B cells by depolarizing the cells via direct closure of K*srp channels. L-NAME aso partly
inhibited voltage-dependent Ca?* and K* channels and alters the kinetic of these channels.
The profound effects of L-NAME on B cell function seem to have no connection with the
suppression of NO synthase activity.

ACKNOWLEDGMENTS

We thank Mrs. Jutta Hahn for skillful technical assistance. This work was supported by grants of the Deutsche
Forschungsgemeinschaft (Dr 225/1-2, Kr 1386/1-1) and the Deutsche Diabetesgesell schaft.

REFERENCES

1. Tsuura, Y., Ishida, H., Hayashi, S., Sakamoto, K., Horie, M., and Seino, Y. (1994) J. Gen. Physiol. 104, 1079—
1099.

2. Krippeit-Drews, P., Kroncke, K.-D., Welker, S., Zempel, G., Roenfeldt, M., Ammon, H. P. T., Lang, F., and
Drews, G. (1995) Endocrinology 136, 5363—5369.

3. Pamer, R. M. J,, Ferridge, A. G., and Moncada, S. (1987) Nature 327, 524—526.

4. Knowles, R. S, Palcious, M., Pamer, R. M. J,, and Moncada, S. (1989) Proc. Natl. Acad. Sci. USA 86, 5159—
5162.

5. Radomski, M. W., Palmer, R. M. J., and Moncada, S. (1987) Biochem. Biophys. Res. Commun. 148, 1482—-1489.

6. Moncada, S., and Higgs, A. (1993) N. Engl. J. Med. 329, 2002—-2012.

7. Laychock, S. G., Modica, M. E., and Cavanaugh, C. T. (1991) Endocrinology 129, 3043—-3052.

8. Schmidt, H. H. H. W., Warner, T. D., Ishii, K., Sheng, H., and Murad, F. (1992) Science 255, 721-723.

9. Jones, P. M., Persaud, S. J,, Bjaaland, T., Pearson, J. D., and Howell, S. L. (1992) Diabetologia 35, 1020—1027.

10. Drews, G., and Krippeit-Drews, P. (1995) Biochem. Biophys. Res. Commun. 210, 914—920.

11. Rees, D. D., Pamer, R. M. J,, Schulz, R., Hodson, H. F., and Moncada, S. (1990) Br. J. Pharmacol. 101, 746—
752.

12. Henquin, J. C., and Meissner, H. P. (1981) Am. J. Physiol. 240, E245-E252.

13. Hermans, M. P., Schmeer, W., and Henquin, J. C. (1987) Diabetologia 30, 659—665.

14. Panagiotidis, G., ,&kn, B., Alm, P., and Lundquist, I. (1994) Endocrine 2, 787—-792.

15. Panagiotidis, G., Akesson, B., Rydell, E. L., and Lundquist, I. (1995) Br. J. Pharmacol. 114, 289—296.

16. Gross, R., Roye, M., Manteghetti, M., Hillaire-Buys, D., and Ribes, G. (1995) Br. J. Pharmacol. 116, 1965—
1972.

17. Charles, S., Tamagawa, T., and Henquin, J. C. (1982) Biochem. J. 208, 301—308.

18. Kolb, H., Kiesd, U., Kroncke, K.-D., and Kolb-Bachhofen, V. (1991) Life Sciences 19, 213-217.

19. Koalb, H., and Kolb-Bachhofen, V. (1992) Immunol. Today 13, 157—-160.

20. Nusser, A. K., and Billiar, T. R. (1993) J. Leukoc. Biol. 54, 171-178.

21. Hogaboam, C. M., Jacobson, K., Coallins, S. M., and Blennerhassett, M. G. (1995) Am. J. Physiol. 268, G673—
G684.

204



Vol. 224, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.

Lindsay, R. M., Smith, W., Rossiter, S. P., Mcintyre, M. A., Williams, B. C., and Baird, J. D. (1995) Diabetes
44, 365—-368.

Quast, M. J,, Wei, J.,, and Huang, N. C. (1995) Brain Res. 677, 204—212.

Wu, G. (1995) Diabetes 44, 360—364.

Wu, C.-C., Chen, S.-J., Szaho, C., Thiemermann, C., and Vane, J. R. (1995) Br. J. Pharmacol. 114, 1666—1672.
Meissner, H. P., and Schmelz, H. (1974) Pflugers Arch. 351, 195—206.

Plant, T. D. (1988) J. Physiol. 404, 731-747.

Garrino, M. G., Plant, T. D., and Henquin, J. C. (1989) Br. J. Pharmacol. 98, 957—965.

Kozlowski, R. Z., and Ashford, M. L. J. (1990) Proc. R. Soc. (B) London 240, 397—-410.

Smith, P. A., Williams, B. A., and Ashcroft, F. M. (1994) Br. J. Pharmacol. 112, 143—-149.

Jansson, L., and Sandler, S. (1991) Endocrinology 128, 3081—3085.

Bogle, R. G., Moncada, S., Pearson, J. D., and Mann, G. E. (1992) Br. J. Pharmacol. 105, 768—770.

Baydoun, A. R., and Mann, G. E. (1994) Biochem. Biophys. Res. Commun. 200, 726—731.

Ashcroft, F. M., Ashcroft, S. J. H., and Harisson, D. E. (1987) J. Physiol. 385, 517—-529.

Rorsman, P., and Trube, G. (1986) J. Physiol. 374, 531-550.

Smith, P. A., Bokvist, K., Arkhammar, P., Berggren, P.-O., and Rorsman, P. (1990) J. Gen. Physiol. 95, 1041—
1059.

Weigert, N., Dollinger, M., Schmid, R., and Schusdziarra, V. (1992) Diabetologia 35, 1133—-1139.

205



