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Properties of voltage-gated €aurrents measured from
mouse pancreatié-cellsin situ
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ABSTRACT

We used the single-microelectrode voltage-clamp technique to record ionic currents from pafecehsic
within intact mouse islets of Langerhans at 37°C, the typical preparation for studies of glucose-induced
“bursting” electrical activity. Cells were impaled with intracellular microelectrodes, and voltage pulses were
applied in the presence of tetraethylammonium. Under these conditions, a voltage-depefideumtr&a
(Ic,), containing L-type and non-L-type components, was observed. The current measineevas larger
than that measured in single cells with whole-cell patch clamping, particularly at membrane potentials
corresponding to the action potentialsetell electrical activity. The temperature dependence. gfWas not
sufficient to account for the difference in size of the currents recorded with the two methods. During
prolonged pulses, the voltage-dependent'Carrent measureinh situ displayed both rapid and slow
components of inactivation. The rapid component wa&k-@apendent and was inhibited by the membrane-
permeable C# chelator, BAPTA-AM. The effect of BAPTA-AM ofi-cell electrical activity then
demonstrated that €adependent inactivation of), contributes to action potential repolarization and to
control of burst frequency. Our results demonstrate the utility of voltage clarfipietsin situ for
determining the roles of ion channels in electrical activity and insulin secretion.

Key terms: islet of Langerhans, insulin, stimulus-secretion coupling, ion channel, inactivation kinetics, BAPTA.

PROLOGUE ‘summer visit ’ turned into seven years of
graduate and postdoctoral training under
| am honored to participate in this well-Guayo’s tutelage. Guayo was truly an
deserved homage to Eduardo “Guayobutstanding mentor. He saw my potential
Rojas, my mentor, colleague, role modeand motivated me to challenge myself to
and friend of the last twelve years. Ithe fullest. He nurtured my technical skills
honestly had no idea what a tremendousnd taught me to think analytically. He
impact Guayo would have on my life whenshared his experience and vision, while
| first met him on a sweltering, late-springalways encouraging independent thought.
day in Bethesda in 1993. | was a graduatBut perhaps his greatest skill was inspiring
student at Johns Hopkins University, and¢onfidence — | will always remember him
Guayo had generously offered to let mas the first person to refer to me as an
spend the summer in his lab learningexpert’ in anything. Of course, as with
electrophysiological techniques. Guayaeveryone he knew, Guayo treated my wife
immediately took me under his wing andand me like family, and some of my most
taught me the essentials of ion channalherished moments with him occurred
biophysics and pancreatic p-cell outside the lab. In short, | will be forever
physiology. | soon realized that Guayo wasdebted to Guayo for his commitment to
a ‘hands-on’ scientist who loved being inmy professional and personal development.
the lab to help solve problems or to test out hope that by emulating his approach to
new ideas. His knowledge, enthusiasm, anesearch, mentoring, and to life itself, |1 can
creativity were captivating, and myhelp to pass his legacy on to future
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generations of scientists, so that they toG@onspicuously absent from this model is
can benefit from the masterpiece that wathe mechanism that controls bursting and its
Eduardo Rojas’s career. exquisite glucose sensitivity, as well as
explanations for the electrical effects of
neurohormonal agents that affect insulin
INTRODUCTION secretion.
The difficulty in fully elucidating the
In the electrically excitable pancreatgz mechanisms off-cell electrical activity
cell, glucose metabolism is linked to insulirmay stem from differences in the conditions
secretion by membrane depolarization andnder which ion channel properties afd
Ca* influx through voltage-dependent €a cell membrane potential normally are
channels (Mears, 2004; Rorsman, 1997ktudied. Unlike membrane potential
Deciphering the mechanisms that regulateecordings, most patch-clamp experiments
B-cell membrane potential therefore ishave been performed on isolated, cultured
essential for understanding physiologicap-cells or insulinoma cell lines, at
control of insulin secretion. Beta celltemperatures below 37°. Islet-like bursting
electrical activity is typically studied usingelectrical activity and [CH]; oscillations
microdissected mouse islets of Langerhanghaving a frequency of 1-6 mit) rarely are
in which glucose induces a rhythmicobserved under these conditions (Bertram et
electrical pattern known as ‘bursting’ (Dearal., 2000). The majority of singl@-cells
and Matthews, 1968; Dean and Matthewsgspond to glucose with very fast membrane
1970; Henquin and Meissner, 1984)potential oscillations or continuous spiking
Bursting consists of membrane potentiaactivity (Bertram et al., 2000; Falke et al.,
oscillations between ‘active’ phases, withl989; Kinard et al., 1999; Zhang et al.,
Ca*-dependent action potentials arising2003), although very slow oscillations
from a depolarized plateau, andoccasionally have been observed (Bertram
hyperpolarized ‘silent’ phases (see Figuret al., 2000; Larsson et al., 1996; Smith et
6). During the active phase of glucoseal., 1990). Conversely, the [€4,
induced electrical activity, enhancedoscillations that result from glucose-
activity of voltage-dependent €achannels induced electrical activity tend to be much
produces a rise in intracellular &€a slower in single3-cells than in islets (Gilon
([Ca?*];), which serves as the principalet al., 1994; Gylfe et al., 1998; Hellman et
trigger for insulin secretion by exocytosisal., 1992; Jonkers et al., 1999; Ravier et al.,
(Gilon et al., 1993; Rosario et al.,, 19862005), but much faster patterns also have
Santos et al., 1991) been reported (Zhang et al., 2003). The
The advent of the patch-clamp techniquéistinct behavior of isolated3-cells
led to the identification and characterizatiomompared to intact islets motivates the
of numerous ion channels if-cell development of methods to measure ionic
(reviewed in: Ashcroft and Rorsman, 1989¢urrents from p-cells in situ, under
Mears and Atwater, 2000). The consensusonditions more closely resembling typical
model for glucose-induced electricalmembrane potential recording experiments.
activity that has emerged from these efforts We previously demonstrated the
is as follows: glucose metabolism produceteasibility of voltage clamping-cells
an increase in the intracellular ATP/ADPwithin intact mouse islets, using high-
ratio, resulting in closure of ATP-sensitiveresistance intracellular electrodes attached
K* (Katp) channels (Ashcroft et al., 1984;to a conventional patch-clamp amplifier
Cook and Hales, 1984). The membranéMears et al., 1995; Rojas et al., 1995).
depolarization resulting from closure ofVoltage-gated K currents measured with
Katp channels in turn activates voltagethis technigue were smaller than those
dependent Cd and K" channels, which are observed in single, culturefl-cells with
responsible for the upstroke andconventional whole-cell patch clamping and
repolarization, respectively, of the actionrwere modulated by glucose and HEO
potentials of the active phase.(Rojas et al., 1995). More recently, others



MEARS & ROJASBiol Res 39, 2006, 505-520 507

have applied the perforated patch-clam@001; Gilon et al., 1997; Jing et al., 2005;
technigue top-cells within enzymatically Schulla et al., 2003; Seino et al., 1992;
isolated islets in short-term culture (Goforthvang et al., 1999). Of these, L-type,
et al., 2002; Gopel et al., 1999a; 1999hd¢lihydropyridine-sensitive channels play the
2004). This approach offers the advantageost direct role in regulation of insulin
of using low-resistance electrodes, busecretion. Theal subunits of L-type
generally is limited to cells on the peripherychannels physically associate with the
of the islet, many of which are n@tcells. cellular secretory apparatus, such that their
With this method, Gopel and co-workersactivity leads to rapid exocytosis of a
(1999a; 1999b) found that the voltagereadily releasable pool of insulin granules
dependent Cd current and a novel €& (Barg et al.,, 2001; Schulla et al., 2003;
activated K current were larger i-cells Wiser et al., 1999). Non-L-type Ga
within intact islets than in single cells.channels (R and P/Q) may carry up to 50%
Capacitance measurements of exocytotiaf Ic,, in p-cells, but their activity is not
granule fusion made with the samdightly coupled to granule exocytosis
technique showed that the maximum rate fSchulla et al., 2003). The non-L-type
depolarization-evoked exocytosis was lesshannels may be involved in controlling
than 5% of that observed in singpecells electrical activity, global [CH]; dynamics,
(Gopel et al., 2004). Together, the availabler C&*-dependent processes other than
data support the premise thgatells in their granule fusion, including replenishment of
native environment are fundamentallythe readily releasable pool (Jing et al.,
different from isolated cells in culture, and2005; Pereverzev et al., 2002; Schulla et al.,
as such, measurements of ionic current003).

from cells in situ could provide new In this study, we used our previously
insights into the mechanisms controllifg described single-microelectrode voltage-
cell electrical activity. clamp technique to measure,) from p-

Owing to their well-appreciated role incells in intact mouse islets of Langerhans.
stimulus-secretion coupling, voltage-gatedVe report that, while the current is
Ca2* channels in thef-cell have been qualitatively similar to that observed in
studied extensively (Mears, 2004; Yang anisolated cells with the patch-clamp
Berggren, 2005). Whole-cell patch-clampechnique, some quantitative differences are
measurements from cultured mouyse€ells observed that may offer insights into the
invariably reveal the presence of a highrole of voltage-gated Ca channels inf-
voltage activated (HVA) C4d current (k,) cell electrical activity. Then situ voltage-
with small amplitude (generally <15 pA/pFclamp technique is therefore a useful
in 2.6 mM C&") (Barg et al., 2001; complement to traditional biophysical and
Hopkins et al., 1991; Jing et al., 2005molecular approaches in p-cell
Kinard and Satin, 1996; Plant, 1988electrophysiology.

Rorsman and Trube, 1986; Schulla et al.,

2003). During sustained depolarizing

voltage pulses, d,, displays rapid but METHODS

incomplete Ca*-dependent inactivation

(Gopel et al., 1999b; Plant, 1988; Satin antMeasurements of Ca2* currents from g-
Cook, 1989), as well as a slower componertellsin situ

of inactivation mediated by voltage

(Hopkins et al., 1991; Satin and Cook,The single-microelectrode voltage-clamp
1989). Cook and colleagues (1991) haveechnique for intact islets is adapted from the
suggested that slow inactivation andlassical method for recording¢-cell
reactivation of ¢,, could mediate the phasemembrane potential with intracellular
transitions of bursting electrical activity.  microelectrodes and has been described in

Molecular and pharmacological studiesietail elsewhere (Mears et al., 1995; Rojas et
reveal that mouse-cells express severalal.,, 1995). Briefly, NIH Swiss mice (2-5
classes of HVA C# channels (Barg et al., months old) were sacrificed in a GO
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chamber and the pancreas removed. Intaperifusate from stock solutions in
islets of Langerhans were dissected from théimethylsulfoxide.
pancreas and mounted in a sample chamber In the single-microelectrode voltage-
where they were perifused continuously wititclamp technique, current flowing across the
a modified Krebs solution (in mM: 120 series resistance of the electrode tip creates
NaCl, 5 KCI, 2.6 CaGl 1 MgClL, 25 an error between the command voltage and
NaHCG;; equilibrated with 95%: 5% © the actual membrane potential achieved
CO, to obtain pH 7.4 at 37°C). Cells within(Rojas et al., 1995). In order to estimate the
the islet were impaled with a glassactual membrane potential during each
microelectrode (~120-1508 when filled voltage pulse, a current record in response
with a 1: 1 mixture of 1 M KCIl: 1M K- to the pulse was obtained without leak
citrate) using an amplifier equipped with asubtraction. The voltage drop across the
positive feedback “cell-puncture circuit.” electrode tip during the pulse was
Beta-cells were identified based on burstingalculated by multiplying the magnitude of
electrical activity in the presence of 11 mMthe current by the tip resistance, measured
glucose. Once &-cell had been impaled, awhen the electrode was removed from the
switch was used to disconnect theell. The actual holding potential was then
preparation from the current-clamp amplifiedetermined by subtracting the calculated tip
and connect it to a patch-clamp amplifievoltage from the command potential.
that was then used for both voltage-clamp The current records shown here are the
and current-clamp measurements. average of at least 3 traces from the same
Depolarizing voltage pulses werecell. Because the voltage drop across the
applied from a holding potential of -80 mV,electrode tip differed in each experiment,
and current signals were filtered at 2 kHzhe actual holding potentials during
prior to being digitized and stored. Linearapplication of the pulse protocol also varied
components of the current responses wefeom experiment to experiment. Therefore,
removed from the records using a P, P/#o construct the composite I-V curves
leak subtraction protocol. Sherman et alshown in Figure 2, data points having
(1995) have shown that this methodimilar membrane potential after correction
effectively removes linear currentfor electrode resistance were binned and
components (including currents throughaveraged. All other |-V curves represent
KaTp Channels, gap junctions, and leaks), agdata from individual cells but are
long as the surrounding cells are not firingepresentative of results from at least four
action potentials. Series resistancexperiments.
compensation was not used, but during off-
line analysis the I-V curves were correctedVhole-cell patch-clamp experiments
for the voltage drop across the electrode tip,
as described below. For comparison, inward currents were
Inward currents were recorded inmeasured from cultureg@-cells with the
isolation by replacing 20 mM NaCl with 20whole-cell configuration of the patch-clamp
mM tetraethylammonium (TEA) chloride intechnique. Islets of Langerhans were
the perfusate to block voltage-dependent Kisolated from the pancreas of NIH Swiss
channels. The Ca& concentration of the mice by collagenase digestion and
Krebs solution was reduced to 1.3 mM indispersed into single cells in a €aand
order to reduce the size of theXaurrent Mg?*-free medium supplemented with
and improve the quality of the voltagedispase (Mears and Zimliki, 2004). Cells
clamp. Currents were recorded in thavere plated onto glass coverslips and
presence of 3 mM extracellular glucose soultured for 2-6 days at 37°C in a 5% £0
that surrounding cells would be electricallyatmosphere, using RPMI 1640 medium
silent and the linear subtraction protocosupplemented with 10% fetal bovine serum.
would be effective. Nifedipine and 1,2- The coverslips formed the bottom of a
bis(2-aminophenoxy)ethane-N,N,N’,N’- sample chamber on the stage of an inverted
tetraacetic acid (BAPTA) were added to thenicroscope. Cells were bathed in an
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extracellular solution containing (in mM): current remaining at the end of the 100
140 TEA-CI, 5 CsCl, 1.1 MgGJ 5 CaC}, 5 msec voltage pulses, from a representative
Na-Hepes, 11 glucose, pH 7.4. Pipette situ voltage-clamp experiment. The
were filled with (in mM) 100 Cs-aspartate,membrane potential values were corrected
20 CsCl, 1 MgCJ, 3 Mg-ATP, 10 Cs- for the voltage drop across the tip of the
Hepes, 10 4-aminopyridine, 3 EGTA, pHelectrode. Note that, while the pulse
7.2, (resistance 2-4 ©). Seals were made protocol was intended to reach a membrane
on the membranes of individual cells angotential as high as +60 mV, only about
gentle suction was applied to obtain the20 mV actually was achieved, which was
whole-cell configuration. Voltage pulsesbelow the reversal potential of the current.
were applied and current responses were The majority of the inward current was
recorded as described above for thearried by L-type C#& channels, as
experimentsin situ. Series resistance wasdemonstrated by the effect of nifedipine
less than 10 @ and was not compensated. (Figure 1C). At a concentration of 1M,

the dihydropyridine reversibly blocked &2
Data analysis and statistics 10% (n=5) of the peak current elicited by

100 mV pulses. Higher concentrations of
Results are presented as meanSEM. nifedipine did not induce further inhibition.
Statistical significance was analyzed withThe current also was insensitive touM
paired and unpaired t-tests. In the |-V curvetetrodotoxin, an antagonist of voltage-gated
shown below, the points were connectedlla’ channels (data not shown). From these
using the ‘spline’ interpolation feature of theexperiments, we concluded that the inward
graphing software (Origin 6.1, OriginLabcurrent observed in the presence of 20 mM
Corp., USA). The same software packag@EA is a voltage-dependent €acurrent
also was used for curve fitting. (Icay, containing both L-type and non-L-

type components.

Figure 2 compares the I-V properties of

RESULTS |cay Measured from-cellsin situ (n=10) and

from singlep-cells with conventional whole-
Voltage-dependent Ca2* currents recorded cell patch clamping (n=5). The most notable
from g-cellsin situ difference was the magnitude of the current,

being larger when measured in intact islets.
As we described previously (Rojas et al.Thus, despite the extracellular €a
1995), in normal Krebs buffer with no TEA concentration being four times lower for the
added, depolarizing voltage pulses from &n situ measurements, the peak current
holding potential of -80 mV yielded reached a maximum of 122 6 pA,
families of currents displaying initial small compared to only 44 8 pA for the patch-
inward components that were rapidlyclamp experiments (Fig. 2A). Because the
overwhelmed by a delayed outward currentelative inactivation occurring during the
(data not shown). When the islet was thenpulses was greatem situ, the sustained
perifused with Krebs solution containingcurrent did not differ as dramatically
1.3 mM C&" and 20 mM TEA, between the two techniques, with maximum
depolarizing voltage pulses elicited familiesralues of 46+ 5 pAin situ and 26+ 9 with
of inward currents that rose to a peak anpatch clamping (Fig. 2B). Nevertheless,
inactivated incompletely during a 100 mseconsidering the difference in extracellular
pulse (Fig. 1A). In experiments lasting asCa?* concentration used in the two
long as 30 minutes, the magnitude of thexperimental procedures, the data indicate
inward current did not decrease (“runthat the C&" conductance was larger
down”), as is characteristic of experimentshroughout the voltage pulse when the
with the whole-cell configuration of the current was measurerh situ (statistical
patch-clamp technique (Falke et al., 198%nalysis was not applied to the data in Fig. 2,
Plant, 1988). Figure 1B shows the voltagsince the membrane potential values were
dependence of both the peak current and tlkfferent for the two experimental methods).
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A B

-60 to +60 mV 0-

Membrane Current (pA)

80 60 40 20 0 20

Membrane Potential (mV)

Nifedipine

control

20 pA

20 msec

Figure 1. Voltage-dependent Cacurrent recorded frorfi-cells in situ. A: Family of current traces
recorded from @-cell in situ, in response to the illustrated voltage pulse protocol. B: I-V curves of
the peak currenta) and current remaining at the end of each 100 msec voltage pulder(the
experiment illustrated in part A. Membrane potential values were corrected for the voltage drop
across the electrode tip. C: Inward currents recorded fr@atell in situ in response to an 80 mV
pulse, before and after addition of AW nifedipine to the perifusate.

The 1-V curves from thein situ likely reflects permeation of ionic species
experiments were also left-shiftedother than C¥.
compared to those from the patch-clamp , , o
experiments. Thus, the peak current reachddav displays fast and slow inactivation
its maximum at -& 1 mV in situ and at +9 _ _ _
mV with patch Clamping (F|g ZA) Fina”y’ Sa“.n. and Cook (1989) f”'S.t Showed tha.f:, N
although the I-V curves in Figure 2 do no@ddition to the rapid inactivation occurring
indicate directly the reversal potential ofduring a short voltage step| in the -cell
|Cav’ extrapolation of the Splines1cont|nues to Inactivate In a VOItage'
connecting the data points in Figure 2Adependent manner throughout a prolonged
suggests a reversal potential ofulse. Figure 3 shows a current trace
approximately +50 mV for both the patch-recorded from #-cell in situ in response to
clamp andin situ measurements. Since the2 750 msec voltage step from -80 mV to +20
theoretical equilibrium potential for @a MV. As expected from the data of Figure 1,
was much more positive in botha portion of the current inactivated rapidly
experiments, the reversal qf,| at +50 mv following the peak. The remaining current
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then continued to inactivate at a slower ratthird time constant between 1000 and 3000
throughout the pulse. For the trace shown imsec. The high variability in the time
Figure 3, the time course of the currentonstants from experiment to experiment
decay following the peak was best fit by dikely reflects differences in the voltage drop
three-exponential model, with time constantacross the electrode tip, which caused the
of 29 msec, 115 msec, and 2700 msec. bctual membrane potential during the pulse
each of six other experiments, theo differ in each recording. Nevertheless, the
inactivation of k,, during a prolonged results demonstrate that multiple
voltage pulse was described by a threesomponents of inactivation ofz],, which
exponential model, with one time constanwere first identified by patch clamping
ranging from 15 to 30 msec, the second timgingle p-cells in culture, are also observed
constant between 100 and 400 msec, and thth thein situ voltage-clamp technique.

Current at 100 msec (pA)

80 -60 -40 20 0 20 40
Membrane Potenial (mV)

Figure 2. I-V curves of k,, measured with thén situ voltage-clamp methodQ, n=10) and the
whole-cell patch-clamp method( n=5).A: Peak currentB: Current remaining at the end of each
100 msec voltage pulse. Data from timesitu experiments were corrected for the voltage drop

across the electrode tip, and points having similar membrane potential were binned to calculate

individual points. Extracellular Gaconcentration was 1.3 mM for the situ measurements and 5
mM for the patch-clamp measurements.
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+20 mV

-80 mV— \—

30 pA

200 msec

Figure 3. Fast and slow inactivation kinetics of,). Current trace elicited by a 100 mV voltage
pulse of 750 msec duration. The initial rapid inactivation was followed by a slower component of
inactivation that continued throughout the voltage pulse. The illustrated trace is representative of
results from eight experiments.

The rapid inactivation is Ca2* dependent the Ca&* current (Gopel et al., 1999b; Plant,
1988; Satin and Cook, 1989). Similar results
To study the properties of the rapidwere observed in four other experiments.
component of inactivation ot},, we used a We next sought to determine the effects of
two-pulse protocol consisting of an initialaltering the C& buffering capacity of th-
voltage pulse of variable magnitudecell on the properties of Cadependent
followed by a brief return to the baselineinactivation. To this end,cl, was recorded
holding potential, and finally, a test pulse tdrom p-cellsin situ, before and after loading
a constant potential (see inset in Fig. 4B}he cell with the membrane-permeable?Ca
Figure 4A shows a trace from achelator, BAPTA-AM. As shown in Figure
representative experiment. In this case, bo®A, exposing the islet to 26M BAPTA-AM
the initial and test pulses (not corrected fofor 10 minutes did not affect the peak current
the electrode voltage drop) were to +40 mVelicited by a 100 mV depolarizing pulse.
The magnitude of d,, was smaller during However, BAPTA did reduce the rate of
the test pulse, reflecting the inactivation thainactivation, and as a result, the current
occurred during the initial pulse. In themeasured at the end of the 100 msec pulse
inactivation curve of Figure 4B, the peakwas larger after the cell was loaded with the
magnitude of ¢,, elicited by the test pulse C&* chelator (77 pA control versus 115 pA
(normalized to the peak observed in thafter BAPTA exposure). In Figure 5B, a
absence of an initial pulse) is plotted versutamily of voltage pulses was applied, and the
the potential of the initial pulse. Due to theratio of the current remaining at 100 msec to
voltage drop across the electrode tip, fewhe peak current was calculated for each
data points were obtained corresponding tpulse. As with the double-pulse protocol, the
very depolarized initial pulses. Neverthelessnactivation curve was U-shaped, with
a characteristic U-shape, reminiscent of thmaximum inactivation in this experiment
I-V curve of |, iS apparent in Figure 4B, occurring at approximately -10 mV. At all
with maximum inactivation (62%) occurring potentials, the ratio of sustained to peak
for initial pulses between -10 mV and +1Ccurrent was greater after the cell was loaded
mV. These data are indicative of €a with BAPTA-AM, indicating that less
dependent inactivation in which the extent oinactivation had occurred. Similar results
inactivation is related to the magnitude ofvere observed in four additional experiments.
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The previous results suggest thaby an increase in the frequency of the
membrane permeable €ahelators could be glucose-induced burst pattern, from 3 to 5
useful tools to study the functional role ofbursts per minute. In four experiments,
Ca*-dependent inactivation of -k, exposure of mouse islets to BAPTA-AM
Therefore, we recorded glucose-inducethcreased the action potential height from
electrical activity fromB-cells in mouse islets 17+ 1.1 mV to 23+ 1.8 mV (p<0.05), and
before and after exposure to BAPTA-AM (25the burst frequency from 44 0.6 min? to
uM for 10 minutes). In the experiment showr6.9 = 0.8 min! (p<0.02). These data
in Figure 6, the average magnitude of thendicate that rapid, Cd-dependent
action potentials of the active phase increasédactivation of L., contributes to the
from 16 mV to 21 mV following exposure todynamic pattern of glucose-induced
BAPTA-AM. This change was accompaniecelectrical activity in the-cell.

+40 mV

A L] |80 mv

]
)

30 pA|

50 msec

Peak Current (% Control)

0

8 60 490 20 0 2
Membrane Potential (mV)

Figure 4. A: Current response elicited by the illustrated voltage pulse protocol, consisting of
consecutive depolarizing pulses (interpulse interval = 10 mBed). two-pulse protocol (inset) was
applied to ap-cell in situ. The peak current elicited by the second pulse is plotted against the
membrane potential of the initial pulse (corrected for the voltage drop across the electrode tip). Data
were normalized to the peak current elicited by the second pulse in the absence of an initial pulse.
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A +40 mV

| | _-80mv

control

BAPTA-AM

40 pA|

20 msec

w
8

8 8

—=—Control
—e— 10 uM BAPTA-AM

0 : : : : :
& 6 4 20 0 2
Membrane Potential (mV)

(% of Peak Current)
8

Relative Sustained Current

Figure 5. Rapid inactivation is attenuated by BAPTA: Superimposed current traces recorded

from ap-cell in situ in response to a 100 msec voltage step to +40 mV, before (control) and after

the islet was exposed to 28 BAPTA-AM for 10 minutes.B: A family of voltage pulses was

applied to a cell before and after exposure to BAPTA-AM, and the ratio of sustained current
(measured 100 msec into the voltage pulse) to peak current was plotted for each pulse. Following
exposure to BAPTA-AM, the ratio was greater at all potentials (indicating less relative inactivation

during the pulse).

Effect of temperature on voltage-dependent at the lower temperature, peaking 8 msec
Ca?* currents into the pulse compared to 5 msec at@7
The peak current was also 36% smaller at
Finally, we explored whether differences i29°C. However, the rapid inactivation was
temperature can account for thdess pronounced at 20, so the magnitude
dramatically larger magnitude ofc], of the current at the end of the pulse was
observed with thein situ voltage-clamp only 28% smaller than at physiological
technique. Figure 7A shows current tracegeemperature. Figure 7B shows the voltage
recorded from &-cell in an intact islet at dependence of the peak currents observed
37°C and 29C. I,, activated more slowly when families of voltage pulses were
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applied at the two temperatures. The peaddectrical activity in isolated mougkcells,
current was up to 40% smaller at°29 Bertram and co-workers (2000) found that
However, k., measured at 2€ with 1.3 only 6% of the cells oscillated with ‘islet-
mM extracellular C#& was still larger than like’ frequencies, whereas very fast
in patch-clamp experiments with 5 mMbursting or non-oscillatory activity was
extracellular Ca" (compare Fig. 2A). observed in 92% of the cells. Therefore,
Similar results were seen in three otheefforts to elucidate the mechanisms
experiments. These results indicate that thgoverning ‘islet-like’ bursting will likely
temperature dependence qf,) does not benefit from measurements of the
fully account for the current being largerbiophysical properties of ion channels from
when measured with tha situ technique.  p-cells within their native environment.

We previously demonstrated that, owing
to their small size and relatively low resting
membrane conductance, the membrane
potential of pancreatif3-cells can be

20 | | clamped with high-resistance intracellular
microelectrodes (Rojas et al., 1995). This
allows the measurement of ionic currents

mV u-l - || under the same conditions that are

_ | classically used to studp-cell electrical
~ Lt LJ ) LN \» y g

activity (i.e., cells within freshly

microdissected islets, perfused with
| S— bicarbonate-buffered Krebs solution at
30 sec 37°C). Furthermore, with this approadh,

cells can be identified based on their well-

Figure 6. Effect of BAPTA onf-cell membrane qafined glucose-induced electrical response
potential. Glucose-induced electrical activityj, intact islets. and currents can be

was recorded from f-cell before and after the measured from cells at various depths

islet was exposed to 2M BAPTA-AM for 10 \yjihin the islet, without evidence of run-
minutes. The glucose concentration was 11 m'\qown during long experiments.

throughout the experiment. Despite the potential benefits of the
method described here, voltage clamping
through high-resistance electrodes sets
limitations on the technique that must be
considered. Most notably, current flowing
DISCUSSION across the electrode tip, which includes a
substantial linear component through gap
Single-microelectrode voltage-clamp junctions and residual &p conductance
method for p-cells in situ: Motivation, (Gopel et al., 1999b), produces a voltage
advantages and limitations drop that cannot be compensated easily
with conventional patch-clamp amplifiers.
Electrical activity in the pancreatip-cell We therefore devised a method to measure
has been the subject of considerable studlie electrode voltage drop and correct the I-
for nearly four decades. During this time, itv curves during off-line analysis. As
has become evident that the burstingbserved in the I-V curves presented here,
electrical activity first described by Deanthe electrode voltage drop makes it difficult
and Matthews (Dean and Matthews, 1968}p achieve very depolarized membrane
with a characteristic frequency of 1-6potentials. However, we should point out
oscillations per minute, is a property ofthat, while the behavior of thg-cell ionic
cells within intact islets of Langerhanscurrents at such high potentials may be of
(Bertram et al.,, 2000; Falke et al., 1989biophysical interest, physiologically the
Kinard et al., 1999; Zhang et al., 2003). In amembrane potential rarely, if ever, exceeds
comprehensive study of glucose-induce® mV.

control BAPTA
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Figure 7. Effect of temperature on:},. A: Current elicited by a 100 mV potential step, recorded at
37°C and 29C from ap-cell in situ. B: |-V curves of k,, measured at 3C and 29C. Membrane
potential values were corrected for the electrode voltage drop. Data for A and B are from the same
experiment and are representative of results from 5 cells.

A second limitation relates to chargingtime constants of >10 msec can be measured
the p-cell membrane (capacitance ~ 10 pFyith less than 12% error when voltage
through intracellular microelectrodes, whichclamping through resistances as high as 150
is associated with a time constant of up tMQ (not shown).

1.5 msec. For this reason, we could not use

the technique to study very fast processekhe magnitude of I, is greater when
associated with d,,, such as activation measured in situ

kinetics and tail current decay. However,

processes with time constants greater than 23 we showed previously (Rojas et al.,
msec, such as the inactivation kineticd4995), depolarizing voltage pulses applied in
studied here, can be resolved with thishe presence of the *Kchannel antagonist
approach. In fact, in preliminary simulationsTEA elicited a rapidly activating, voltage-
with a mathematical model we found thatlependent inward current with complex
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inactivation kinetics. We previously Since the magnitude ot}], in p-cells is
identified this current asch, based on its temperature dependent (Kinard and Satin,
dependence on €ain the extracellular 1996), we examined the possibility that
medium. Here, we found that L-typetemperature differences between dnrsitu
(nifedipine-sensitive) Ca channels carry experiments and whole-cell recordings could
about 60% of 4,,. This result agrees with account for the difference in current
previous studies showing that L-typemagnitude observed with the two techniques.
channels account for 50-90% o§,l in  We found that the effect of temperature on
mousep-cells (Gilon et al., 1997; Gopel etl,, was too small to fully account for the
al., 1999b; Plant, 1988; Schulla et al., 2003data of Figure 2, showing that other
The nifedipine-resistant component gfJin  mechanisms must be explored. For example,
mousep-cells has been attributed to R- andvithin the intact isletp-cells are exposed to
P/Q-type C&" channels (Jing et al., 2005;various intercellular and paracrine signals
Pereverzev et al., 2002; Takahashi et althat could modulate Cacurrent density. It
2000). Influx of C&* through these channelsalso is possible that the process of dispersing
most likely drives the residual component ofslets into single cells or their maintenance
glucose-induced insulin secretion that isn culture for patch-clamp experiments
often observed in the presence ofeduces the magnitude of,| through an as
dihydropyridines. However, these channelget unidentified mechanism.
are not sufficient to produce bursting
electrical activity, which is completely I, inactivates with fast and slow kinetics
suppressed by antagonists of L-type
channels (Henquin and Meissner, 1984).  The inactivation of ¢,, during prolonged
Gopel et al. (1999b) first reported thatvoltage pulses followed a three-exponential
the voltage-gated Ca current measured model with fast, intermediate and slow
from p-cells in situ with the perforated components. The slow component of
patch technique was larger than thaihactivation measured here is reminiscent of
observed in single cells. We found a similathe slow, voltage-dependent inactivation of
result when comparing our in situCa&" currents (time constant 2.75 sec) first
measurements ofch, to measurements observed in singlg-cells (Hopkins et al.,
made with the whole-cell patch-clampl991; Satin and Cook, 1989). It was
technique under ‘typical’ conditionssuggested that this component of
(cultured p-cells, room temperature, Hepesnactivation could be the feedback
buffer). We also found that the I-V curve ofmechanism that drives bursting electrical
lcay Measuredn situ was slightly shifted to activity. However, mathematical models in
the left, probably because the lowewhich a single process drives bursting
extracellular C& levels used in thén situ  electrical activity suggest that burst
experiments resulted in less surface chardeequencies of 1-6 mih require a process
screening. As a result of the left shift, théhaving a time constant of tens of seconds
difference in the magnitude of.J, was (Sherman, 1996). As such, the slow
most pronounced at potentials from -45 to inactivation of pg-cell C&* currents
10 mV. Interestingly, this range covers the@bserved bothn situ and in single cells is
action potentials of glucose-inducgdcell probably too fast to be the sole mediator of
electrical activity (see Fig. 6). This resultislet-like bursts. However, since candidate
suggests that Cainflux during the spiking processes with a time constant of tens of
phase of bursting electrical activity isseconds are lacking, more recent models
greater than would be predicted based dmave explored the possibility that islet
conventional patch-clamp experiments antursting could be driven by the interaction
provides a physiological basis ffrcells to of fast (time constant 1-5 sec) and slow
achieve the [CH]; increases necessary to(time constant 1000-3000 msec) processes
stimulate insulin secretion despite(Bertram et al., 2000; Bertram and
maintaining relatively hyperpolarized Sherman, 2004). The ‘slow’ inactivation of
membrane potentials. lcay therefore could be considered a
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candidate for one of the ‘fast’ processe a recent theoretical study, we showed that
involved in producing islet bursting. changes in action potential height were
In accord with several previous studiesassociated with dramatic changes in burst
we found that the fast component ofrequency (Zimliki et al., 2004). However, at
inactivation of k., was C&" dependent this point we do not know the nature of the
(Gopel et al., 1999b; Plant, 1988; Satin anthst mechanism that could be activated by an
Cook, 1989). This process often has beeimcrease in action potential magnitude.
studied by substituting extracellular Ba Another possibility is that the €abuffer
for Ca*, but we found this approachcauses a transient depletion of?Com the
difficult with intracellular electrodes, due toendoplasmic reticulum, which has been
the development of a large leak current ishown to increase burst frequency (Bertram
the absence of G4 However, by using etal., 1995; Worley et al., 1994).
two-pulse protocols and studying the In summary, we have shown that it is
retarding effects of a membrane-permeablieasible to measure-4, from pancreatic3-
C&* chelator, we were able to confirm thatells in situ, under conditions that closely
the rapid inactivation observeih situ is resemble those of typical membrane
Ca?*dependent. Since C&dependent potential recording experiments. The
inactivation is mediated by Gain the properties of the currents measured with the
microdomain near the mouth of the channeh situ technique are qualitatively similar to
rather than bulk [CH];, the retarding effect those measured with conventional patch
of BAPTA-AM indicates that the chelator clamping, but quantitative differences in the
effectively buffers the Cd level in the size and voltage dependence are apparent
immediate vicinity of the channel. that will likely provide new insights into
Finally, we found that BAPTA-AM roles of voltage-dependent €achannels in
increased both the size of the actiof-cell electrical signaling. Our results with
potentials of glucose-induced electricalCa&* chelators provide a specific example of
activity and the frequency of the bursts. Theaow agents that affect the kinetic properties
former observation provides direct evidencef ionic currents can be used for mechanistic
that C&*-dependent inactivation ofc},, studies off-cell electrical activity and give
which occurs on a time scale similar t@a unexpected evidence that burst frequency is
cell action potential, plays a role in actiorpartly controlled by fast, Cadependent
potential repolarization. However, sincenactivation of k,. We expect that this
bursting occurs on a much slower time scaleechnique also will be useful for future
than Ca&*-dependent inactivation ofc),, studies of electrical signaling in human
acceleration of the burst pattern by BAPTApancreaticp-cells andp-cells from animal
is not intuitive. In fact, changes in [E% models of obesity and diabetes.
often have been proposed to control bursting
electrical activity directly or indirectly
(Atwater et al., 1979; Gopel et al., 1999aACKNOWLEDGEMENTS
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