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Abstract. The quantitative characterization of ion chan- 
nel properties in pancreatic ~-cells under typical patch 
clamp conditions can be questioned because of the un- 
reconciled differences in experimental conditions and 
observed behavior between microelectrode recordings of 
membrane potential in intact islets of Langerhans and 
patch recordings of single cells. Complex bursting is re- 
liably observed in islets but not in isolated cells under 
patch clamp conditions. E. Rojas et al. (J. Membrane 
Biol. 143:65-77, 1995) have attempted to circumvent 
these incompatibilities by measuring currents in 13-cells 
in intact islets by voltage-clamping with intracellular mi- 
croelectrodes (150-250 Mf~ tip resistance). The major 
potential pitfall is that B-cells within the islet are elec- 
trically coupled, and contaminating coupling currents 
must be subtracted from current measurements, just as 
linear leak currents are typically subtracted. To charac- 
terize the conditions under which such coupling current 
subtraction is valid, we have conducted a computational 
study of a model islet. Assuming that the impaled cell is 
well clamped, we calculate the native and coupling com- 
ponents of the observed current. Our simulations illus- 
trate that coupling can be reliably subtracted when neigh- 
bor ceils' potentials are constant or vary only slowly 
(e.g., during their silent phases) but not when they vary 
rapidly (e.g., during their active phases). We also show 
how to estimate coupling conductances in the intact islet 
from measurements of coupling currents. 
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Introduction 

A persistent difficulty in studying the electrophysiolog- 
ical properties of pancreatic ~3-cells has been reconciling 
microelectrode recordings of membrane potential in in- 
tact islets of Langerhans with patch clamp recordings of 
ion channels in single cells. Complex bursting patterns 
are reliably observed in islets [2], but in isolated cells 
under the same conditions as patch clamp experiments, 
most reports show continuous spike activity (e.g., [6, 
15]). Hence, the correspondence of the characterizations 
of individual channels to the bursting phenomenon ob- 
served in cells within islets may be questioned. Several 
major differences in the conditions under which the two 
experiments are performed may account for the disparity. 
Recordings of membrane potential are made with intra- 
cellular microelectrodes (tip resistance typically 150- 
250 M~) impaled in cells in the intact islet, typically at 
37~ using HCO3-/CO 2 buffer to control pH. Patch and 
voltage clamp recordings, on the other hand, are usually 
done on isolated B-cells at room temperature using 
HEPES buffer. It would not be surprising if one or more 
of these conditions alters ion channel function, resulting 
in regular bursting in cells in the intact islet but not in 
individual cells at patch clamp conditions. In fact, burst- 
ing in the intact islet reverts to constant spiking as tem- 
perature is decreased to room temperature, similar to 
single cell behavior under similar conditions (C.L. 
Stokes et al., in preparation). In addition, the functional 
characteristics (e.g., open and closed probabilities, con- 
ductance and time constants) of various channels in sev- 
eral cell types change with temperature [3, 7]. In 13-cells, 
the buffer selected to control pH changes K-ATP, but not 
K-Ca, channel behavior [4]. 

To address these issues, Rojas et al. [14] carried out 
voltage clamp experiments on individual cells within in- 
tact islets to characterize the ion channels under condi- 



80 A. Sherman et al.: Voltage-Clamping Coupled Cell Populations 

tions in which bursting indisputably occurs. In doing so, 
an additional difficulty was introduced. The [3-cells are 
electrically coupled to neighboring cells through gap 
junctions, and one must separate native membrane cur- 
rents in the clamped cell from coupling currents origi- 
nating in neighboring cells. Rojas et al. [14] have pro- 
posed that the standard leak subtraction protocol [1] will 
do this. Here, we test this proposition with a computa- 
tional islet of Langerhans. We subject it to the same 
manipulations as the real experimental islet. We assume 
the impaled cell is well clamped and take advantage of 
our knowledge of the underlying currents in the model to 
test how well the simulated experimental protocol ex- 
tracts the membrane channel currents and removes the 
unwanted coupling component. For the model, we dem- 
onstrate that the leak subtraction protocol works well 
when neighboring cells are in the silent phase of their 
bursts, but poorly during the active, spiking phase be- 
cause of rapidly changing coupling currents. In addition, 
we demonstrate that the total gap junctional conductance 
coupling the clamped cell to neighbors can be estimated 
by recording the total current during voltage-clamping. 

M a t e r i a l s  a n d  M e t h o d s  

MODELING 

The model islet is a 5 x 5 x 5 cube of cells coupled by gap junctions 
[17, 19]. One cell in the cube, generally the center cell, is considered 
to be impaled by a microelectrode through which the cell's membrane 
potential can be clamped to a specified voltage. The membrane poten- 
tial of each cell is described by the model of Smolen and Keizer [18] 
because this model has the most detailed fitting of voltage clamp cur- 
rents, especially Ca 2§ currents. The details of the model and even the 
underlying theory of what slow process drives bursting, however, are 
not important for our purposes. The model produces bursts of electrical 
activity (Fig. 1A) for suitable values of a putative glucose-dependent 
parameter by means of the following channel currents: the delayed- 
rectifier K + cur ren t  (/K-V); the K-ATP cur ren t  (/K-ATP); the two high- 
threshold voltage-activated Ca 2+ currents identified by Satin and Cook 
[16] and a glucose-activated, voltage-independent Ca 2§ current ([13]; 
combined in our equations as lc~). We ignore complications such as 
the voltage drop across the series resistance of the electrode. Under 
zero-current clamp conditions, the membrane potential in the impaled 
cell, Vm, varies in time according to the differential equation. 

d% 
Cm-~" --'--- --/ion -- /coup -- Ielec, (l) 

where/ion is the sum of the native membrane currents, 

lion=lca+lK V + I K  ATe, (2) 

Ioo~p is the sum of the coupling currents from immediate neighbors, j, 

/coup = E g c j ( V , , ,  - ~), (3) 
J 

l~lec is the current passed through the electrode, C m is membrane ca- 
pacitance, gr is coupling conductance between the clamped cell and 
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Fig. 1. (A) Computer simulation of a bursting [3-cell in a cluster of 125 
cells (a 5 x 5 • 5 cube) with gc = 100 pS, using Eqs. (1-3). (B) Total 
cell current measured in the center cell when it is clamped at V,~ = -70  
mV and the rest of the cluster is bursting. 

thejth neighbor, and t is time. There are seven other auxiliary variables 
not listed above. Five represent activation and inactivation gating of 
the ionic currents as in the Hodgkin-Huxley equations. The remaining 
two are intracellular Ca 2+ and ADP concentrations. The model postu- 
lates that voltage-dependent variations in Ca 2+ slowly modulate ATP 
production and give rise to bursts of action potentials separated by 
silent periods. ATP feeds back on to membrane potential through the 
ATP-sensitive K + channel, whose conductance, gK-ATP, is assumed to 
decrease with ATP and increase with ADP. The rate of ATP produc- 
tion is assumed to depend also on glucose concentration. Details may 
be found in [18] with corrections listed here in the Appendix. Calcu- 
lations were carried out on a Cray YMP computer. With parameters 
representing a stimulatory concentration of glucose and under current 
clamp with/elec = 0, the model islet bursts (Fig. 1A). 

Under voltage clamp conditions, the potential of the clamped cell, 
Vm, is held constant, so dVJdt = 0, and 

/oleo = Iion(V,~) + Icoup(Vm). (4) 

Ielec is now equivalent to the measured current in a whole-cell voltage 
clamp experiment, and is the sum of the native membrane currents, 
evaluated at the clamping potential, and the invading coupling currents 
from the neighboring cells. The neighbor cells are still free to burst, 
but are perturbed to an unknown extent by the coupling current. 

As in the experiments we are modeling [14], we apply the P - 
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P/N protocol for leak subtraction [1]. The purpose is to remove the 
linear component of the total current, purportedly representing any 
voltage-independent " leak" current, under conditions where currents 
of interest are inactive. The residue represents currents through the 
channels other than the leak. 

In their voltage clamp experiments in the intact islet, Rojas et al. 
[14] have implemented this protocol to remove such linear currents, 
which presumably include coupling currents. The protocol is to pre- 
cede the depolarizing test voltage pulse of size P by N (typically four) 
hyperpolarizing prepulses of size P/N, a modification of the scheme of 
Armstrong and Bezanilla [1] (Fig. 2A). The experimental observable, 
the leak-subtracted c u r r e n t  /sub,  is the sum of the current increments 
during the test- and prepulses relative to the holding current: 

/,~b = f _ y, + .~, (~,: _ iJ,), (5) 
j =  1,N 

where I h, /P J, and /t are the recorded values of Ie]~c at the holding, 
prepulse, and test potentials, respectively. (Superscripts refer to ele- 
ments of the subtraction protocol; subscripts identify cells and current 
components.) In general, any current measured at the prepulse voltages 
will be subtracted from the current measured during the test pulse. 
For a current to be linear, and hence subtracted by the P-P/N  protocol, 
it must have both a voltage-independent conductance and an ohmic 
driving force. That is, it must be representable in the form I]e~k = g~(V m 
- "r where gz is the leak conductance. For such a current, lsub = 0 (see 

Discussion). For example, Fig. 2B illustrates the effect of leak sub- 
traction o n  I K- ATP  = gK-ATP (Vm - VK), which is very nearly linear in the 
model. (It is not perfectly linear because ADP concentration changes 
slightly during the pulses.) 

For nonlinear, voltage-dependent channels, the currents during 
prepulses are typically small since prepulse potentials are hyperpolar- 
izing and nonactivating. This is illustrated in Fig. 2C, which shows the 
effect of leak subtraction on I K v, a typical nonlinear voltage-dependent 
current. 

The coupling current is not in general linear, even if the coupling 
conductance g~ is voltage independent, because the response of the 
neighboring cells is uncontrolled. Some current injected into the 
clamped cell will travel through gap junctions and change the voltage 
of the neighbor cells. Clamping a cell to a voltage negative to its 
neighbor will hyperpolarize the neighbor, while clamping positive to 
the neighbor will depolarize it. This effect increases with g~. If the 
potential of the neighbor does not vary linearly with the clamp poten- 
tial, coupling current will not be linear, and leak subtraction will not 
work correctly. In addition, the clamp potential is rapidly varied be- 
tween Vh,~ W m, and l/t,, according to the protocol, producing transient 
alterations in the neighbors' potentials that further complicate subtrac- 
tion efforts. 

Our task then is to determine under what conditions leak subtrac- 
tion allows a good approximation of native membrane currents when 
coupling currents are present (g~ > 0), as in the intact islet experiments 
of Rojas et al. [14]. When we consider the effects of subtraction on 
currents in coupled cells, we will take as the standard of comparison the 
current obtained after leak subtraction in the absence of coupling (g~ = 
0), which corresponds to voltage clamp of an isolated cell. 

Results  

WHAT LEAK SUBTRACTION DOES TO THE 

COUPLING CURRENT 

We first examine the effect of leak subtraction on the 
coupling current. Figure 3 shows the total coupling cur- 
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Fig. 2. Leak subtraction protocol using the P-P/N scheme. Vhm = -70  
mV, 4,, = -20  mV, gc = 100 pS in parts B and C. (A) The voltage clamp 
protocol using leak subtraction. N prepulses of magnitude -P /N pre- 
cede the test pulse of magnitude p. All test and prepulses are 100 msec. 
Vhm = --70 mV throughout. We used four prepulses (N = 4) as is typical 
in experiments. (B) Response of a linear current (1K-ATV) to voltage- 
clamping and leak subtraction. The top curve is the total current as it 
responds to prepulses and a test pulse. The lower curve is the current 
left after applying leak subtraction by adding the current during the four 
prepulses to the current during the test pulse. This linear, steady-state 
current is eliminated by the protocol. (In contrast to the experiments, 
there is no capacity transient because we neglect the series electrode 
resistance, and, hence, V m steps instantaneously to the command po- 
tential.) (C) Response of a nonlinear current (I x v) to voltage-clamping 
and leak subtraction. The top and bottom curves are the same as in B. 
This nonlinear current is little reduced by the subtraction protocol. 
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Fig. 3. Effect of leak subtraction on the coupling component of cur- 
rent. ~ = -70 mV, gc = 100 pS, and Vtm= -20 inV. (A) Total current 
and (B) leak-subtracted current during the middle and end of the neigh- 
bors' silent phase and beginning of the neighbors' active phase, and (C) 
the corresponding membrane potential of the neighbor, V,. 

rent and what remains after leak subtraction at various 
points in time. When the neighboring cells are in the 
early or middle part of the silent phase, their voltages 
vary in a nearly linear manner, and hence the subtraction 
reduces the coupling current amplitude by a factor of 
about 10 (left portion, Fig. 3A, B). As the neighbors 
approach the active phase, however, the coupling current 
fluctuates erratically and develops rapid, large amplitude 
transients during both the prepulses and test pulse (mid- 
dle and right portions, Fig. 3A, B). The results of the 

subtraction are unpredictable during these times, with the 
coupling currents sometimes exaggerated (middle por- 
tion, Fig. 3A, B) and sometimes canceling nicely (right 
portion, Fig. 3A, B). Hence, the subtraction protocol 
cannot be relied upon to correctly remove coupling cur- 
rents during these periods. 

The membrane potential of a neighbor cell is shown 
in Fig. 3C. During the first set of pulses, well within the 
silent phase, the neighbor exhibits attenuated, nearly pas- 
sive, responses to the transmitted steps from the clamped 
cell. It is more depolarized during the holding periods, 
and undergoes smaller relative deflections during the 
test- and prepulses. Thus, the coupling current of the 
clamped cell (Fig. 3A) is inward during the holding- and 
prepulses, but outward during the test pulses. As the 
silent phase ends, the voltage of the neighbor ramps up 
and exceeds the threshold for spiking. (This is primarily 
because the threshold has been lowered by a slow de- 
crease in gK-ATP, which is not shown.) 

We conclude that during the silent phase the behav- 
ior of loo,p is intermediate between that of IK-ATP and 
/K-V; it is not perfectly linear, but it is not strongly non- 
linear. During the active phase, rapid transients render 
the subtraction protocol ineffective. 

CURRENT-VOLTAGE RELATIONSHIPS 

Despite all of the potential problems, the foregoing sug- 
gests that the leak-subtraction method will work reason- 
ably well if one uses only data taken when the 
unclamped cells are in the silent phase. Figure 4 shows 
the total cur ren ts  (/dec) VS. time at a family of test po- 
tentials, Vtm, with gc = 100 pS, before and after leak 
subtraction. The currents are reduced slightly in magni- 
tude by subtraction. This is primarily due to removal of 
coupling current, which is outward during the test pulse 
because the neighbor cells do not depolarize as much as 
the clamped cell. Note that the transient inward current 
component, clearly visible after subtraction, is masked 
by the coupling current before subtraction. 

Figure 5 summarizes peak total current vs. mem- 
brane potential before and after leak subtraction for sev- 
eral values of go. The unsubtracted I-V curves for gc > 0 
are shifted upward relative to the curve for gc = 0, which 
corresponds to an isolated cell. The upward shift in- 
creases with gc and again reflects the hyperpolarizing 
effect of the coupling current. 

After subtraction, the coupling current is much re- 
duced. Note, however, that the subtracted I-V curves 
show a small, but systematic, downward shift, reflecting 
the residual coupling current which is inward. Compare 
with the leftmost portions of Fig. 3A, B. The subtraction 
protocol overcorrects because the response of the neigh- 
boring cells to the steps in V m is nonlinear. A more 
precise mathematical analysis is given in the Discussion 
and in Fig. 7. 
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As g~ increases, the error due to the residual cou- 
pling current increases, and leak subtraction becomes 
less effective. However, even with gc = 400 pS, where 
the unsubtracted coupling current is about one-third as 
large as the native current, the protocol works fairly well. 
The mathematical analysis below shows why the error 
increases with gc. 

We can also generate I-V curves for individual cur- 
rents. For example, Ica-V curves can be obtained by set- 
ting all K + conductances to zero; this simulates addition 
of TEA. Alternatively, one can compute leak-subtracted, 
peak total current curves as in Fig. 5B with normal and 
zero extracellular Ca 2+, and subtract one from the other. 
The results of the latter procedure are displayed in Fig. 6. 
We obtain reasonable, though downward shifted, Ica-V 
curves, even with g~ = 400 pS (Fig. 6) and even though 
the inward current component was barely visible prior to 
leak subtraction in the total current records (Fig. 4A). 
At large values of Vtm where the error is large and the 
native current is small (e.g., Vtm= +50 mV), the relative 
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error is large. The mathematical analysis shows why the 
residual error increases with Vtm. 

ESTIMATION OF COUPLING CONDUCTANCE 

The variation of the junctional current between the 
neighbors' silent and active phases (Fig. 1B) can be com- 
bined with voltage clamp recordings (Fig. 1A) to estimate 
the total gap junctional conductance between the 
clamped cell and its neighbors. At any time, the total 
electrical current in the clamped cell is equal to the native 
membrane currents and the coupling currents such that 
we can write, 

IAiePc = [ion(Vm) Jr- E gc,j(Wm - ~n, P) (6) 
J 
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SP SP 
I;]e~ = lio.(Vm) + Z gcj(Vm -- V•,j) (7) 

J 

where A P  and SP represent values measured when the 
neighbors are in their active and silent phases, respec- 
tively. 

In an experimental situation one would not know 
vAjC or vS~, the potential of the neighbors in the active or 
silent phases. However, one could switch to current 
clamp, allow the clamped cell to resume bursting, and 
take V AP and V sP of the impaled cell under current clamp 
as estimates of vA,~ and vS,~. For this to be valid, we 
must assume that the Vn,j are not perturbed very much by 
the current injected into the impaled cell when it is under 
voltage clamp. An alternative sufficient condition is that 
vA~ and vS,~ are perturbed about the same amount. Sim- 
ulations with the model show the latter condition to hold 
within about 7% when g, = 100 pS, and within about 
15% when gc = 400 pS. Eddlestone et al. [5] showed that 
cells were approximately synchronized, so we can take 
all the Vj to be equal. With these simplifications we can 
subtract Eq. (7) from Eq. (6) to obtain 

Ielec -- Ie]~c = god -- (8) 

which can be solved for Zj gc,j, the total junctional con- 
ductance of the clamped cell with its neighbors. In Fig. 
1 average values are IAI~o = --19 pA, IS~o = -9  pA, V AP = 
-42  mV, and V sP = -59 mV. This gives an estimate for 
Ej, gc, j of 588 pS, close to the true value of 600 pS (six 
junctions of 100 pS each). The error is worse for larger 
coupling, but even at g, = 400 pS, the error is < 25%. 
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Discussion 

SUMMARY 

We have explored with simulations the possibility of 
voltage-clamping a cell within an electrically coupled 
tissue, with specific application to the pancreatic [3-cell 
in the intact islet of Langerhans. A key experimental 
difficulty in using intact islets not faced with isolated 
cells is that the former is electrically coupled to neigh- 
boring cells through gap junctions. Current may flow 
between the clamped cell and its neighbors through the 
gap junctions, depending on the relative magnitudes of 
their membrane potentials. Hence, measured current 
represents not only native membrane currents through 
ion channels but also the current through the gap junc- 
tions. Rojas et al. [14] have used the P - P / N  protocol to 
subtract the gap junctional currents as if they are part of 
a linear leak current. Simulations with parameters ap- 
propriate to the pancreatic islet confirm that voltage- 
clamping a cell in a coupled ensemble using this sub- 
traction protocol is a reasonable procedure if done with 
care. Mathematical analysis of a simplified case below 
characterizes more generally when spurious results will 
be obtained. 

The islet simulations show that coupling leads to 
relatively small errors when measurements are made dur- 
ing neighboring cells' silent phases and leak subtraction 
is used to remove coupling currents. Recording during 
neighbors' active phases gives meaningless results, how- 
ever, because the rapid oscillation of the neighbors' po- 
tentials causes the coupling currents to vary rapidly. Ro- 
jas et al. [14] showed that it is experimentally feasible to 
make voltage clamp measurements during the silent 
phase because the neighbors' active phase is apparent by 
the invasion of large inward action currents in the current 
record when at the holding potential (Figs. 1B, 3A). 

We have shown that oscillations of the neighbors 
can be converted from a contaminant to a source of use- 
ful information. By clamping to a fixed potential (Fig. 
1B), measurements of invading burst currents can be 
used to estimate gap-junctional conductance between the 
clamped cell and its neighbors (Eq. 8). This type of data 
is unique. Until now, measurements of gap junctional 
conductance have been made only in cell pairs that sur- 
vive dissociation of an islet [10, 12]. We do not know 
whether these are representative of conductance in situ. 
Perez-Armendariz et al. [12] found that 65% of cell pairs 
were electrically connected, and that the conductance 
was highly variable from pair to pair, ranging from 25- 
600 pS, with a mean of 215 pS. Meda et al. [10] found 
that only 20% of pairs were connected. Computer sim- 
ulations suggest that the former value is adequate to me- 
diate synchrony of bursting in islets, while the latter is 
not [19]. Measurements in islets could help resolve this 
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critical issue. If one could impale several cells in an islet 
sequentially, one could assess the variation in coupling 
strength from cell to cell. Note that our procedure gives 
the total coupling conductance of the clamped cell to all 
its neighbors rather than to individual neighbors. 

Furthermore, our simulations suggest that one could 
study the kinetics of the glucose-stimulated increase in 
gap junctional coupling in an islet. Eddlestone et al. [5] 
have demonstrated that g~ increases with glucose, and 
that the increase is time dependent, as judged from the 
delay of a few minutes for bursts to synchronize after 
adding glucose. Our simulations suggest that by mea- 
suring the increase in magnitude of the invading burst 
currents when clamping at a fixed potential, one could 
follow the rate of increase of glucose-stimulated gap 
junctional coupling. 

Similarly, one could study the rate and magnitude of 
the effects of other substances on gap junctional cou- 
pling, such as the long-chain alcohols [9]. The method 
of Eq. (8), would give an estimate of the effect on gc and 
subtracting the coupling current would show whether the 
native currents are also significantly affected. 

Our results depend on some specific features of the 
"tissue preparation." First, there are electrically "si- 
lent" periods during which currents can be measured; 
during this time the unclamped cells are far below 
threshold and have a nearly linear response. Second, the 
islet is a discrete cluster of small cells which are not 
spatially extended like neurons, and hence each cell may 
be considered iso-potential. The discreteness contributes 
somewhat to isolating the cells electrically from each 
other. For example, reduced coupling in discrete sys- 
tems can cause failure of action potential propagation; in 
continuous systems, such as large single neurons, the 
propagation speed is merely reduced [8]. 

Our assumption that all the gap junctional connec- 
tions (as well as all the cells) in a cluster are identical, 
however, should not limit the applicability of the results. 
While all cell properties and gap junctions in real islets 
are not likely to be identical [12], we expect that varying 
coupling conductances randomly (as in [19]) would give 
qualitatively similar results. 

MATHEMATICAL ANALYSIS OF LEAK SUBTRACTION 

Certain results on the leak subtraction protocol can be 
found analytically. It is easy to show that leak subtrac- 
tion of a linear current results in a zero net current, as 
stated previously in Modeling under Materials and Meth- 
ods. To simplify, we assume that currents in each of the 
N prepulse steps are the same, so that I pd  = I p in Eq. (5). 
This gives for the subtracted current, 

/sub ----- i t --  i h -b N ( I  p - l h ) .  (9) 

For a linear current component, / l e a k  = gz(Vm - Vt), f = 

g , ( V ~  - Vl); I h = g,(Vhm -- VI); I p = gl(Wm - Vl), where 1# m 
= ~m + P ;  Wm= Vhm -- PIN.  Substituting these expressions 
for I t, I h, and I p in Eq. (9), we find that ~e ub = 0; the leak 
is completely subtracted as expected for a linear current. 

Now apply leak subtraction to the coupling current 
component. For simplicity, consider the case of two 
cells, one clamped to V m and one neighbor with unknown 
potential V n. Then, /coup = gc(V,~, - Vn). If V~ were 
constant, them/coup would be formally equivalent to a 
linear leak and would be completely subtracted with the 
P - P I N  protocol, as just shown above. In general Vn var- 
ies in an unknown way, but a condition for complete 
subtraction of this component can be derived as follows: 

Let V, = ryes, V~, or ~z, respectively, when V m = Vhm, 

VPm, or Vtm. Substituting I t = gc(Vtm -- Vt~); I h = gc(Vhm - 

V~n); [P = gc(gPm - V~n ) in Eq. (9), we find 

FcUbp =--gc[(V~ - V~)-  N(V~n- W,,)]. 

Assuming gc ~ O, ub ' �9 t ~oup = 0 tf and only if (V'~ - V~) = N ( V ~  

- W~). This means that the coupling component is com- 
pletely subtracted only if the deflections from baseline of 
the neighbor are in the same proportion as those of the 
clamped cell. 

In general this will not hold. For the cell pair, a 
qualitative picture of how nonlinear the response of V~ 
will be to changes in Vm can be estimated as follows. 
The equation for V~ is 

dVn 
Cm d t  - Iion(Wn, gk_ATP) -- gc(Vn - Vm). (10) 

The parameter gK-ATP sets the overall level of excit- 
ability of the cell in the Smolen-Keizer [18] model (for a 
neuron a similar role could be played by a neurotrans- 
mitter or bias current). The steady-state response of the 
neighbor is implicitly defined by 

V m = V n + l i o n ( V  n, g K - A T P ) [ g c .  (1l) 

An immediate consequence is that Vn approaches Vm for 
very large gc; in this limit the neighbor responds per- 
fectly linearly because the pair is iso-potential. The mea- 
sured current is then double that of an isolated cell be- 
cause the two cells respond like one cell with double the 
membrane area. 

The response for several values of gc and gK-ATP is 
plotted in Fig. 7. First, consider the case of relatively 
weak coupling, gc = 10 pS. When gK-ATP = 250 pS (cor- 
responding  roughly to the beginning of the silent phase) 
and V t < -20 mV, Vn stays on the bottom branch of the 
S-shaped curve and the response is nearly linear. Be- 
cause the bottom portion of the curve bends upwards, 
however, V' n rv4~' > N(V~ - Wn) u b  - and ~oup < 0; that is why 
the leak-subtracted /-V curves in Fig. 5B are shifted 
downward. The curvature reflects the nonlinear re- 
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Fig. 7. The curves show for a pair of cells the response of the neigh- 
bor's potential, V n to changes in the potential of the clamped cell, Vm 
using Eq. (11). The dotted lines represent W m, l/h~, and ~,  and the 
corresponding W,,, ~ ,  and ~ (see text). For relatively small coupling, 
go, large K + conductance, gK-ATP, and modest Vim, the response is nearly 
linear (squares). Larger values of V~,,, to the right of the knee of the 
S-curve stimulate the neighbor to spike. If gc is increased (diamonds) 
or gK-ATP is decreased (triangles) the spike threshold shifts to the left. 

sponse of  the neighbor to changes in V m. Stepping up V,,, 
steps up V n, which opens additional channels and further 
depolarizes the neighbor. The curvature increases to- 
ward the right knee of  the S-curve, so the error increases 
with ru,~. If  rU m is increased past the knee, rUn will exceed 
threshold, and the neighbor will begin to spike. ~,~bp 
cannot be accurately predicted from the graph then, but 
will l ikely be large and varying in time. Similarly, if  gc 

is increased,  the S-curve  wil l  de fo rm towards  the 
straight, dotted-dashed line V n = Vm, and it will be easier 
to exceed threshold. ~ b p  will also increase, as in Fig. 
5B. Finally, i f g  c = 10 pS, but gK-ATP is decreased to 220 
pS (corresponding roughly to the end of the silent phase), 
the S-curve shifts to the left, and the neighbor will be 
able to spike even when the clamped cell is at the holding 
potential, Vhm . 

The results discussed above and illustrated in Fig. 7 
should be widely applicable because they do not depend 
strongly on particular features of our [3-cell model, but 
are typical of many excitable cell models. However,  this 
simple example neglects the effects of distal neighbors 
for which the effects of  clamping are attenuated, mod- 
erating the response of the near neighbors. Therefore, 
the values of gc must be scaled up for large clusters, and 
one cannot draw quantitative conclusions for the large- 
cluster simulations. Nonetheless,  our analysis of  cell 
pairs qualitatively accounts for the phenomena seen. The 
analysis suggests that the key factor that permits approx- 
imate subtraction of  the coupling current is the suppres- 
sion of excitability by a large K + conductance. This oc- 
curs naturally in pancreatic islets as a result of  the slow 
cyclic oscillations (bursting). Mtiller and Lux [11] mod- 

eled point-clamp in neurons with axons and also found 
that large outward currents help isolate the clamped re- 
gion from the rest of the neuron. 

In summary, our computational models have shown 
that a standard, leak subtraction protocol will also sub- 
tract coupling currents during voltage-clamping in elec- 
trically coupled tissues, but works reasonably only dur- 
ing time periods in which the neighbor cells '  potentials 
are varying slowly compared to the voltage clamp pro- 
tocol. In the bursting islet, subtraction of coupling cur- 
rents works while the neighbors are silent, but not during 
their active phase. We have calculated analytically the 
error in the subtracted current for a simplified two-cell  
case, and the result will be similar for a larger cluster of 
coupled cells. Finally, we have shown how coupling 
currents in the intact islet can be estimated from a com- 
bination of voltage- and current-clamping using micro- 
electrodes in the intact islet. 

John Rinzel participated in discussions planning this investigation and 
contributed many useful ideas. Eduardo Rojas and Illani Atwater pro- 
vided helpful critiques of the manuscript. Computer time was provided 
by the National Cancer Institute Biomedical Supercomputing Center. 
C.L.S. was supported by a National Science Foundation Presidential 
Young Investigator Award and The Whitaker Foundation. 

References 

1. Armstrong, C.M., Bezanilla, F. 1974. Charge movement associated 
with the opening and closing of the activation gates of the Na 
channels. J. Gen. Physiol. 63;533-552 

2. Atwater, I., Carroll, P., Li, M.-X. 1989. Electrophysiology of the 
pancreatic [3-cell. In: Molecular and Cellular Biology of Diabetes 
Mellitus. B. Draznin, S. Melmed, and D. LeRoith, editors. Vol. 1. 
Insulin Secretion. pp. 49-68. Alan R. Liss, New York 

3. Barrett, J.N., Magleby, K.L., Pallotta, B.S. 1982. Properties of 
single calcium-activated potassium channels in cultured rat mus- 
cle. J. Physiol. 331;221-230 

4. Carroll, P.B., Li, M.-X., Rojas, E., Atwater, I. 1988. The ATP- 
sensitive potassium channel in pancreatic [3-cells is inhibited in 
physiological bicarbonate buffer. FEBS Lett. 234:208-212 

5. Eddlestone, G.T., Gon~alves, A., Bangham, J.A., Rojas, E. 1984. 
Electrical coupling between cells in islets of Langerhans in mouse. 
J. Membrane Biol. 77:1-14 

6. Falke, L.C., Gillis, K.D., Pressel, D.M., Misler, S. 1989. 'Perfo- 
rated patch recording' allows long-term monitoring of metabolite- 
induced electrical activity and voltage-dependent Ca 2+ currents in 
pancreatic islet B cells. FEBS Lett 251:167-172 

7. Fischbach, G.D., Lass, Y. 1978. A transition temperature for ace- 
tylcholine channel conductance in chick myoballs. J. Physiol. 
280:527-536 

8. Keener, J. 1991. The effects of discrete gap junction coupling on 
propagation in myocardium. J. Theor. Biol. 148"49-82 

9. Meda, P., Bosco, M., Chanson, M., Giordano, E., Vallar, L., Woll- 
heim, C., Orci, L. 1990. Rapid and reversible secretion changes 
during uncoupling of rat insulin-producing cells. J. Clin. Invest. 
86:759-768 

10. Meda, P., Bosco, D., Giordano, E., Chanson, M. 1991. Junctional 
coupling modulation by secretagogues in two-cell pancreatic sys- 



A. Sherman et al.: Voltage-Clamping Coupled Cell Populations 87 

tems. In: Biophysics of Gap Junction Channels. pp. 191-208. C. 
Peracchia, editor. CRC, Boca Raton, FL 

11. Mtiller, W., Lux, H.D. 1993. Analysis of voltage-dependent mem- 
brane currents in spatially extended neurons from point-clamp 
data. J. NeurophysioL 69:241-247 

12. Perez-Armendariz, M., Roy, C., Spray, D.C., Bennett, M.V.L. -rs(V ) 
1991. Biophysical properties of gap junctions between freshly dis- 
persed pairs of mouse pancreatic 13-cells. Biophys. Jr. 59:76-92 

13. Rojas, E., Hidalgo, J., Carroll, P.B., Li, M.-X., Atwater, I. 1990. A 
new class of calcium channels activated by glucose in human 
pancreatic B-cells. FEBS Lett. 261:265-270 

14. Rojas, E., Stokes, C.L., Meats, D., Atwater, I. 1995. Single- 
microelectrode voltage clamp measurements of pancreatic [3-cell 
membrane ionic currents in situ. J. Membrane Biol. 143:65-77 

15. Rorsman, P., Trube, G. 1986. Calcium and delayed potassium 
currents in mouse pancreatic B-cells under voltage clamp condi- 
tions. J. Physiol. 374:531-550 I=(V) = 

16. Satin, L., Cook, D. 1989. Calcium current inactivation in insulin- 
secreting cells is mediated by calcium influx and membrane de- 
polarization. Pfluegers Arch. 414:1-10 

17. Sherman, A., Rinzel, J. 1991. Model for synchronization of pan- 
creatic B-cells by gap junction coupling. Biophys. J. 59:547-559 

18. Smolen, P., Keizer, J. 1992. Slow voltage inactivation of Ca 2+ 
currents and bursting mechanisms for the mouse pancreatic B-cell. 
J. Membrane Biol. 127:9-19 

19. Smolen, P., Rinzel, J., Sherman, A. 1993. Why pancreatic islets 
Tn(v) burst but single B-cells do not: The heterogeneity hypothesis. Bio- 

phys. J. 64:1668-1680 

Appendix 

Calculations were done with the model of Smolen and Keizer [18], 
using parameters corresponding to their Fig. 6. Corrected equations 

only are listed below with original equation numbers on the left. (Eq. 
6). There should be a + between the two exponential terms in the 
denominator: 

T~ 

r-(v- v.,>l] exp[ J +expt--VT-, l 
+ T~) (A1) 

(Table, p. 13) Parameters K 1 and K 2 should have units of naN. % 
should be 1.28 msec. 
(Eq. 19) There should be a - in front of SF 

(l+eXp[ l) (A2) 

(Eq. 20) There should be a + between the two exponential terms in the 
denominator: 

rN 

(Eq. 27) Replace k by ka: 

d[ADP] 
d--~ - k~exp R 1 -  R1 ]fl [ADP] +k~[ATP] 

(A3) 

(A4) 


