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ABSTRACT Glucose triggers bursting activity in pancreatic islets, which mediates the Ca®* uptake that triggers insulin
secretion. Aside from the channel mechanism responsible for bursting, which remains unsettled, it is not clear whether
bursting is an endogenous property of individual B-cells or requires an electrically coupled islet. While many workers report
stochastic firing or quasibursting in single cells, a few reports describe single-cell bursts much longer (minutes) than those
of islets (15-60 s). We studied the behavior of single cells systematically to help resolve this issue. Perforated patch
recordings were made from single mouse B-cells or hamster insulinoma tumor cells in current clamp at 30-35°C, using
standard K" -rich pipette solution and external solutions containing 11.1 mM glucose. Dynamic clamp was used to apply
artificial K,rp and Ca?* channel conductances to cells in current clamp to assess the role of Ca®" and K1 channels in single
cell firing. The electrical activity we observed in mouse B-cells was heterogeneous, with three basic patterns encountered: 1)
repetitive fast spiking; 2) fast spikes superimposed on brief (<5 s) plateaus; or 3) periodic plateaus of longer duration (10-20
s) with small spikes. Pattern 2 was most similar to islet bursting but was significantly faster. Burst plateaus lasting on the order
of minutes were only observed when recordings were made from cell clusters. Adding g, to cells increased the depolarizing
drive of bursting and lengthened the plateaus, whereas adding g« e hyperpolarized the cells and lengthened the silent
phases. Adding 9c. and gxate together did not cancel out their individual effects but could induce robust bursts that
resembled those of islets, and with increased period. These added currents had no slow components, indicating that the
mechanisms of physiological bursting are likely to be endogenous to single B-cells. It is unlikely that the fast bursting (class
2) was due to oscillations in gxate because it persisted in 100 uM tolbutamide. The ability of small exogenous currents to
modify B-cell firing patterns supports the hypothesis that single cells contain the necessary mechanisms for bursting but often
fail to exhibit this behavior because of heterogeneity of cell parameters.

INTRODUCTION

When exposed to stimulatory levels of glucoser(mM),  activity likely involves complex interactions between many
pancreatic islets of Langerhans secrete insulin (reviewed idifferent g-cell ion channels, although the detailed ionic
Ashcroft and Rorsman, 1989b; Satin and Smolen, 1994). Anechanism of this phenomenon remains unresolved (re-
component of this stimulus-secretion coupling pathway isviewed in Cook et al., 1991; Satin and Smolen, 1994;
the appearance of bursting electrical activity in the islet afteiSherman, 1996). The €& uptake associated with €a

the suppression of islet &p channels (reviewed in Ash- channel activity during the depolarizing spikes and plateaus
croft and Rorsman, 1989a; Satin, 1996). When recordeg a major contributor to the rise in intracellular free fCh

with sharp microelectrodes, islet bursting in 11.1 mM glu-which stimulates insulin exocytosis. In support of this view,
cose consists of rhythmic slow plateau waves that depolafit has been shown that pulsatile insulin release occurs
ize islets from—65 to about—40 mV for 10 s (Dean and royghly in phase with the burst plateaus (Rosario et al.,
Matthews, 1968, 1970a,b; Atwater et al., 1978; Henquin,1986; Henquin, 1987).

1987; Ribalet and Beigelman, 1980; Cook, 1984). Riding on - attempts to understand the ionic basis of islet bursting
these slow plateaus are rapid, “Calependent voltage haye come mainly from studies of the ion channel currents
spikes~40 ms in duration, which further depolarize the uf cyjryred rat, mouse, or insulinongcells or membrane
islet to ~ —10 mV (Fig. 1). During the silent interburst aiches from these cells (Ashcroft and Rorsman, 1989a,b;

period, pacemaker potentials depolarize the islet to the tin and Smolen. 1994 Cook et al 1991). However
threshold of the next plateau. This pattern of electricaly|qgjc hursting is observed in intact mouse islets. Since

islets are a syncytium of up to 3000 or so electrically-
coupled cells (Bonner-Weir et al., 1989), it has been sug-
Received for publication 11 March 1998 and in final form 16 Novembergested that maintaining this electrically coupled network is
1998. mandatory for physiological bursting (Sherman, 1996).
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that single mousg-cells exist in a regime where bursting
occurs endogenously or are close to it, so that a small
20 mV perturbation can move them into that regime. In addition,
‘ because the fast bursting in single cells persisted whgp K
! channels were blocked with tolbutamide, it is unlikely that
the cyclic activation of K channels is involved in this
burst pattern.

MATERIALS AND METHODS

. o . Cell culture
FIGURE 1 Bursting activity in an intact mouse islet exposed to 11.1 mM

glucose and recorded with sharp microelectrodes. Note the drop-off irMouse pancreases were isolated from Swiss-Webster mice by collagenase

spike frequency during individual bursts, and the pacemaker potentiadligestion to yield single islets, as previously described (Hopkins et al.,

during interbursts, followed by the rapid upstroke of the plateau wave.1991; Kinard and Satin, 1996). Islets were dispersed into single cells by

Many bursts show spike-free plateaus just before repolarization to thgently shaking them in a low-calcium medium. Moyseells were cul-

silent phase. tured in RPMI-1640 medium supplemented with fetal bovine semm,
glutamine, and penicillin/streptomycin. Over 80% of islet cells cultured
with this approach can be shown by immunocytohistochemistry to be

. . B-cells (Hopkins et al., 1991)B-Cells can also be identified by their
when the total pool of channels is relatively small (Atwater giameter (10—12.m). Insulin-secreting hamster insulinoma tumor (HIT)

et al., 1981; Sherman et al., 1988). cells HIT-T15 were cultured in Ham’s F-12 medium and passaged weekly
These hypotheses] of course, are not mutua”y exclusivevith trypsin-EDTA as previously described (Santerre et al., 1981; Satin
However. one difficulty in assessing the importance 0fand Cook, 1988; Satin et al., 1994). HIT cells used were from passages

ll-cell ling for bursting is that much | is known 50-70. Mouses-cells and HIT cells were seeded onto glass coverslips in
cell-cell coupling for bursting 1S tha uch less 1s 0 35-mm Petri plates and kept at 37°C in an air/GQcubator and were fed

abOUt_ the electrical b'EhaVic.’r of single, .i'solatégtellls than  every 2-3 days. To avoid electrical artifacts due to cell-cell coupling, only
what is known about intact islets. Specifically, it is not clearisolated single cells were selected for study, except where noted. Only

how re|iab|y single cells burst. Thus, whereas Smith et almouseg-cells were used for studies of single-cell bursting, because in our
(1990) and Larsson et al. (1996) observed slow (e_g_ 1 miﬁands, HIT cells exhibit only repetitive spiking rather than bursting.
long), glucose-dependent bursting in single mogseells

or small clusters of cells, other investigators observed stoglectrophysiology and solutions

chastic spiking or quasibursting in single rodescells

5 sec

. : MouseB-cells or HIT cells were placed in a recording chamber affixed to
(e.9., Misler et al., 1992) rather than robust bursting. the stage of an inverted microscope (Olympus IM-T2 or IX50). The

To understand single islet cell firing and its contribution chamber was continuously superfused with an external solution that con-
to whole islet bursting, we used perforated patch clamp t@ained (in mM) 115 NaCl, 3 CaGl5 KCI, 2 MgCl, 10 HEPES, 11.1
systematically reexamine the firing characteristics of singleglucose (pH 7.2). Because HIT cells are more sensitive to glucose (Satin et
completely isolated mouse islet cells at 35°C. We firstal-, 1995; S_anterre et al., 1981), the external solution used to study HIT
wished to determine whethgkcells burst endogenously in ¢8!S contained 1 mM glucose and 120 mM NaCl. In perforated patch

. periments (Falke et al., 1989) pipette tips were filled with a solution that
11.1 mM glucose, as do whole islets. We then used a novel,iained (in mm) 28.4 KS0,, 63.7 KCI, 11.8 NaCl, 1 MgGl 20.8
electrophysiological technique called dynamic clampingHEPES, 0.5 EGTA (pH 7.2). The pipettes were then back-filled with the
(Sharp et al., 1993; O’Neil et al., 1995; Satin et al., 1996) tosame internal solution containing 0.1 mg/ml amphotericin B. The electrode

determine how titrating varying amounts of artific@lrp was then placed on a cell, and gigaohmic seals were obtained. It usually
: : took 5-15 min to obtain adequate steady-state patch perforation, and
andg., affected these electrical properties.

. . . experiments did not commence until a steady zero current potential was
We report here that the electrical activity of single mouse,pined.

B-cells is heterogeneous and includes both bursting and Solutions containing tolbutamide or sodium azide were made fresh
nonbursting patterns. Bursting could be observed both erdaily. The HIT cell experiments were carried out at room temperature
dogenously and after some small intervention on our part2 e 3, B o e eratue Sontrole and an
This burstln'g was generally fa.St Compared to the. usual bur%—iohea?ef(gell Micro Controls, Virginia Beach,pVA).uThe bath temper-
pattern of intact islets, but it could also be induced 04ture was measured at the bottom surface of the recording chamber with a
resemble islet bursting. Exceedingly small changes in artiTH-1 thermocouple probe. An Axopatch-1D patch-clamp amplifier (Axon
ficial K orp conductances applied with dynamic clamp had alnstruments, Foster City, CA) was used in the standard tight-seal perforated
large impact on the membrane potential and firing behaViOPatCh‘_CIamp mo_de to analyze membra_me potential_under current-clamp
of single cells when they were near their firing threshold_cgnggons (Hamill et al., 1981). Seal resistances obtained ranged from 5 to
Activation of K,p channels after metabolic inhibition hy- '

perpolarized single mousg-cells, and dynamic clamping

could be used to subtract artificiglarp, allowing us to  Dynamic clamping

estimate the endogenous whole-Glhrp. Adding gxare Dynamic clamping was used to titrate different amounts of artificial

With dca Potentiated electrical QCtiVity, producing activity conductance into single cells to determine the effects of these conductances
which resembled that of whole islets. These results suggesh cell membrane potential and electrical activity (Sharp et al., 1993; Ma
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and Koester, 1996; Turrigiano et al., 1996; Satin et al., 1996). This iSTABLE 1 Values of the free parameters used in Eq. 5
achieved by injecting current but differs from the standard current clamp

technique in that the amount injected is based on the calculated response.of a(s) d (mv) f(mv)
a hypothetical voltage-dependent current to the membrane potential of tha

cell at each instant. This has the effect of changing the time course of the «, 10,000 —4 -14
potential, including the apparent input resistance of the cell, as if a channel g, 10,000 -4 14
with the given activation and inactivation properties and reversal potential «y, 1,000 10 10
were activated in the cell membrane. Dynamic clamp differs from both g, 1,000 10 —-10
current clamp and voltage clamp, including physiological waveform clamp

(Satin et al., 1994), in that the intervention is determined by dynamicB

feedback rather than being set in advance. The approach is a hybrid «,, 0.1 —4 -14
between pure experimentation and pure modeling, as it requires a model g, 0.1 —4 14
with assumed properties for only one or a few ionic currents, rather than a «y, 0.04 10 10
complete model of the cell. Within the limitations described below, the g, 0.04 10 —-10

response of the intact cell machinery to the modeled current can b

explored. %: Values used for the artificial Ga current injected into single mouse

To implement dynamic clamp, membrane potentidj)(was rapidly B-cells via dynamic clamp. Activation and inactivation kinetics are fast.
' B: Values used for the artificial Ga current imposed on a passive RC

sampled via a 12-bit A/D-D/A board (Digidata 1200; Axon Instruments) in —" " o ) S . :
current clamp and scaled appropriately. Artificial currents based on thé:'rc?u't fqr vglldatlon of the dynamic clamp setup. Activation and inacti-
measured/,,, were calculated in software (Dclamp; Dyna-Quest Technol- vation kinetics are slow.

ogies, Sudbury, MA) and scaled appropriately, and a driving voltage was

sent out through the D/A converter to inject the artificial currents into a o ) )

patch-clamped cell in real time. The membrane potential was then rapidij° Preduce an artificial Cd current resembling native-cell Cat current
resampled and the process continued. The clock speed of the computé§-9- Rorsman and Trube, 1986; Sherman et al., 1988), but lacking the
determines the speed with which the Dclamp program updates membrari®W inactivation process described by Satin and Cook (1989). These
potential (O'Neil et al., 1995). Therefore we used a fast computer (Pentiunduations and parameters yielded a current-voltay§ (elationship for

133 MHz; Micron Electronics, Nampa, ID) and acquisition system to makeC& ~ current that started activating at60 mV, peaked at-10 mV, and

it possible to sample membrane potentials>i0 kHz. The parameters Pecame asymptotic as the voltage approach@@0 mV, the theoretical
determining the injected currents in the model equation were set by théeversal potential fofc, The time constant for activation, & + B,),
experimenter during individual experiments. However, the software used¥as 0-1 ms, and the time constant for inactivationed £ By), was 1 ms.

here required temporary deactivation of the dynamic clamp while thesdVote that the artifical C# current intentionally lacked slow inactivation
parameters were changed. (described by Satin and Cook, 1988, 1989; Cook et al., 1991). It also did

Artificial Krp current was calculated as not directly gate the influx of Ca ions into the cells. However, despite
these simplifications, injection of artificig, strongly modified the firing
lkate = Okatr(Vk — Vi), Q) of single cells, in some cases producing oscillatory electrical activity.

wheregy e Was varied on-line antf, was set at-90 mV. Although Eq.

1 makes the assumption thigt, is linear whereas physiologicala e Validation of dynamic clamp using a passive

shows weak inward rectification (Ashcroft and Rorsman, 1995), endogeRC circuit

nous K,1p current is reasonably linear over the physiological voltage range

(Rorsman and Trube, 1985; Cook and Hales, 1984). Artifitiglp To verify the dynamic clamp method, an artificial,4 conductance,
current thus corresponds to the quasiphysiological current that would bealculated according to Eq. 1, was applied to a passive single section RC
expected to flow if the conductance set by this theoretical equation becamercuit consisting of a 10-Q resistor in parallel with a 5-pF capacitor.
activated in the cell. A limitation of this approach in the casé,Qf is Table 2 shows that the measured and theoretical voltage responses obtained
that dynamic clamp can only mimic the electrical manifestationg.@f using different values foge,rtp Were quite comparable.

activation but not the modulation of endogendugs by intracellular Next we applied an artificial slow, voltage-gated*Caconductance,
nucleotides or other factors. This limitation is not critical QL rp, but described by standard Hodgkin-Huxley equations (Egs. 2-5), to the RC
difficulty in tracking [C&"]; on a fast enough time scale prevents intro- circuit. The parameters chosen (TablB)lequipped the channel with slow

duction of artificial C&"-activated K current into cells. activation and inactivation kinetics. This was done to facilitate bench
Artificial voltage-gated C&" current was calculated according to the testing and analysis of the dynamic clamp system. Fig. 2 demonstrates that
Hodgkin-Huxley formalism, a theoretical simulation of this experimemtofted line¥ closely (within
5-10%) predicted the membrane potentials observed with the passive
lca= gcamr(VCa_ Vm), (2) model. Upon activation of dynamic clamp, membrane potential depolar-

) ) ) ized from 0 mV (the initial condition) to a maximum that progressively
where the maximum conductange, was varied on-line anfc, was set  jycreased as g increased. Peak depolarization was recorded within 10 s
at +100 mV. The activationrf) and inactivation If) variables were  ser a depolarization phase, and the membrane potentials then slowly
calculated by repolarized toward a new steady state. Limitations of the dynamic clamp
technique were most apparent for conductances below 0.02 nS, which

dm
g = em(l—m = Bym, 3)
dh TABLE 2 Measured and theoretical responses to different
levels of imposed on a passive RC circuit
a — ah(l _ h) _ th’ (4) gKATP p P -
Okate (NS) Measured/,,, (mV) TheoreticalV,, (mV)
a 0.01 -8.0 -8.1
U,y Bm! A, Bh = ’ (5) 0.1 —48 —45
1+ exp((d + Vm)/f) 10 g9 _g818

The free parameteis d, andf are listed in Table 1; they were selected  Theoretical responses were calculated/as= gxarpVi/(Gxare + 0.1).
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FIGURE 2 Verification of the dynamic clamp method. Solid lines rep- 5 -20
resent the voltage responses to imposed levetkofs (0.02, 0.2, 2.0, or A~ 49
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Data analysis -20
-30
Driving voltages sent out from the D/A board were filtered at 10 kHz, and ~ ~4°" e —
cell membrane potentials were acquired at 20 kHz with a PCM-based VCR 10s

recorder (DR 8900; Neurodata Corp.) for off-line analysis. For playback,

taped voltage data were digitized at 200 Hz after low-pass filtering at 100FIGURE 3 Representative patterns of electrical activity recorded in sin-

Hz. Data acquisition and analysis were carried out with a Macintoshgle mouseB-cells. (A) Example of a class | cell, showing repetitive fast

Quadra 800 computer (Apple Computer, Cupertino, CA), a 16-bit, 200-spikes. B—E) Examples of class Il cells, showing fast spikes superimposed

kHz hardware interface (Instrutech, Elmont, NY), IgorPro 3.0 softwareupon relatively brief periodic depolarizations. The cell @Ghexhibits a

(Wavemetrics, Lake Oswego, OR), and Pulse Control software (Herringtopacemaker potential, as observed in bursting activity in intact islets (Fig.

and Bookman, 1994). 1). Silent phases ranged fror60 to —40 mV; the plateau phase was from
To present the varied cell firing behaviors in a condensed form, cells—35 to —10 mV. The transition from the silent phase to the plateau phase

were classified by visual inspection into three broad categories, plateawas abrupt in all casesF) Example of a class Il cell, showing periodic

cells, bursters, and spikers, based on characteristics such as spike amplateaus of longer duration without clear spikes.

tude, period, and the existence of plateau depolarizations (Fig. 3). We

further calculated three summary statistics, each a single number that

characterizes a representative 60-s sample of firing activity. One is the ) ) )
“activity fraction,” the fraction of time the cell spent above a threshold independent because the thresholds were obtained from the Gaussian fit.

level. For cells with plateaus, the traces were first smoothed by splind10WeVer. plotting the two measures against each other visually separates
interpolation to remove spikes and small fluctuations, so that the activity"® classes of bursters and displays the trends in the data better than either
fraction for those cells is equivalent to the plateau fraction commonly used"® a]one (see F'g 5\)'_ The _OVQT'aP betwegn the classe_s is partly

in studies of bursting islets. Cells with only spiking activity were smoothed "€flective of the difficulty in distinguishing the different behaviors unam-
minimally. The threshold crossings also yielded an average cycle (spike olplgu_o_usly, especially b‘?t""e?” bursters and spikers. ) )
plateau) period. As values can be sensitive to choice of threshold, a second Firing patterns described in the paper were representative of recordings

measure of activity was obtained by constructing a histogram of all of thel"0™ at least 52 single islet cells. Results obtained in the dynamic clamp

data points in a trace (Fig. 4). Each histogram was fit to a sum of tWoexperiments were representative of at least four cells. Some aspects of
Gaussians. of the form e these investigations have appeared in abstract form (Kinard et al., 1997).

G(V,) = Lyexd —((V, — LJ/L,)?
(Vin) A= )ILw)%] RESULTS
— _ 2
FRaex (Vi =~ RI/R)’] The electrical properties of single cultured

with amplitudesL, andR,, centerd_. andR., and widthsL,, andR,,. The mouse B-cells
activity fraction was then estimated by the “delta peak,” the normalized

difference in peak amplitudes of the Gaussians: Single mouses-cells and HIT cells exhibited rapid spiking
in suprathreshold glucose. Most cells began to exhibit elec-
A, = 100(L, — R)/max(La, R,) trical activity at a threshold voltage ranging from55 to

The delta peak scorea,, lie between—100 and+100. The two measures —40 mV. In some cases it was necessary to inject smal (
of activity obtained by thresholding and from the peak differential are notpA) currents to polarize cells to voltages where sustained
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. Activity Fraction
cell (Fig. 3F).

FIGURE 5 Summary statistics of heterogeneous firing patteA)sT e

activity fraction determined by thresholding was plotted against the delta

peak from amplitude histograms (Fig. 4; see text) and cycle dura@)n. (
and robust bursting occurred. Only moy3eells showed  cycle durations from thresholding were plotted versus activity fraction.
clear clustering of spikes into bursts, although the firing
properties of single mousg-cells were in general quite
heterogeneous (Misler et al., 1991). HIT cells only showed Unlike the electrical behavior of whole islets (Fig. 1), it
repetitive spiking and did not burst. Mouggcells, in  was often difficult to clearly distinguish spikes from plateau
contrast, could be grouped (see Materials and Methods) intdepolarizations in isolated cells (e.g., FigB3E, andF). In
three basic categories: 1) cells with repetitive, generallyaddition, the pacemaker depolarizations, which are clearly
larger fast spikesn(= 17; 33% of the population studied); evident during the interburst periods in islets (Fig. 1), were
2) cells with small-amplitude fast spikes superimposed upomnly evident in some single cells (e.g., Fig.C}. It was
relatively brief (<5 s) plateau depolarization® (= 27;  generally the case that whereas spike clustering could be
52%); or 3) cells with periodic plateaus of longer duration conspicuous in single cells, the durations of the burst, pla-
(10-20 s) with small fluctuations riding upon them=€ 8;  teau, or interburst periods were far more irregular than in
15%). whole islets. In a few cases, cells exhibited regularly occur-

Burst pattern 2 most closely resembled islet bursting buting plateau events with few clear spike events (Fi§) 3t

was significantly faster. We will refer to the former as “fast was also generally the case that recordings from single cells
bursting” and the latter as “regular bursting.” Representaexhibited far more voltage noise than is seen in whole islets
tive samples of the electrical activity of single mouse(compare recordings in Fig. 3 versus those in Fig. 1),
B-cells are shown in Fig. 3. These cells showed spikingpossibly because of increased channel noise (Atwater et al.,
bursting, and plateau activity at voltages ranging from1978; Sherman et al., 1988).
~—60 to 0 mV. Fig. 3A shows a class 1 spiking cell; Fig.  Fig. 5A shows the two measures of cell activity level (see
3, B-E shows examples of class 2 cells; and Fidg= 8 a  Materials and Methods), activity fraction anyj,, plotted
class 3 cell. against each other for all of the cells in the data set. The
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class 1 cells generally had the smallest values of activity A -10—

fraction and the largest values df,, corresponding to S 2

histograms with a large left peak and small right peak (Fig. E N L
4 A). Note that although these cells spiked contlnuously,v -0 Frm b ‘ N
their activity fractions are low because the spikes spend- -40 it i
most of their time at more negative membrane potentials.% ‘

This is the opposite of what one would see with continu- 0

ously spiking cells in islets exposed to highZ0 mM) -60 _—

glucose; these would have large activity fractions and de- 0.1508 0.14nS
polarized average membrane potentials. Class 3 cells had —
histograms with a larger right peak (Fig.@ and were . 20s

typified by large activity fraction and small,. The class 2 B ¢

cells had the most diverse patterns (Fig. B;E) and, 2 WWM)W\MWM W U‘WWWMMM}*
correspondingly, the broadest range of scores in both activ- & E

ity parameters.

The cycle durations were shortest on average for class 1
(0.72 £ 0.17 s; (meant SEM), longest for class 3 (8. FIGURE 6 Titration ofg, e into a single mousg-cell, using dynamic
1.2 s), and intermediate for class 2 (136 0.27 s). No clamp. _(A) I_Exceedingly small currents could st_ron_gly modglate firing
apparent correlation was obtained between cycle duratlog tivity in single mouseB-cells. Horizontal bars indicate periods when

ynamic clamp was appliedB) Sections from Fig. 4\, indicated bya, b,
and activity fraction o\, within classes 1 and 2 (Fig.B). andc, shown on an expanded time scale.
Within Class 2 cycle duratlon correlated positively with
activity fraction (0.71) and negatively with, (—0.67).

Our observations encompass the range of bursting or It was also possible to significantly modulate HIT cell
spiking behavior previously described in the literature fromfiring by using small quantities ofxrp. Fig. 7 shows a
studies of single cells, with one notable exception. Unlikerepresentative HIT cell that was initially firing spikes
results reported by Smith et al. (1990) and Larsson et alfrom ~ —45 mV. HIT cells spikes were typically large
(1996), we did not observe “ultraslow bursting,” that is, (=30 mV) and brief relative to mouse spikes. We did not
bursting with plateau depolarizations lasting on the order oee bursting in HIT cells (but see Keahy et al., 1989).
minutes in single mousg@-cells. However, we could on Adding 0.1 nS ofggate hyperpolarized this cell to near
occasion observe long plateaus of this type when recording55 mV and significantly decreased its spike frequency.
from obvious cell clusters (Kinard and Satin, unpublishedThis effect reversed upon removal gf,rp. The transient
observations). This activity may thus be more characteristiacceleration of spike frequency seen here after moderate
of small clusters of3-cells rather than single cells; when sojourns to hyperpolarized potentials was observed in both
selecting cells for patching, it can often be difficult to HIT and mouseB-cells.
distinguish the two. Thus small K conductances were able to significantly
alter the membrane potential and electrical activity of
mouseB-cells and HIT cells. This strongly suggests that
both types of insulin-secreting cells are exquisitely attuned
to the opening and closing of small numbers of;K
Very small changes in artificial K conductances applied channels. This was particularly true near the firing threshold
with dynamic clamp could have a large impact on theof the cells, because even the closing of one additionahK
membrane potential and firing behavior of moydeand  channel moved the cell from rest to repetitive firing.

HIT cells. The mousg-cell shown in Fig. 6, for example, Fig. 8,A and B, shows that the titration of increasing
was initially firing fast bursts from~ —30 mV. Adding amounts ofgcarp INtO a single mous@-cell progressively
0.15 nS ofgeatp (horizontal ba) rapidly hyperpolarized suppressed its electrical activity and hyperpolarized its
this cell from —30 to —55 mV and largely inhibited firing membrane potential, as shown earlier. In this cell, the ad-
such that only a few action potentials were observed aftedition of 0.03—0.06 nS ofjx,rp Was associated with irreg-
increasedgatp- Terminating the dynamic clamp rapidly ular burstlike spiking. The spiking threshold of the cell
restored fast firing. Assuming the single-channel conduceccurred at-0.06 nS, whereas levels g rp greater than
tance of K\1p in physiological saline to be 15 pS (Fatherazi 0.06 nS produced longer hyperpolarizations that completely
and Cook, 1991), 0.15 nS of ,1p represents the opening, inhibited firing.

on average, of 10 extra X, channels. Applying 0.14 nS of Upon termination of dynamic clamp after prolonged
OkaTe, epresenting the opening of only one lesgK (>10 s) and deep hyperpolarizations associated with 0.5—
channel, produced strikingly less inhibition of firing and 1.0 nS ofgc.tp, We observed a slow depolarization phase
resulted in an intermediate bursting pattern (Fig).8Jpon  that lacked spikes and lasted moreritias before the cell
removal of the dynamic clamp, the cell again returned to itseturned to a rapid firing mode (Fig. 3e andBe). This is
original firing pattern. in contrast to the increased spike frequency usually ob-

2s

The effects of imposed gxatp ON single-cell
electrical activity
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served after more moderate hyperpolarizations (e.g., Fig. 7kurrent injection (data not shown), so it is not an artifact of
Interestingly, hyperpolarizations produced by the applicathe dynamic clamp. After the creep, the cell showed burst-
tion of somatostatin or galanin lead to similar slow, spike-like events, similar to the bursts seen with injected current,
free depolarization when these hormones are removed (Abélut with smaller spikes during the bursts. When the dynamic
et al., 1996; Ashcroft and Rorsman, 1995). clamp was switched off, the cell again abruptly depolarized
Fig. 9 summarizes results obtained using dynamic clampnd began firing rapid plateau-like events as before. Resto-
to addgyatp to single mousg8-cells and HIT cells. Appli-  ration of DC current injection to repolarize the cell &5
cation of 0-1.0 nS of artificiajx orp progressively hyper- mv again (Fig. 10C) restored the original fast activity
polarized cell membrane potentials up t40 mV and  shown in Fig. 10A.
decreased electrical activity. The responses of HIT cells and One does not expect injection of DC current and injection
mouse cells were similar, as shown. This range@frr  of a membrane conductance to have identical effects on
mimics the effect of adding 3—67 opends channels to the  electrical activity, because the latter decreases input resis-
cell membrane. The maximum sensitivity of membranetance (j.e., acts as a shunt). Indeed, this may explain why the
potential to addedgare Occurred with 0.1-0.3 nS of gpjkes observed when dynamic clamp conductance was

gkate- Because the amplitude of thesg, deflections re-  aqded were smaller than those seen with simple current
flects the divergence d¥,,, from V,, the tight distribution injection.

obtained reflects the fairly tight distribution of the control
membrane potentials.

Poisoning p-cells to maximally activate K,1p

Dynamic clamping and DC current injection had channels yields an estimate of whole-cell gy arp
similar but not identical effects on B-cell
electrical activity To estimate the maximum ¢, conductance of the mouse

) o B-cell and compare it to the artificigh 5o Values injected,

The single mouseg-cell shown in Fig. 10 was clearly \yq anpjied the metabolic inhibitor sodium azide to inhibit
bursting when DC current was applied to h_OId the cell Nealyetabolism (Misler et al., 1986; Larsson et al., 1996). The
._.55 .mV (the bIacK bar denotes the .penod of current fall in the ATP/ADP ratio due to azide would be expected to
injection). When_ this current was swﬂchgd off, the cell maximally activate K. channels, resulting ifg-cell hy-
abruptly erolarlzed by-10 mV and began firing-10 mV. perpolarization (Cook and Hales, 1984; Ashcroft et al.,
plateau-like events of a fast nature. However, these qU|ckI31984_ Misler et al., 1986). After cell hyperpolarization
f#:rfl\?vzg %Flgérl(liijllzr;azggrlg%%a&oy c;fftzg'.[hle@})ﬁlgt?ozelcl)f dynamic clamp was then used to “subtract” rather than add

yperp ' ) artificial g arp to null out the hyperpolarization and return

0.5 S ofgare via dynamic clamp. Immediately after the the cell to its original firing pattern. The value of artificial

hyperpolarization we observed a slow (1-3 s) depolarizin ;
“g/rrée;?’ or rebound, which triggered in(creasgd fi?ing (SegbKATp subtracted should approximate the amount of endog-

: : enousg activated after cell poisoning.
also Fig. 12Ab, ¢, €). We have also observed creep with DC = " ~2KATP e . :
9 ) P Fig. 11 shows that the application of 5 mM sodium azide

hyperpolarized mousg-cells as expected, in this case by 28
mV, taking membrane potential from38 to —66 mV. The
subsequent subtraction of 0.1 nSqf,rp depolarized the
cell by ~10 mV, whereas subtracting 1 nS@f,rp nearly
reversed the poisoning-induced hyperpolarization. This is
the converse of the observations of Henquin (1992), who
found that addition of the K channel opener diazoxide
was not equivalent to the removal of glucose. The mean
amplitude of azide-induced hyperpolarization in six cells
20s was —21.8 + 5.6 mV (mean*= SEM). Restoration of
near-control values ol/,, was attained by subtracting
1.09+ 1.13 nS ( = 6) of artificial gxatp (range 0.2-3 nS).
a b ¢ This suggests that single mougecells have a maximum
Okate that ranges from 0.2 to 3 nS. Calculations based on
MMM}\MMMU WMJ M)\MMMM/ determinations of K. density in membrane patches have
yielded estimates ofjatp ranging from 0.27 to 7.6 nS
2s (Ashcroft et al., 1984; Misler et al., 1986), whereas Cook et

o ) ) » al. (1988) estimated thgB-cells had as much as 15 nS
FIGURE 7 Titration ofgxare into a single HIT cell. ) Addition of 0.1

nS of geare With dynamic clamp reversibly hyperpolarized the cell and Gkare- Whole-cell patch-cla.mp meas‘,”emems_Of Rorsman
decreased cell firing.B) Sections from Fig. 5, shown on an expanded and Trube (1986), made using cells dialyzed with ATP-free

time scale. pipette solutions, yielded a totgkrp Of 3—10 nS.
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The addition of artificial gxarp and g, to single test the relative importance of €aconductance for bursting
bursting mouse B-cells potentiated bursting and in single B-cells, we used dynamic clamp to inject an artificial
increased its regularity C&" conductance in addition to artificial & conductance.

Removing Cg blocks bursting in intact islets (Ribalet and 1he Properties of the artificial voltage-gated“Caurrent are
Beigelman, 1981; Meissner and Schmeer, 1981) and isolatedScribed in Materials and Methods.

p-cells (Kinard et al., 1998). Although it is known that islet ~ In the absence of dynamic clamp conductances, the
bursting is dependent on [€4, it is not clear how C&" mousep-cell shown in Fig. 12 was initially exhibiting an
channel activity quantitatively contributes to islet bursting. Toirregular fast bursting pattern. The application of increasing
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FIGURE 9 Summary of changes \f, (mean+ SEM) produced in HIT -60 —
(A, n = 1-8) and mousg-cells @, n = 1-3) after the addition of varying 70

amounts ogx,p With dynamic clamp. The mean changeMp increased
with increasinggare (0.06—1.0 nS) from-7 to —45 mV in HIT and from 205 -0.1nS -1.0nS
—8 to —42 mV in mouseg-cells.
FIGURE 11 Quantitation of«1p by poisoning. The addition of 5 mM
sodium azide hyperpolarized single moygseells within 2 min. Dynamic
amounts OngATP (0_05’ 0.08, or 0.1 nS) to the cell pro- clamping was then used to subtr_act artifidghp to restore original firing
. . . pattern. In this cell, the subtraction of 1 nSg¥f,rp counterbalanced the
gressively hyperpolarized thg-cell membrane potential effect of azide on membrane potential, suggesting thhinS of endoge-
and inhibited cell firing, as was found earlier. Injected nousg,,p was originally activated by metabolic inhibition.
currents were also able to modulate the firing pattern as
described previously.

Whereas the application of 0.1 nS or more of artificial pronounced burst activity (compare Fig. A2with Ad, and
Katp currents hyperpolarized the cell and inhibited cell Fig. 12 Ae with Af), whereas addin@ktp increased the
firing, the simultaneous application of a modest amount otyperpolarizing drive and (compare Fig. APwith Ag) and
artificial Caf* current led to the reappearance of activity, resulted in more pronounced silent phases. Adding just the
albeit of an irregular nature (compare Fig. ZhandAc).  right balance ofj .1 andge,led to a slower burst pattern,
Note that the coapplication gf ,tp @andgc, did nottend to  resembling the electrical activity observed in intact mouse
cancel their individual effectsn(= 7). Rather, increasing islets (Fig. 1; Kitasato et al., 1996; Ribalet and Beigelman,
Oca increased the depolarizing drive and resulted in morel980), as shown in Fig. 12g. Application of different
amounts of these currents failed to induce the islet-like burst
pattern in general, thus indicating the need for a delicate
balance of K and C&" conductances.

The islet-like bursting was observed despite the fact that
neither the artificial K;p nor C&* conductances were
4 equipped with slow variables, i.e., they lacked any intrinsic
slow rhythmicity. This suggests that the mechanism for
producing islet-like bursting is endogenous to single
B-cells; our experimental manipulations modified the cell
state in such a way that the endogenous slow oscillatory
mechanism could be expressed.

A closer examination of the islet-like burst pattern (Fig.
12 Bg) shows aspects of both the original fast burst pattern
of the cell (Fig. 12Ba) and the much slower oscillation
brought out by our experimental manipulations. During
each plateau episode in the slow burst pattern, small and

20 brief hyperpolarizations can be seen, similar to the ones

. N characterizing the original fast burst pattern. This suggests a
FIGURE 10 Comparison of the effect of injection of DC current and . .
injection of dynamic clamp conductances on a single maaisell. (A) Competltlon between two different end'ogenous. burst mech-
During injection of 1.8+ 0.9 pA of DC current, the cell exhibited clear @NiSMSs, where each may operate on its own time scale.
bursting activity, with deep silent phases. Upon removal of the current, the  Altering g, relative to gxatp produced a variety of
cell depolarized and reverted to fast, irregular firing activitg) After electrical activity in a singleB-cells, ranging from fast
injection of_ 05 NSOkaTe: the_cell exhibited a slow depolarizing creep bursting with small spikes to large and more prolonged
before'exh|b|t|n'g clear bursting. Note that the pursts observe_d_dur'lngperiodic plateaus completely lacking spikes. Although we
dynamic clamping are smaller than those seen with DC current injection! .
(C) Injection of the same DC current asAnrestored the bursting activity cannot account for the plateau versus fast spiking or fast
seen inA. bursting patterns we have observed in single cells (Fig. 3),
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subtle alterations in the amount gf, relative to gxarp
were sufficient to switch among these behaviors. This sug-
gests that the diversity of patterns is due to quantitatively
small variations in cell properties, possibly including but not
limited to channel densities, rather than qualitative differences.

Effects of tolbutamide on the electrical activity of
single B-cells

Because there is likely to be some residgplp left in
11.1 mM glucose (Cook and Ikeuchi, 1989; Ashcroft and
Rorsman, 1989a), we tested the effect of adding L&D
tolbutamide on singlgg-cell electrical activity. It has been
reported that tolbutamide at this dose fully blocks endoge-
nousgyate (Trube et al., 1986; Sturgess et al., 1985). In our
hands, the addition 100M of tolbutamide to single mouse
B-cells had a modest but consistent effect, producing a
depolarization of 4.8+ 0.8 mV (h = 5). Significantly,
tolbutamide did not abolish the fast bursting pattern asso-
ciated with singleg-cells.

For example, Fig. 13 shows a single moysseell bathed
in 11.1 mM glucose, which displayed a clear bursting pat-
tern. The addition of 10uM tolbutamide modestly depo-
larized the cell interburst potential but clearly did not abol-
ish or even significantly modulate the bursting pattern. This
suggests that kp channels are unlikely to be mediating the
fast single cell electrical bursting. Restoration of near-con-
trol membrane potentials, using dynamic clamp to reverse
the action of tolbutamide, also had little or no effect on fast
bursting (data not shown). We cannot rule out, however,
that the ultraslow bursting in single cells reported by others
and the regular bursting observed in islets are mediated by
slow changes ig« tp, Perhaps because of oscillations in
cell metabolism.

DISCUSSION

Single mouse B-cells are heterogeneous and
can burst

We have now recorded the electrical activity from many
single mouses-cells. Although a large number of these cells

exhibited rapid firing, we also routinely observed cells with

clearly established bursting activity, even without any in-

tervention (injection of DC current or dynamic clamp) on

our part. Typically, the bursting activity observed was an
order of magnitude faster than islet bursting. However,
occasionally, single cell bursts on the time scale of an islet
were also observed.

FIGURE 12 Effect of titratingy« ,1» andge, 0n the electrical activity of
a single mousgs-cell. (A) Injection of g«a1p alone has a hyperpolarizing
effect. Injection ofg, in addition tog« e improves bursting activity and
may induce islet-like bursting. See text for detaiB) Sections from 1\
shown on an expanded time scale.
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0 The induced islet-like burst pattern shown in of Fig. 12
20 Bg occurred on a slower time scale than the cell’s original
fast burst pattern. However, during the plateau phase of the
induced burst, the small and brief hyperpolarizing events
that characterized the original fast burst pattern were still
observed. This suggests that there may be at least two burst
mechanisms endogenous to singleells.

40

-60

Fast bursting in single cells does not appear to
require oscillations in ggarp

Potential (mV)

-60 N

100 M Tolbutamide To test the hypothesis that oscillations of the ATP/ADP
ratio mediate the bursts, as was proposed for islets (Larsson
0 et al., 1996; Dryselius et al., 1994), we examined the elec-
2 trical activity of single mouseB-cells under conditions
where the endogenous.rp Of the cell was either mini-
mized by a high glucose concentration or eliminated by the
— application of tolbutamide. In both conditions, we observed
20 fast bursting activity (see Fig. 13). Thus this form of burst-

FIGURE 13 The addition of 10pM tolbutamide to a bursting mouse ing does not appear to require oscillationgjire in single

B-cell produced modest depolarization but did not eliminate bursting. mouseB'Ce”S' ) o )
Although the fast bursting activity of single cells per-

sisted despite blockade of endogenous;Kchannels by
tolbutamide, we cannot rule out the possibility that the
ultraslow bursting seen by some other workers is mediated
y slow metabolic oscillations that drive changegjinrp.

‘In addition to demonstrating variation igxrp between

zpiking and silent phases, Larsson et al. (1996) reported that

40

-60

Before this study it was not clear from the literature
whether bursting was a general characteristic of singl
B-cells. Two brief reports (Smith et al., 1990; Larsson et al.
1996) described a type of bursting in singlecells charac-
terized by unusually long plateaus (several minutes long
compared to the plateaus observed in islets (5-10 s long

Most reports have suggested that singieells show either (1997), who sometimes found slow oscillations persisting in

stochastic spiking activity or quasibursting. . . :
We also found that small perturbations of the cell, such assaturatmg doses of tolbutamide). However, we fail to ob

S - serve this form of bursting in our single mougecells.
the_ _|n_Ject|on of small DC currents or the application of Although it appears thag, . does not play a pacemaker
art|f|_C|aI conductances, can have large modulatory ef.fe.CtSr'ole at least not for fast bﬁ:;ting our data confirm that it
D clrent comvented fast ursts to somenhat sioner bursiloes P2 & modultory ole n shaping the firing pattern of
t'[?1e cell. In particular, it plays an important role in setting the

\évflftgctr:l:)(;r;iﬁa?tz; é;l::lzllltugsji.n Ol;ngzg';u;‘; OE(ertte afrre thefiring threshold (Figs. 6 and 7), burst amplitude (Figs. 8, 10,
y g 8P and 12), and interburst interval (Fig. 12).

andgc, via dynamic clamp, as shown in Fig. 12. Injecting
Ocain addition togy ap iNcreased the robustness of bursting
and the burst amplitude, while decreasing burst frequencySIOW processes revealed by dynamic clamp
In some cells, the addition of both artificial conductances
induced a very robust form of bursting, similar to that of Our experimental manipulations have revealed two pro-
intact mouse islets. Neither the artificial\}& current nor  cesses that occur on time scales much slower than the time
the artificial C&" current was equipped with any slow time scale of the spike activity. The first is a delay in the return
constants in these experiments. to firing upon termination of the dynamic clamp, after a

These results are consistent with the “heterogeneity hyprolonged period of deep hyperpolarization (FigA8bot-
pothesis” of Smolen et al. (1993), who proposed that théom). This delay lasts on the order of 5 s. The second slow
mechanisms for bursting are endogenous to each cell, byrocess is a depolarizing creep in the membrane potential
that bursting may not be realized in some single cellduring less extreme hyperpolarizations (Figs.B.@nd 12
because parameters lie outside the narrow bursting regim@b, c, €). It is conceivable that the creep reflects an under-
Our experimental manipulations introduce additional perdying slow process that contributes to the pacemaker poten-
turbations to the cell, which can return the cell to its burstingtial of the interburst period if8-cells and islets because it
regime. Heterogeneity may persist even in islets but may beompensates for hyperpolarization by slowly depolarizing.
difficult to observe because the cells are well synchronized'he ionic basis and functional role of both of these slow
by electrical coupling. processes in bursting remain to be elucidated.

olbutamide converted slow oscillations in cytosoli¢C#o
| steady plateau (but see also recent data from Miura et al.
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In summary, single mousg-cell electrical activity was Cook, D. L., L. S. Satin, and W. F. Hopkins. 1991. Pancreatic B cells are
found to be heterogeneous but included burst like behavior Pursting, but how?rends Neuroscil4:411-414.

; : : _Dean, P. M., and E. K. Matthews. 1968. Electrical activity in pancreatic
and at least two manifestations of underlying slow pro islet cells. Nature. 45-389 —390.

cesses. Sllngle-celll bursting was fast Compargd to the UItrEb'ean, P. M., and E. K. Matthews. 1970a. Glucose-induced electrical
slow bursting previously reported to occur in single cells as activity in pancreatic islet cellsl. Physiol. (Lond.)210:255-264.

well as the bursting seen in intact islets. The majority ofDean, P. M., and E. K. Matthews. 1970b. Electrical activity in pancreatic
single cells, whether initially bursting or not, were very islet cells: effects on ionsl. Physiol. (Lond.)210:265-275.

sensitive to small changes in channel activity, as revealed byryselius S., P. E. Lund, E. Gyife, and B. Hellman. 1994. Variations in
ATP-sensitive K channel activity provide evidence for inherent meta-

additional dynamic clamp CondUCtan_Ce& an.d.COUId be in- pojic oscillations in pancreatic beta-celRiochem. Biophys. Res. Com-
duced to burst. The range of electrical activity observed mun.205:880-885.
whengc, and g ,tp Were simultaneously altered suggestsFalke, L. C., K. D. Gillis, D. M. Pressel, and S. Misler. 1989. “Perforated

that these channels are important determinants of burstingPach recording” allows long-term monitoring of metabolite-induced
electrical activity and voltage-dependent?Caurrents in pancreatic B

and may contribute to the heterogeneous electrical patternsce|is. FEBS Lett251:167-172.

we observed. Results obtained with the dynamic clamp alSatherazi, S., and D. L. Cook. 1991. Specificity of tetraethylammonium
show that whatever the identity of the bursting pacemaker and quinine for three K channels in insulin-secreting cellsMembr.
channel ultimately turns out to be, exceedingly small cur- Biol. 120:105-144.

] . amill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth. 1981.
rents or conductances may suffice to pace burstlng. Last‘ Improved patch clamp techniques for high-resolution current recordings

our data support the hypotheses that islet cells may be from cells and cell-free membrane patchefiigers Arch.391:85-100.
electrically coupled within islets to defeat a considerableHenquin, J. C. 1987. Regulation of insulin release by ionic and electrical
degree of cell-cell heterogeneity. events inp-cells. Hormone Res27:168—-178.
Henquin, J. C. 1992. Adenosine triphosphate-sensitiveckannels may
not be the sole regulators of glucose-induced electrical activity in pan-
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models. We thank Doug Mcintosh for excellent technical assistance and for Patch Clamp Data Acquisition. University of Miami Press, Miami,
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Hopkins, W. F., L. S. Satin, and D. L. Cook. 1991. Inactivation kinetics and

Work in the laboratory of LSS is supported by the National Institutes of  pharmacology distinguish two calcium currents in mouse pancreatic
Health (DK46409). B-cells. J. Membr. Biol.119:229-239.

Keahy, H., A. Rajan, A. Boyd, Ill, and D. Kunze. 1989. Characterization
of voltage-dependent Ca channels in a beta cell IDibetes.38:
REFERENCES 188-193.
) ) ~ Kinard, T. A, and L. S. Satin. 1996. Temperature modulates the Ca
Abel, K.-B., S. Lehr, and S. Ullrich. 1996. Adrenaline-, not somatostatin-  cyrrent of HIT-T15 and mouse pancreafiecells. Cell Calcium. 20:
induced hyperpolarization is accompanied by a sustained inhibition of 475_482.

insulin secretion in INS-1 cells. Activation of sulphonylurea” Kp Kinard, T. A., L. S. Satin, G. de Vries, and A. Sherman. 1997. Titrating

channels is not involved?fliigers Arch.432:89—-96. . : : . ) . :
. Kare cOnductances into single insulin-secreting cells via dynamic
Ashcroft, F. M., D. E. Harrison, and S. J. H. Ashcroft. 1984. Glucose  clamp.Biophys J.72:A250.

induces closure of single potassium channels in isolated rat pancreat'ﬁinard T. A, L S. Satin, G. de Vries, and A. Sherman. 1998. Single
B-cells. Nature. 312:446-448. B-cells from mouse pancreatic islets exhibit a fast form of bursting

Aslhclzol:]:t’tv'\:/. M.,Band”P. F:ogsrl'r)an. 1%8_%- IA'TP-SentS'gii\? ﬁhann_rels: a which does not require free [Ca] accumulati@iophys. J.74:A101.
N dEWeen B-cell metabolism and insulin secretigibehem. Trans. Kitasato, H., R. Kai, W.-G. Ding, and M. Omatsu-Kanbe. 1996. The

18:109-111. Lo S - A :
) intrinsic rhythmicity of spike-burst in pancreaticcells and intercellular
Ashcroft, F. M., and P. Rorsman. 1989b. Electrophysiology of the pancre- jnteraction within an isletdpn. J. Physiol46:363-373.

atic p-cell. Prog. Biophys. Mol. Biol54:87-143, ) _Larsson, O., H. Kindmark, R. Brstran, B. Fredholm, and P.-O. Berg-
Ashcroft, F. M., and P. Rorsman. 1995. Electrophysiology of pancreatic 5ren 1996, Oscillations in k& channel activity promote oscillations in

islet cells. In The Electrophysiology of Neuroendocrine Cells. H.  cyiqpiasmic free C& concentration in the pancreafiecell. Proc. Natl.
Schefibl and J. Hescheler. CRC Press, Boca Raton, FL. 207-244. Acad. Sci. USA93:5161-51665.
Atwater, |., C. H. Dawson, G. T. Eddlestone, and E. Rojas. 1981. Voltagqvla, M., and J. Koester. 1996. The role of Kcurrents in frequency-

noise measurements across the pancregiiell membrane: calcium dependent spike broadenin lvsiaR20 neurons: a dvnamic-clam
channel characteristicd. Physiol. (Lond.)314:195-212. anglysis.J. Ngurosci.16:4083f(£1y01. -ay P

Atwater, ., B. Ribalet, and E. Rojas. 1978. Cyclic changes in potential an(?vI
resistance of the B-cell membrane induced by glucose in islets o for the ) : - ;
: . glucose-induced electrical activity of pancregicells.In The
Langerha.ns from mousg. Physiol. (L0nd.)278.117—1.39. Mechanism of Gated Calcium Transport across Biological Membranes.
Bonner-Weir, S., D. Deery, J. L. Leahy, and G. C. Weir. 1989. Compen- S. T. Ohnishi and M. Endo. Academic Press, New York. 157-165.
satory growth of pancreatic beta-cells in adult rats after short-term,vIisler S., D. W. Bamnett, K. D. Gillis, D. M. Pressel. 1992. Electrophys-
glucose mfusmnD|abet<.es.38:49—53. ) o iology of stimulus-secretion coupling in human beta-cellsabetes.
Cook, D. L. 1984. Electrical pacemaker mechanisms of pancreatic islet 41:1221-1228.

cells. FASEB J43:2368-2372. ) Misler, S., L. C. Falke, K. Gillis, and M. L. McDaniel. 1986. A metabolite-
Cook, D. L., and C. N. Hales. 1984. Intracellular ATP directly blocks K regulated potassium channel in rat pancreatic B cBHisc. Natl. Acad.

eissner, H. P., and W. Schmeer. 1981. The significance of calcium ions

channels in pancreatic B-cellslature.311:271-273. Sci. USA83:7119-7123.
Cook, D. L., and M. Ikeuchi. 1989. Tolbutamide as mimic of glucose on isler, S., D. M. Pressel, and K. D. Gillis. 1991. Depolarization-secretion
p-cell electrical activity Diabetes.38:416—-421. coupling in pancreatic islet B cells: do diverse excitability patterns

Cook, D. L., L. S. Satin, M. L. Ashford, and C. N. Hales. 1988. ATP-  support insulin release Proceedings of the 14th Congress of the
sensitive K~ channels in pancreatic beta-cells. Spare-channel hypothe- International Diabetes Federation. Elsevier Publishers, Amsterdam, The
sis. Diabetes.37:495-498. Netherlands.



Kinard et al. Bursting Properties of Single Mouse B-Cells 1435

Miura, Y., J. C. Henquin, and P. Gilon. 1997. Emptying of intracellular Satin, L. S., and P. D. Smolen. 1994. Electrical bursting-cells of the
C&* stores stimulates a entry in mouse pancreatic beta-cells by both  pancreatic islets of Langerharsndocrine.2:677—687.

’dlrgct and indirect mechanism. Physiol. (Lond.)503:387-398. ~Satin, L. S., S. J. Tavalin, T. A. Kinard, and J. Teague. 1995. Contribution
O'Neil, M. B., L. F. Abbott, A. A. Sharp, and E. Marder. 1995. Dynamic  of |- and non-L-type calcium channels to voltage-gated calcium current

clamp: computer-neural hybridén Handbook of Brain Theory and  and glucose-dependent insulin secretion in HIT-T15 c&socrinol-
Neural Networks. M. Arbib, editor. 326-329. ogy. 136:4589-4601.

Ribalet, B., and P. M. Beigelman. 1980. Calcium action potential andSatin, L. S., S. J. Tavalin, and P. D. Smolen. 1994. Inactivation of HIT

potassium permeability activation in pancregicells. Am. J. Physiol. T : . . .
939:C124—-C133. Ca* current by a simulated burst of €aaction potentialsBiophys. J.

66:141-148.
Ribalet, B., and P. M. Beigelman. 1981. Effects of divalent cations on o .
beta-cell electrical activityAm. J. Physiol241:C59—C67. Sharp, A. A., M. B. O'Neil, L. F. Abbott, and E. Marder. 1993. Dynamic
Rorsman, P., and G. Trube. 1985. Glucose dependénthannels in clamp: computer-generated conductances in real neutbnkleuro-
pancreaticB-cells are regulated by intracellular ATIPflugers Arch. physiol.69:992-995.
405:305-309. Sherman, A. 1996. Contributions of modeling to understanding stimulus-
Rorsman, P., and G. Trube. 1986. Calcium and delayed potassium currentsS€Cretion coupling in pancreaizcells. Am. J. Physiol34:E362-E372.
in mouse pancreatig-cells under voltage-clamp conditionk.Physiol. ~ Sherman, A., J. Rinzel, and J. Keizer. 1988. Emergence of organized
(Lond.).374:531-550. bursting in clusters of pancreatitcells by channel sharin@iophys. J.

Rosario, L. M., |. Atwater, and A. M. Scott. 1986. Pulsatile insulin release 54:411-425.

and electrical activity from single ob/ob mouse islets of Langerhans.qmith P. A.. F. M. Ashcroft. and P. Rorsman. 1990. Simultaneous record-

Adv. Exp. Med. B'0|211:413_425'_ _ ing of glucose dependent electrical activity and ATP-regulated K
Santerre, R. F., R. A. Cook, R. M. Crisler, J. D. Sharp, R. J. Schmidt, D. C. currents in isolated mouse pancredicells. FEBS Lett.261:187-190.

Williams, and C. P. Wilson. 1981. Insulin synthesis in a clonal cell line

of simian virus 40-transformed hamster pancreatic beta ¢&ite. Natl. Smolen, P. D., J. Rinzel, and A. Sherman. 1993. Why pancreatic islets

Acad. Sci. USA78:4339—4343. burst but singles cells do not: the heterogeneity hypothe&mphys. J.

64:1668-1680.
Satin, L. S. 1996. New mechanisms for sulfonylurea control of insulin
secretion Endocrine.4:191-198. Sturgess, N. C., M. L. J. Ashford, D. L. Cook, and C. N. Hales. 1985.

Satin, L. S., and D. L. Cook. 1988. Evidence for two calcium currents in Sulfonylurea receptor may be an ATP-sensitive potassium channel.

insulin-secreting cellsPflugers Arch.411:401-409. Lancet.2:474-475.

Satin, L. S., and D. L. Cook. 1989. Calcium inactivation in insulin secret- Trube, G., P. Rorsman, and T. Ohno-Shosaku. 1986. Opposite effects of
ing cells is mediated by calcium influx and membrane depolarization. tolbutamide and diazoxide on the ATP-dependeritdhannel in mouse
Pflugers Arch.414:1-10. pancreaticB-cells. Pfligers Arch.407:493—-499.

Satin, L. S., T. A. Kinard, A. Sherman, and G. de Vries. 1996. Dynamic Turrigiano, G. G., E. Marder, and L. F. Abbott. 1996. Cellular short-term
clamping of excitable cells: a window into the role of ion channelsincell memory from a slow potassium conductande. Neurophysiol.75:
excitability. Axobits.19:8-9. 963-966.



