Effects of Hidden Calcium Pools on Cell Electrical Activity

Inferring the Unseen
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ABSTRACT

Calcium is a critical activator of secretion from endocrine
cells and neurons, and also regulates its own entry through
negative feedback on ion channels. Using pancreatic (-cells
as a model system, we use differential equation models to
study the involvement of cytosolic calcium, which is readily
measured, as well as calcium in internal stores, such as the
endoplasmic reticulum (ER), which is not easily measured.
We infer from detailed measurements of currents through
calcium-activated potassium channels the existence of yet
another compartment, which lies in close proximity to both
a portion of the ER and the plasma membrane.

Rhythmic bursts of electrical activity are central to the reg-
ulated transduction of plasma glucose levels to insulin secre-
tion by B-cells. These oscillations occur with periods rang-
ing from seconds to minutes, the latter approaching the scale
of oscillations of insulin and glucose in the plasma, whose
disappearance foreshadows the development of Type II di-
abetes. Loss of the first phase of insulin secretion when
glucose is rapidly raised from basal levels is another well-
established predictor of Type II diabetes and a correlate of
diabetes in [-cell insulin-receptor knockout mice. This is
possibly related to the initial transient of electrical activity
seen when glucose is raised above the threshold for oscilla-
tions in vitro. The mechanisms of oscillation are complex
and have eluded a final determination, but there is wide
agreement that negative feedback processes, which slowly
switch action potential firing and Ca?" entry on and off,
are involved. One of the first candidate mechanisms consid-
ered was activation of K* channels by the rise in cytosolic
Ca?" itself. This hypothesis, originally proposed by Atwa-
ter and Rojas [1], fell into disfavor but has received renewed
attention with the isolation by Rorsman and colleagues of a
Ca?t-sensitive KT conductance, Kgow, that slowly rose and
fell in response to voltage-clamp stimuli that simulated the
natural burst waveform of the cells [3].

We have confirmed the existence of this channel in mouse
[B-cells and islets and HIT cells with a similar protocol and
ascertained that:

1. Kgiow is abolished by thapsigargin (Tg), which depletes
the ER by blocking the SERCA pump.

2. Insulin blocks Kgjow in a manner indistinguishable from
Tg.

3. Raising glucose partially inhibits Kgiow.

The action of insulin suggests a novel mechanism for paracrine
communication in islets, while the action of glucose suggests
the Ksow may contribute to non-KATP-dependent glucose
sensitivity, such as observed in SUR1 knockout mice, an an-
imal model for familial hyperinsulinism. We hypothesized
that Kgow is activated by Ca’" released from the ER into a
submembrane space (subspace), which generates local Ca®"
concentrations significantly greater than those in the bulk
cytosol. Depletion of stores turns off Kgow by collapsing
this gradient. We have tested this hypothesis by construct-
ing a mathematical model that can quantitatively account
for the detailed response of Ksjow to store depletion, whereas
simpler models incorporating the ER but not a subspace fail.
The model also produces oscillations of membrane potential
and cytosolic Ca®" on the full range of observed timescales,
from seconds to minutes (cf. [2]). Finally, transient sup-
pression of Kgow as the ER fills provides a new candidate
mechanism for the first phase of electrical activity in vitro.
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