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Abstract

Pancreatic B-cells secrete insulin, the hormone that controls glucose homeostasis in verte-
brates. When activated by glucose, §-cells display a biphasic electrical response. An initial
phase, in which the cell fires action potentials continuously, is followed by a phase with a
characteristic firing pattern, known as electrical bursting, that consists on brief pulses of ac-
tion potentials separated by intervals of rest. Electrical bursting is believed to mediate the
pulsatile secretion of insulin. The electrical response of §-cells has been extensively studied at
experimental and theoretical level. However, there is still no consensus on the cellular mecha-
nisms that underlie each of the phases of the response. In this paper, I propose the hypothesis
that the pattern of the plasma membrane (PM) response of stimulated S-cells is generated
by the electrical activity of the endoplasmic reticulum (ER) membrane. In this hypothesis,
the interaction of the two excitable membranes, PM and ER membrane, each operating at
a different time scale, generates both, the initial continuous phase and the periodic bursting
phase. A mathematical model based on the hypothesis is presented. The behavior of the
model (B-cell replicates the main features of the physiological response of pancreatic [-cells
to nutrients and to neuro-endocrine regulatory factors. The model cell displays a biphasic
response to the simulated elevation of glucose. It generates electrical bursting with frequencies

comparable to those observed in live cells. The simulation of the action of regulatory factors
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mimics the actual effect of the factors on the frequency of bursting. Finally, the model shows
that a cell with a defective ER response behaves like a dysfunctional -cell from individuals
with type 2 diabetes mellitus, a result that suggests that the electrical malfunction of the ER
membrane may represent one of the primary causes of type 2 diabetes. Dynamic analysis of
the ER behavior has revealed that, depending on the transport rates of Ca?t in and out of
the ER, the system has three possible dynamic states. They consist on the hyperpolarization
of the ER membrane, periodic oscillations of the electric potential across the membrane, and
the depolarization of the membrane. Each of these states determines a different functional
program in the cell. The hyperpolarized state maintains the cell at rest, in a non-secreting
state. Periodic oscillations of the ER membrane cause electrical bursting in the PM and the
consequent pulsatile secretion of insulin. Finally, the depolarized state causes continuous firing
and an acute secretory activity, the hyperactive conditions of the initial phase of the (-cell
response to glucose. The dynamic states of the ER are also associated with different long-term
effects. So, conditions that induce the hyperactive depolarized state in S-cells also potenti-
ate apoptosis. The induction of the oscillatory state by glucose and neuro-endocrine factors
seems to activate also cell proliferation. In extreme conditions though, such as the chronic
treatment of T2DM with incretin analogs, the activation of the oscillatory state may lead to
the appearance of cancer. The mathematical model presented here is an illustration of how,
even in a extremely simplified system, the nonlinearity or excitability of the ER membrane
can produce a repertoire of dynamic states that are able to generate a complex response com-
parable to the response observed experimentally in pancreatic S-cells. In actual cells, with a
much higher number of parameters susceptible to be modified by environmental and genetic
factors, the ER membrane is likely to have a significantly bigger set of dynamic states each
capable to direct the cell in a particular functional or developmental direction. The potential
role of the electrical activity of the ER membrane in cellular processes such as fertilization,
cell proliferation and differentiation, and cell death, as well as in the development of diverse

pathological conditions is analyzed in the discussion.
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1 Introduction

1.1 Regulation of Insulin Secretion

Insulin, the hormone secreted by the (-cells in the islets of Langerhans of the pancreas, is involved
in the control of glucose homeostasis in higher vertebrates (1). Insulin secretion is regulated by
glucose and other nutrients, as well as by hormonal and neural factors (2, 3). A defective regulation
results in serious pathological conditions. Unrestrained secretion of insulin causes hyperinsulinism
(4, 5), whereas low levels of insulin, due to (§-cell death or malfunction, are responsible for the
development of type 1 and type 2 diabetes (6-8).

The stimulation of pancreatic f-cells by glucose elicits a biphasic electrical response (9, 10).
A brief initial phase, lasting a few minutes, is characterized by the continuous firing of action
potentials. In this phase there is a very active secretion of insulin that causes a stark elevation
of the hormone concentration in the bloodstream (11-13). The initial response is followed by a
prolonged bursting phase. During this second phase, cells fire rhythmic bursts of action potentials,
each lasting 10 to 20 seconds, separated by intervals of electrical inactivity of similar duration
(14, 15). The level of insulin secretion is considerably lower than in the initial phase and takes
place in pulses that correlate with the electrical bursts (16-20).

In parallel with the electrical oscillations of the plasma membrane (PM), stimulated cells also
display oscillations of the cytosolic concentration of calcium ([Ca?*]cyr). This calcium response is
also biphasic. A sustained initial transient is followed by periodic oscillations that have the same
frequency that the bursting oscillations in the PM (21-23).

Glucose stimulates insulin secretion by means of a synergistic interaction between several sig-
naling pathways (15, 24-26). The best characterized of these pathways involves the metabolism
of glucose and K 47rp, an ATP-regulated potassium channel expressed in the plasma membrane of
p-cells (27). The elevation of blood glucose accelerates the rate of glycolysis in the mitochondria
and the production of ATP in [-cells. The rise of the ATP/ADP ratio in the cytosol causes the
closing of Krp channels and the consequent depolarization of the PM (28-30). When the PM

potential (Vpys) reaches the threshold for the activation of voltage-gated calcium channels (Cay ),
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the cell starts the firing of action potentials. The influx of Ca?t through the opened Cay chan-
nels elevates the cytosolic concentration of calcium and triggers the secretion of insulin (15). This
signaling process is known as the glucose triggering pathway (31).

There is evidence that glucose also stimulates the release of insulin by acting directly on the
secretory process itself enhancing the response of insulin-containing granules to cytosolic calcium
(32-34). The effect of glucose on the late stages of secretion is known as the glucose amplifying
pathway (31).

The triggering and amplifying pathways have represented for many years the standard expla-
nation of how glucose induces the release of insulin. However, recent pharmacological and genetic
evidence has revealed that this is only part of a more complex picture. The chemical inactivation
(32-35), as well as the genetic depletion of K rp channels (36-38), contrary to what was expected,
does not abolish the response of -cell to glucose. So, for instance, mutant mice lacking any of
the two K7p subunits, Surl or Kir6.2, are nevertheless normoglycemic (39, 40). Interestingly, the
genetic inactivation of K rp channels does not even suppress electrical bursting in mutant [-cells
(41). Additional signaling systems, capable to trigger the glucose-induced secretion of insulin in-
dependently of K47p, must therefore exist in pancreatic -cells. Two candidates to be involved in

this alternative signaling are the inositol and the cAMP pathways.

1.1.1 The Inositol Pathway

The inositol pathway is a signaling system that is usually activated by agonists that bind to G-
protein coupled receptors. The binding causes the activation of some form of phospholipase C
(PLC), an enzyme that catalyzes the hydrolisis of phosphatidylinositol (4,5)bisphosphate to produce
inositol 1,4,5 trisphosphate, IP3, and diacylglycerol (DAG) (42). DAG activates protein kinase C
(PKC), whereas inositol trisphosphate binds to IP3 receptors (IP3Rs) in the membrane of the
endoplasmic reticulum (ER) and other internal stores (43, 44). IP3Rs are calcium channels gated
by Ca®" and IP3 (45, 46). The binding of IP3 in the presence of calcium causes the opening of
the channels and the release of calcium from the lumen of the ER into the cytosol. The release

has a dual effect, it elevates [Ca®T]oyr (43) and activates inward currents in the PM known as
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store operated currents (SOC) or calcium-release activated currents (CRAC) (47) that depolarize
the membrane.

In B-cells, the inositol pathway is activated by acetylcholine (ACh) and cholinergic agonists
such as carbachol that bind to the M3 muscarinic receptor (48, 49). The binding of ACh to the
M3 receptor activates PLC-3 through the action of a heterotrimeric G protein of the G, family.
The activated PLC raises the cytosolic levels of DAG and IP3. The primary function of DAG
in (-cells is to activate protein kinase C, although additional roles involving its phosphorilated
derivative phosphatidic acid have also been suggested (50). The effects of PKC on insulin secretion
are still controversial (51, 52), although they seem to target the late stages of secretion, affecting
the amplifying pathway (53).

The IP3-dependent release of calcium from the ER causes [Ca*"|cyr oscillations (54) and the
activation of an inward Na® current (55, 56). Additionally, the binding of agonists to the M3
receptor activates an IP3-independent inward current probably through a sodium channel, NALCN,
associated with the receptor (57, 58).

As a result of all these effects, the activation of the M3 receptor by cholinergic agonists poten-
tiates the glucose-dependent secretion of insulin. The M3 pathway though can not induce by itself
the release of insulin in the absence of glucose (59, 60).

The inositol pathway is also directly activated by glucose in 5-cells, as first reported by Best (61)
and Montague (62). These authors observed that the elevation of IP3 required the metabolism of
glucose (62, 63) but not the influx of extracellular calcium (62, 64), showing that it was independent
of the closing of the K 47p channels. These observations have been since thoroughly confirmed and it
is well established that the elevation of IP3 is a key component of the K s4rp-independent mechanism

by which glucose stimulates the secretion of insulin (26, 65, 66).

1.1.2 The cAMP Pathway

Historically, cAMP was one of the first messengers proposed to mediate the stimulatory action of
glucose in f-cells (67, 68). Although sometimes questioned, specially after the discovery of the role

of the K47p channels, there is now solid evidence that cAMP plays a central role in the induction
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of insulin secretion by glucose (69-71). Glucose raises the level of cAMP by activating a membrane-
bound form of adenylyl cyclase (70) and perhaps also a soluble form of the enzyme (72). The level of
cAMP can also be elevated in (-cells by incretin hormones such as glucagon-like peptide-1 (GLP-1)
and glucose-dependent insulinotropic polypeptide (GIP) (73-75). This pathway has proven to have
an important therapeutic value in the treatment of type 2 diabetes (76-80).

cAMP activates protein kinase A (PKA) and a factor known as Epac (exchange protein activated
by cAMP). PKA phosphorilates several downstream targets, among them SURI, the regulatory
subunit of the K 4rp channel. The phosphorilation disrupts the binding of ADP and thus facilitates
the closing of the channel and the secretion of insulin (81, 82). Epac is a cAMP-regulated guanine
nucleotide exchange protein. This small G-protein activates PLC, causing the elevation of IP3 and
opening of IP3Rs (83, 84). It also activates the ryanodine receptor (RyR) type of calcium channels
in the ER (85). The combined action of Epac on IP3 and ryanodine receptors produces a significant
release of calcium from the internal stores. The importance of this particular effect of cAMP has
become evident in genetic experiments in which the inactivation of the genes encoding Epac2 or
its downstream effector PLC-¢ caused a strong reduction of the secretory response of the mutant
p-cells to both glucose and GLP-1 (86, 87).

Recently, it has been reported that GLP-1 can activate PLC and elevate cytosolic IP3 inde-
pendently of cAMP by interacting with a G protein of the G,, family (80, 88). These results
corroborate the important role that the release of calcium from internal stores plays in promoting

the release of insulin.

1.1.3 The NAADP Pathway

A third signaling system associated with the glucose regulation of insulin secretion is the NAADP
pathway. Nicotinic acid adenine dinucleotide phosphate (NAADP) is a second messenger involved
in the control of multiple cellular processes. NAADP mobilizes calcium from lysosomes and other
acidic organelles by activating two calcium channels of the two-pore channel (TPC) family, TPC1
and TPC2 (89, 90). Glucose, as well as GLP-1, stimulates the formation of NAADP in [-cells

(91, 92). NAADP elevates [Ca?"|oy7 and induces periodic depolarizing currents in the plasma
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membrane (93, 94). The deletion of TPC1 (94), although apparently not that of TPC2 (95), reduces
the response of the mutant cells to glucose. NAADP is therefore part of the K4rp-independent

mechanism involved in the stimulation of insulin secretion by glucose.

1.1.4 Store Operated Currents

A common result in all three K rp-independent pathways described above is the activation of
inward currents in the PM by the release of calcium from internal stores. This type of store
operated currents have been identified in excitable and non-excitable cells and play important roles
in a wide variety of physiological processes (96, 97).

A calcium current, activated by the depletion of calcium from the ER, was postulated by Putney
in 1986 (98). The actual current was first observed by Hoth et al. in 1992 (99). The calcium channel
responsible for the current, Orail, was identified and characterized in 2006 (100). At about the
same time it was identified STIM1 (101, 102), an ER membrane protein that is believed to sense
the lumenal Ca®" concentration. When [Ca*"|gg is low, STIM1 translocates to the proximity of
the PM, interacts with Orail and activates the channel causing the entrance of extracellular Ca?"
into the cytosol and the depolarization of the PM (103). The Orail-dependent current was initially
believed to be a mechanism to replenish the ER of Ca?*, but it is well established now that the
current is involved in more complex functions (47).

Whereas the STIM1/Orail-dependent SOC is selective for calcium, a second type of store op-
erated current is mediated by a family of non-selective cation channels (104). The prototype of
the family is TRP (transient receptor potential), a channel discovered in the photoreceptors of
Drosophila melanogaster (105). TRP is involved in the transduction of the light signal into neural
impulses. Light activates PLC, elevates IP3 and causes the release of calcium from the ER. As
a result, TRP becomes open and conducts a current that depolarizes the plasma membrane and
triggers the firing of action potentials by the photoreceptor (106).

Both types of channels, Orail and TRP are expressed in (-cells and participate in the regulation
of insulin secretion (107, 108). Orail forms a ternary complex with STIM1 and TRPC1, a member

of the TRP family. The complex is required for the normal induction of insulin secretion by glucose
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and cholinergic agonists (109). Another member of the TRP family that has been shown to be
involved in the regulation of insulin secretion is TRPM5. TRPMS5 was first identified in taste cells
and found to cause the depolarization of the PM in response to the IP3-induced Ca?* release from
the ER (110-112). The channel is expressed in S-cells (113, 114) and its inactivation reduces the
response of the cells to glucose and GLP-1 (114-117). Mice carrying a Trpm5 -/- mutation display
elevated levels of blood glucose and a type 2 diabetes-like phenotype (114, 115). Interestingly, the
inactivation also abolishes the normal bursting response of -cells to glucose (114). In humans,
genetic variants within the TRPMb5 locus have been found associated with an increased risk of
developing type 2 diabetes (118). These results show that the store operated currents play a key
role in the induction of insulin secretion in S-cells.

In summary, glucose stimulates the secretion of insulin by acting on two separate targets, the
plasma membrane and the internal stores. On the PM, glucose closes K 7p channels and causes
the depolarization of the membrane. At the level of the internal stores, glucose activates the release
of Ca?* into the cytosol through the IP3R, RyR, TPC1 and perhaps other calcium channels. The
release elevates [Ca?"|oy7 and activates store operated currents that contribute to the depolarization
of the PM. The synergistic interaction of the two levels of signaling causes the secretion of insulin.
The interaction of the two pathways may also represent the mechanism by which [-cells generate

electrical bursting.

1.2 Mathematical Models of Electrical Bursting

As described in the previous section, the activation of (-cells produces electrical bursting, brief
episodes of electrical activity in which the PM becomes depolarized and the cells fire action poten-
tials, separated by short intervals of electrical rest caused by the repolarization of the PM (15, 119).
The electrical oscillations of the PM are associated with parallel oscillations of the calcium concen-
tration in the cytoplasm (21, 22, 120). Bursting has been observed in isolated islets (9, 10) as well
as in recordings made in whole animals (121, 122) and seems critical for the regulatory function of

insulin (123, 124). The loss of bursting has been associated with the development of hyperglycemia


https://doi.org/10.1101/249805

bioRxiv preprint doi: https://doi.org/10.1101/249805; this version posted January 18, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and T2DM (20, 125-127).

Electrical bursting has been observed in many other excitable cells such as the R15 neuron of
Aplysia (128), the pituitary gonadotropes (129, 130), neurons in the mammalian neocortex (131)
or the dopamine midbrain neurons involved in the development of Parkinson’s disease (132, 133).
The exact role of bursting in these excitable cells is still not known.

Since its discovery in the late sixties (9, 10), electrical bursting in S-cells has been the object of
intensive investigation at both experimental and theoretical levels (134-137). In spite of this effort,
the cellular mechanisms underlying the electrical oscillations of the PM that cause bursting still
remain poorly understood. In the words of Berggren and Barker (138), the repolarization of the
beta-cell after a bursting event is the least well understood process in the [§-cell stimulus-secretion

coupling.

1.2.1 Cytosolic Calcium Hypotheses

Several mechanisms have been postulated to try to explain electrical bursting in terms of the
oscillations of the cytosolic concentration of calcium. One of the earliest was proposed by Atwater
and colleagues (139, 140). This group suggested that bursting could be driven by a feedback
mechanism dependent on [Ca?*]cyr oscillations. According to these authors;, Ca?™ would regulate
the opening state of a calcium-activated potassium channel (K¢g,) and in this way generate the
oscillations of PM potential that initiate and end each bursting cycle. In the absence of glucose,
[Ca®T|cyr would be elevated, keeping the K, channels open and the PM hyperpolarized. The
addition of glucose would activate Ca?" pumps that extrude calcium from the cytosol and thus
reduce [Ca?t]cyr. At sufficiently low [Ca®T]cyr, the K¢, channels would become closed causing
the depolarization of the PM. When the PM potential reaches the threshold for the activation of
voltage-gated calcium channels (Cay ), the cell would start firing action potentials. The entrance
of calcium through the opened Cay channels would cause a gradual elevation of [Ca*"|cyr that
eventually would reach the level for the reactivation of the K¢, channels. The opening of the
K¢, channels would cause the repolarization of the PM and restore the electrically inactive initial

conditions. Then the whole cycle would be repeated again (140).
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Interestingly, in their experimental studies the authors measured the electrical resistance of the
PM during bursting and found a decrease of the resistance during the active phase, a result more
consistent with the active phase being caused by the opening of some channel or channels rather
than the closing of a calcium-regulated K¢, channel as they proposed (139).

The Atwater’s hypothesis was implemented in a mathematical model by Chay and Keizer in 1983
(141). The model assumed a Hodgkin and Huxley formalism (142) to describe the ionic currents

across the PM. The rate of change of the PM potential is thus given by the equation:

dVv
dt Z (1)

= (9x.ua + 9x.ca) - Vi —=V) + 29caun - Vea—V) + g1 - (VL =V)

where C'm and V are respectively the capacitance and the electric potential of the plasma membrane,
and g; represents the conductance of each of the channels in the model. These include a voltage-
dependent Ca channel, Cagy, that played the role of the voltage-dependent sodium channel in
the Hodgkin and Huxley model. The conductance of this channel, gcq mm, is a function of the
time-dependent variables m and h, the activating and inactivating parameters of the channel, as in

the Hodgkin and Huxley scheme:

- 3
9ca,HH = 9Ca,HH T h

In addition, the model included two potassium channels regulated by voltage, K5y, and calcium,
K¢, and a leak channel. Finally, V; represents the reversal potential for each of the ions involved.
An additional equation for the balance of calcium completed the model.

Simulations using this model showed that the mechanism proposed by Atwater’s group could
indeed generate electrical bursting comparable to that observed in S-cells (141).

The Chay and Keizer model represented an important breakthrough in the theoretical analysis
of electrical bursting and has exerted a considerable influence in the subsequent development of
the field. In particular, the use of the Hodgkin and Huxley formalism as shown in Eq. 1 has been

adopted, with only small variations, in practically all mathematical models developed afterwards.
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The actual measurement of [Ca?"]cyr in pancreatic cells (21, 22) revealed the limitations of
the Atwater’s hypothesis. The dynamics of calcium in [-cells is significantly different from that
assumed in the model. The [Ca*"|cyr is low in cells at rest, rises sharply at the beginning of a
bursting cycle and remains elevated during the whole active phase. There is no gradual increase of
the concentration leading to a critical [Ca?"]cyr at the end of the active phase that terminates the
firing of action potentials as proposed by Atwater.

This square wave type of dynamics poses a problem to any bursting model based on a PM channel
regulated by calcium. The pacemaker channel must respond slowly to changes of [Ca*"|cy7, with
a delay comparable to the length of the active phase. In a mathematical model this can be easily
achieved just by using a Hodgkin and Huxley type of gating variable such as m or h of Eq. 1. The
rate of change of these variables has the general expression:

dn. nNe —n
dt T

where n., represents the value of the variable when gating is instantaneous, usually a Michaelis-
Menten function of [Ca?t]oyr, and 7 is an arbitrary relaxation time parameter. By selecting the
appropriate value of tau, it is possible to adjust the delay response of any channel to the level
required by the experimental observations.

This strategy has been used in many models. A slowly inactivating voltage-dependent calcium
channel, Cay, was postulated in S-cell models developed by Teresa Chay (143) and Keizer and
Smolen (144). Other groups have maintained the K¢, channel proposed by Atwater’s group as the
bursting pacemaker but assuming a slow gating mechanism (136, 145, 146).

The physiological relevance of these hypotheses depends on the experimental identification of
the postulated slow gating channel. In 1999, Gopel et al. (145) reported some indirect evidence
of a slow current that could be mediated by a slow K¢, channel involved in bursting. However,
inhibitors that block this slow Kt current do not prevent electrical bursting in glucose stimulated
cells (147). Using other specific inhibitors, it has also been possible to discarded the involvement

of the main known K¢, channels (148), the large conductance, BK (149, 150), the intermediate
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conductance, IK or SK4 (149, 151), and the small conductance SK1-3 (152, 153), in the generation
of electrical bursting in [-cells.

Currently, no slow gating K¢, channel able to couple [Ca?*]cyr with the electrical oscillations
of the PM in [-cells has been identified.

As an alternative to the regulation of PM potential through the gating of a slow K¢, channel,
several groups have proposed that bursting can be generated by oscillations of ATP caused by
fluctuations of the glycolitic process in the mitochondria of S-cells. The oscillations of the ATP/ADP
ratio would then affect the conductance of the K47p channels and generate the oscillations of the
PM potential. The first model using this approach was developed by Keizer and Magnus in 1989
(154). For these authors, the metabolic oscillations were caused by the oscillations of [Ca*"]|cyr
and had therefore the same frequency (155, 156). In other models the glycolitic oscillations are
autonomous and thus are not synchronized with the oscillations of cytosolic calcium (157-159). A
more complex model, that involves both slow K¢, channels and the effect of metabolic oscillations
on Karp has been developed by Bertram, Sherman and Satin (160, 161). This model, referred to
as the double oscillator model, can reproduce most of the observed electrical responses of S-cells,
including electrical bursting.

There is experimental evidence that ATP and K 47p conductance oscillate in glucose stimulated
p-cells (162-164). However, these oscillations are considerably slower than bursting and they have
been observed in non-stimulated cells where there is no bursting and in over-stimulated cells where
spike firing is continuous (164). More importantly, the genetic inactivation of Karp channels in
SUR1 -/- and Kir6.2 - /- f-cells does not abolish bursting (38, 41). Yildirim et al. (165) have sug-
gested that in theses mutant cells, Kir2.1, a voltage-dependent inward rectifier potassium channel,

could compensate for the lack of K rp channels.

1.2.2 ER Calcium Hypotheses

The discovery of currents activated by the depletion of calcium from internal stores, in particular
the finding that the release of calcium from the ER caused the activation of an inward current in

the PM of p-cells (166, 167), opened the possibility to explain electrical bursting using a different
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strategy. In the new type of models, the active phase of bursting will be initiated by the opening
of store operated channels and the activation of an inward depolarizing current. The active phase
would then terminate when the channels become closed.

In 1996, Teresa Chay, aware of the limitations of her previous models based on the oscillations
of cytosolic calcium (143, 168) started to explore the possibility that the slow variable driving elec-
trical bursting was the lumenal concentration of calcium ([Ca®"]zg) rather than the concentration
of calcium in the cytosol ([Ca?*]cy7). She developed a mathematical model implementing this
hypothesis (169, 170). In the model, she postulated that the alternative Ca*" depletion and refill-
ing of the ER would cause the activation and termination of a store operated current responsible
for bursting. In resting cells, the ER would have an elevated concentration of calcium. The store
operated current would be inactive and the PM hyperpolarized. Glucose would cause the Ca?*
depletion of the ER, activate a store operated current and depolarize the PM. This would trigger
the firing of action potentials initiating an active bursting phase. The influx of calcium through
the voltage-activated Ca?* channels would cause the refill of the ER, leading to the inactivation of
the store operated current, the repolarization of the PM and the termination of the active phase of
bursting. During the subsequent silent phase, glucose would again cause the depletion of the ER
until a low [Ca?*]gp initiates a new bursting cycle. Simulations using the equations of the model
were able to reproduce the observed electrical bursting (169, 170).

The main objection raised to this model was that the elevation of glucose does not deplete
the ER of calcium but rather stimulates the transport of the ion into the organelle, probably by
activating the ATP-dependent SERCA pump (23, 171). A mechanism based on the concentration
of calcium in the lumen of the ER was therefore unlikely to be the pacemaker of electrical bursting
in [-cells.

The store operated currents have been incorporated in other models of electrical activity of
B-cells. Bertram and colleagues were actually the first to include SO currents in a mathematical
model to explain the depolarizing effect of ACh (172), although in this model bursting is generated
not by the store-regulated current but by a slow inactivating K¢, channel in the plasma membrane.

Roe et al. also proposed the involvement of SO currents in bursting (173) and Fridlyand et al.
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incorporated the concept in a mathematical model (174).

Although the concentration of calcium in the lumen of the ER seems unlikely to represent the
slow variable responsible for bursting, there is compelling evidence that the store operated currents
play nevertheless a fundamental role in the generation of the slow oscillations of PM potential
seen during bursting. The molecular characterization of some of the store operated channels in (-
cells has allowed to prove their direct involvement in the stimulus-secretion process. In particular,
the observation that the genetic inactivation of TRPM5 (114) has a deleterious effect on both
bursting and insulin secretion shows that the store operated channels, and therefore the control of
PM currents by the ER, represent a fundamental part of the mechanism that mediates electrical
bursting and the secretory response of S-cells to glucose.

The multiplicity of hypothesis to explain electrical bursting in glucose stimulated §-cells under-
scores the lack of consensus on the actual cellular mechanism that drives the process (25). In [-cells,
intracellular calcium oscillates with the same frequency observed in bursting even in cells where the
electrical activity has been blocked. It is thus natural to consider that intracellular oscillations of
calcium determine the rhythm of bursting. In fact, since Chay and Keizer (141) virtually all theo-
retical models of electrical bursting are based, at least in part, on actions caused by the cytosolic
oscillation of Ca?T. However, there has been so far no convincing way to link the oscillations of the
Ca?* concentration in the cytosol or in the lumen of the ER with the electrical oscillations of the
PM.

An important element though has been overlooked in all the previous studies and that is the
effect the intracellular dynamics of calcium has on the electric potential of the ER membrane
(Vgr). The pumping of Ca®*" into the ER and the associated counterion flows generate ionic
gradients, mainly of Ca*" and K, across the ER membrane (171, 175, 176). At steady state,
these concentration gradients are equilibrated by the electric potential across the ER membrane
(177), much as the PM potential equilibrates the ionic gradients across the plasma membrane. The
opening of IP3R and other calcium channels and the consequent release of calcium into the cytosol
causes the depolarization of the ER membrane. The oscillations of cytosolic and lumenal [Ca®"]

are therefore associated with parallel oscillations of the ER membrane potential (178). Changes of
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the ER membrane potential may affect the activity of other components of the cellular machinery.
Vgr, for instance, may represent the actual factor that alters the electrical conductance of the store

operated channels in the PM that are regulated by the release of calcium from the ER.

1.3 Electrical Excitability of the Endoplasmic Reticulum Membrane

The endoplasmic reticulum is a multifunctional organelle formed by a continuous membrane complex
that extends from the plasma membrane to the nucleus in all eukaryotic cells (179-182).

Based only on ultrastructural analysis, Ruska et al. postulated in 1958 that the intracellu-
lar membranes ...must possess transmembrane potentials and that they serve to the conduction of
excitation as does the plasma membrane (183).

The involvement of the ER in intracellular signaling has since been thoroughly confirmed. A wide
variety of physiological processes, including fertilization, cell proliferation and differentiation, the
immune response, even learning and memory in the nervous system, are initiated and controlled by
the spatiotemporal dynamics of cytosolic calcium that includes calcium oscillations and propagating
waves (184, 185). This complex dynamics depends entirely on the ER.

The cytosolic oscillations and waves of calcium are normally initiated by an elevation of 1P3
concentration that causes the release of calcium from the ER through IP3R calcium channels. The
singular biophysical properties of the IP3R are the main cause of the nonlinear dynamics of calcium
inside the cell. The channels display a biphasic response to calcium. At steady state, the open
probability of an IP3R is a bell-shaped function of [Ca?*]oyr. This means that the channel is
initially activated by the increase of [Ca?"|cyr but after a critical level further increases of the
concentration of free calcium induce the closing of the channel (46, 186-188). In addition to the
bell-shaped response, the activation and inactivation of the channel operate in two different time
scales, with an almost instantaneous activation and a much slower inactivation (189-192).

Several mathematical models have been developed to analyze how the biophysical properties of
the IP3Rs generate the complex dynamics of calcium observed in stimulated cells (193). One of

the earliest and most influential is the kinetic model of DeYoung and Keizer (194). This model
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assumed an IP3R formed by three identical subunits each containing two binding sites for calcium
and one for IP3. The subunits therefore can transition between eight different substates. The model
included the kinetic equations required to describe all these transitions. Although mathematically
complex, it was able to reproduce the most significant behavior of IP3R.

A simplification of the model was developed by Atri et al. (195) and by Li and Rinzel (196).
These authors integrated individual kinetic variables used by DeYoung and Keizer into a single
gating variable modeled after the inactivation variable h of the Hodgkin and Huxley model (142).
Tang et al. (197) have shown that these simplified models are mathematically equivalent to the
original DeYoung and Keizer formulation.

In the Li and Rinzel model, the flow of calcium through the IP3R channel, J;p3g, is given by
the equation:

Jipsr = — Prpsr - O - (C — Cgg) (2)

Prp3r being the total permeability of the IP3R channels in the cell, C' the cytosolic concentration
of calcium and Cgg the concentration of calcium in the lumen of the ER.

O corresponds to the fraction of IP3R channels that are open at a given time. This fraction or
open probability is determined by the concentrations of IP3 and calcium in the cytosol according

to the expression:

O=m?(IP3,C) - h?

where I P3 stands for the concentration of IP3 in the cytosol.
Mo Tepresents the equilibrium value of the activation gate. It is a function of the IP3 and calcium

concentrations in the cytosol

IP3 C
Moo =
IP3+ Kips C+ K¢

where K;ps and K¢ correspond to the Michaelis-Menten constants for the binding of IP3 and Ca?*
to the corresponding activating binding sites in the IP3R channel. Both bindings are assumed to

be instantaneous.
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h is the slow inactivation variable. Its rate of change depends on the time constant 7 according

to the expression:
@ _ heo(IP3,C) —h
dt T

heo is the equilibrium value for the inactivating gate. Its value is

with Q being the effective Michaelis-Menten constant characterizing the channel’s Ca?* inactivation
gate.

The Hodgkin-Huxley formalism used to develop this simplified model made evident the paral-
lelism that exists between the IP3Rs in the ER membrane and the voltage-dependent Na™ channels
(Nay) in the plasma membrane of excitable cells. In the firing of an action potential, a single
variable V, the plasma membrane potential, first triggers the opening of the Nay channel and
then, at higher values, the same variable causes the slow closing of the channel. The activation of
voltage-dependent Ky channels then restores the resting conditions. In the ER the single variable
[Ca?t]cyr, like V in the PM, first triggers the opening of the IP3R channel and causes a similar
excitatory transient. Then when [Ca2+]cy;p reaches a critical point it causes the slow closing of the
channel allowing the SERCA pumps to restore the resting conditions. This parallelism inspired Li
and colleagues to propose the concept of calcium excitability of the ER as the mechanism underlying
the generation of cytosolic calcium oscillations and waves (198, 199).

In their model though, Li and Rinzel (196) assumed that the flow of calcium in and out of the ER
has no significant effect on the electric potential across the ER membrane and thus the concentration
gradient of calcium, C' — Cgg, is the only factor that drives the flow of the ion through the IP3R
channel. However, if the effect on the ER membrane potential is taken into account, then the flow

of calcium is driven by its electrochemical gradient across the membrane and the current of calcium,

Ilcarpsr, through the IP3R would be:

Icarp3r = 9gcarpsr - O - (P— Pca) (3)
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Joarpsr represents the maximal conductance of the IP3R channels in the cell. O is the proportion
of the channels open, as in Eq. 2. P represents the electric potential across the ER membrane and

Pc, is the reversal potential of calcium as determined by the Nernst equation:

RT CEgr
Poo = — - In—— 4

ca=5p " C (4)
With this formulation, the Li and Rinzel concept of calcium excitability of the ER becomes

generalized to the concept of electrical excitability of the ER membrane.

2 Mathematical Model

I have developed a minimal mathematical model of a pancreatic S-cell in which the excitable ER
membrane is assumed to be able to regulate the electrical conductance of the PM. The goal is to
test the hypothesis that the oscillations of the ER membrane potential (Vgg) represent the main
force driving electrical bursting in glucose stimulated (-cells.

The structure of the model is similar to the ER-based model of 3-cell developed by Teresa Chay
(169, 170). A significant difference though is the way the store operated current that generates the
slow PM potential oscillations is regulated. Whereas in the Chay model the current is activated by
the depletion of calcium in the ER, here it is the depolarization of the ER membrane, caused by the
release of calcium, what activates the pacemaker current. The Vgg-regulated channel assumed to
be opened by the depolarization of the ER membrane is modeled after the store operated channel
TRPMS5, known to be involved in the generation of electrical bursting (114).

The model consists of four sets of equations. The first two describe the electric potential across
the plasma and endoplasmic reticulum membranes. A third set of equations summarizes the bal-
ance of calcium in the different subcellular compartments. Finally, the last equation describes the

dynamics of inositol 1,4,5 trisphosphate in the cytosol.
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2.1 Voltage across the plasma membrane

The equations describing the rate of change of the electric potential across the PM and ER mem-
brane are based on the equation for the PM voltage (Eq. 1) of the Chay and Keizer model (141).

The voltage across the plasma membrane is determined by the current across five different ion
channels. Two voltage-dependent channels are responsible for the generation of action potentials,
Cay that carries the Io,y current, and Ky that conducts the delayed rectified Ix current. A second
calcium channel, Cap, carries the Io,p current. This corresponds to the Vgg-activated current
hypothesized by the model. This is a small current that could also have been modeled as Na™-
specific or even non-selective without altering significantly the behavior of the model. The Krp
channel, that carries the I arp) current, incorporates the direct regulation of the PM potential by
glucose into the model. Finally a nonregulated calcium channel C'a; carries a leak current I, that
balances the activity of the Ca*"-ATPase pump when the cell is at rest and prevents the depletion
of the cell.

The rate of change of the voltage V' across the plasma membrane is given by the expression:

av

Crum i (Icav + Ix + Icap + Ix(arp) + Ica) (5)

Where Cpys represents the capacitance of the plasma membrane, and the currents are defined by
the following equations:

The voltage-dependent calcium current is

IC’aV =gcav * Mso (V - VCa)

where m, is the steady state value of the gating variable m for the Cay channel. The steady state
gating variables such as m., are sigmoidal functions of voltage. They are usually represented by a

Boltzmann expression:
1

B 1+ exp[”m_v]

sm

Moo

which contains two parameters, a half-maximal potential v,, and the gating slope s,, at v,,. The
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gating of the Cay channel is assumed to be instantaneous and therefore the gating variable m is

independent of time and always equal to the steady state value m..

The delayed rectifier K™ current is

IK:gK -n - (V—VK)

The Ky channel responds to changes of V with a delay determined by the rate of change of the

gating variable n:

dn  Ne — N
A 6
dt T (6)
where n is given by the expression:
1
nOO = ————--
1+ ea:p[—””s:bv]

and 7 represents the relaxation time constant.

The Vggr-dependent calcium current is
Icap = gcar * Poo = (V = Vea)

where p,, is given by:
1
1+ exp[2Y]

sp

Po =

The activation of this channel is also assumed to be instantaneous with the gating variable p

always equal to pso.
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The ATP-dependent potassium current is

Ixarp) = gxarpy - (V — Vi)

Finally, the Ca?* leak current is

IC'al = gcal (V - VC’a)

The values of the reverse potential for Ca?*, Vi, and K+, Vi, and other parameters used in

the model are given in Table 1.

2.2 Voltage across the ER membrane

The equations for the electrical activity of the ER membrane are based on the Li and Rinzel model
of the ER (196), with the modifications indicated in Eq. 3 in the Introduction.

The voltage across the ER membrane (P in the equations) depends on three calcium currents
and a leak current according to the expression:

dP

CER % == (ICCLIP3R + ICaRR + [Cam“ + Ileak) (7)

where Cgr represents the capacitance of the ER membrane.

The Ca?* current Ic,rp3r across the IP3R is

IC’aIP?:R = gCaIP3R OIP3R : (P_ PC’a)

where Ojpsr represents the open probability of the IP3R channel. The expression for Orpsg in-
corporates the fast activation of the channel by Ca?* (a) and IP3 (b) and the slow inactivation by

elevated concentrations of Ca** (h)

3 3 3
O[pgR:CLOO h b
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The activation functions a., and b, are

[CGQ+]CYT
[Ca®*t|oyr + dact

Uoo =
_[Ip3
> [IP3] + dip3

The rate of change of the gating variable h is

Ccil_}tl =a - ([Ca®Teyr +dinh) - (he — h) (8)
b dinh
© dinh + [C@2+]CYT

The current Io,rr across the RyR channel is also activated by small elevations of [Ca?*]cyr

and inhibited by high concentrations of Ca?*. The expression for the current is

Icarr = gcarr * Orr - (P — Pca)
where Ogpg is given by the expression:

[Ca?* 2y p RRinh

Ogrr = '
RR =G o [Ca** )%y RRinh + [Ca*t]oyr

The third Ca?* current included in the model, I¢gp,, is a non-regulated current that depends
only on the electrochemical gradient for Ca?* across the ER membrane. This current provides the
observed leak of calcium from the lumen of the ER, responsible for the depletion of the ER when

the SERCA pump is inhibited. The expression for the current is

ICam" = Jcanr ° (P - PCa)

Finally, [jeqx is @ Hodgkin and Huxley type leak current (142). This leak current integrates all
the counterion flows, glutamate, chloride (200), but mainly potassium (201, 202), that take place

in response to the uptake and release of calcium from the lumen of the ER. The expression for the
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current is

[leak = Gleak * (P - Pleak)

Given the predominant role of K™ in the leak current, the equilibrium potential P, is assumed
to be close to the equilibrium potential for K™ in the ER membrane, that lacking better information
is taken to be similar to the equilibrium potential Vi across the PM. The equilibrium potential for

Ca?*, Pg,, is given by the Nernst equation

RT [CCL2+]ER
= - n

Poo = = - In - JEE
© 2F [CCL2+]CYT

The values used in the simulations for the ionic conductances and other parameters in the

equations are given in Table 1.

2.3 Calcium balance equations

The cell in this model is assumed to have 5 um of radius and thus a surface of 314 um? and a
volume of 523 f liter. Beta cells are known to have a great calcium buffering capacity in both the
cytosol and the lumen of the ER. Bertram et al. (172) introduced the concept of effective volume,
Verr, to deal with calcium buffering in their model of a 3-cell. For a ratio f; of free to total calcium

in a cellular compartment of volume V;, the effective volume of the compartment is defined as:

Vi
Vietf = +

1

Using this concept, the model cell is assumed to have a cytosolic effective volume, V.. of 2.7 pico
liters. This corresponds to a proportion of free to total calcium of the order of ten percent. The
effective volume of the lumen of the ER, V,, .sf, is assumed to be 0.5 pico liters, i.e. 5.4 times
smaller than the volume of the cytosol.

With these assumptions, the change of cytosolic calcium concentration is related to the calcium
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fluxes across the PM (Jpy) and the ER membrane (Jgg) by the expression:

d[CCL2+]CYT _ Jpym — JER (9)
dt Veers

And the change of the calcium concentration in the lumen of the ER:

d[Ca2+]ER _ JE‘R (10)
dt ‘/er,eff

The flux of calcium across the plasma membrane, Jpys, is due to the calcium currents already

described and to the extrusion of calcium by a calcium-ATPase pump:

[Ca2+]2CYT

KrQn(PM) +[Ca®t ]y r

I = — 7 Ucav + Loap + Loa) — vpm

A similar equation describes the calcium flux, Jgg, across the ER membrane:

[Ca®*[Eyr
ng(ER) + [Ca* ey r

Jer = — Y (canr + Icarps + Icarr) + VER

where vpy, vEr and Ky, pary, Kmer) represent the maximum velocity and the Michaelis-Menten
constant for the PM and ER ATPase pumps. A second order kinetics for these pumps has been
assumed. The parameter v transforms the flow of electrical charge into flow of mass, assuming one
mole of calcium has zF, i.e. 193000, Coulombs.

The values of the parameters used in the simulations are shown in Table 1.

2.4 Dynamics of IP3

The final equation of the model describes the dynamics of inositol thisphosphate in the cytosol.
The cytosolic concentration of IP3, [IP3], is determined by the rate of synthesis and the rate of

degradation of the phospholipid according to the expression:

d[[P3] [Ca2+]CYT
= vIp3 T
dt [Ca?teyr + Knca)

— wp [IP3] (11)
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The rate of synthesis v;p3 is set to reflect the activity of the different forms of PLC activated by
glucose as well as by neural and hormonal factors such as ACh and GLP-1. All PLC isoforms are
regulated by calcium (42). This regulation is included in the model through the K,,(cq) parameter.

The degradation of IP3 in cells can proceed in two different ways. IP3 can be either dephos-
phorylated by IP3 5-phosphatase or phosphorilated by IP3 kinase (203). The activity of the two
enzymes is integrated in the model into the single rate of degradation vp. This process is assumed
to be independent of calcium.

The model equations have been integrated numerically using a step adaptable Gear method

implemented in the free software package XPPAUT developed by Bard Ermentrout (204).
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Table 1: Variables and Parameters

Name Description Value Units
Main Variables
\Y Plasma membrane potential Equation 5 mV
n Delayed rectifier K channel gating variable Equation 6
P ER membrane potential Equation 7 mV
h IP3R channel gating variable Equation 8
[Ca’*eoyr Cytosolic calcium concentration Equation 9 pmol 17!
[Ca?"]gr ER calcium concentration Equation 10 pmol 17
[IP3] Cytosolic concentration of inositol trisphosphate Equation 11 pmol 171
Capacitance
Cm Capacitance of the PM 1230 fF
Cer Capacitance of the ER membrane 61580 {F
Conductance
gcav PM voltage-dependent Cay channel conductance 2800 pS
gcap PM Vgg-regulated Ca®* channel conductance 150 pS
gcal PM leak Ca** channel conductance 25 pS
JK PM delayed rectifier K+ channel conductance 7800 pS
9K (ATP) PM ATP-regulated Kt channel conductance 800 pS
JIP3R IP3 receptor calcium conductance 58000 pS
9RR Ryanodine receptor calcium conductance 26800 pS
JCaNR ER non-regulated Ca?* channel conductance 1050 pS
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Table 1: Variables and Parameters continued

Name Description Value Units
Conductance
Gileak ER leak conductance 11000 pS
Eq. potential
Vea PM Ca** equilibrium potential 100 mV
Vi PM K equilibrium potential -75 mV
Preak ER leak current equilibrium potential -76 mV
Threshold and gating slope of PM V-gated channels
v voltage-dependent Cay channel threshold -20 mV
sm voltage-dependent Cay channel gating slope 7.5 mV
vn delayed rectifier Kt channel threshold -15 mV
sn delayed rectifier K channel gating slope 6.0 mV
vp Ver-regulated Ca®t channel threshold -22 mV
Sp Vig-regulated C'a®*™ channel gating slope 0.1 mV
Kinetic parameters of IP3 and Ryanodine receptors
dact Calcium activation constant for IP3R 80 nmol 17!
dip3 IP3 activation constant for IP3R 100 nmol 171
dinh Calcium inhibition constant for IP3R 500 nmol 17*
krr Calcium activation constant for RyR 2.75 pmol 171
rrinh Calcium inhibition constant for RyR 4.5 pmol 171
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Table 1: Variables and Parameters continued

Name Description Value Units
Kinetic parameters of calcium-ATPase pumps
VpMm Vimae Plasma membrane pump 0.4 pmol 171
Kon(pan) Dissociation constant plasma membrane pump 0.4 pmol 171
VER Vimae €ndoplasmic reticulum pump 1.35 pmol 171
Ko (er) Dissociation constant endoplasmic reticulum pump 0.1 pmol 171
Kinetic parameters for cytosolic IP3
Vips Rate of IP3 synthesis 2.8 pmol 171
Kin(ca) Calcium activating constant 1.1 pmol 17!
VD Rate of IP3 degradation 1.2 st
Other parameters
tau Time constant of activation of the delayed rectifier K+ channel 0.3
gamma Charge to mass conversion factor 5.18 pmol C~
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3 Results

3.1 Biphasic response to glucose

Pancreatic (3-cells display a biphasic response to glucose (11). Upon the elevation of blood glucose,
there is first a short acute secretory phase believed to be required for changing the metabolic
program of the liver from main glucose producer to glucose sink. This acute initial response is
followed by a reduced but sustained secretion of insulin that stabilizes the normal levels of glucose
in the bloodstream (205, 206). The electrical counterpart of the two phases are the continuous and
the bursting patterns of action potential firing (14). The biphasic structure of the S-cell response
is critical for the maintenance of normoglycemia. The loss of the first phase is one of the earliest
detectable abnormalities in the development of T2DM (207-209).

An important test of the relevance of a theoretical model of B-cells is to see if it can reproduce
this biphasic response. In pancreatic [-cells, the elevation of glucose induces the closing of Krp
channels and stimulates the production of IP3. I have simulated these effects in the -cell model by
changing the value of the gx(arp) (conductance of the K 4rp channel) and v;p3 (rate of IP3 synthesis)
parameters in a two step integration. The result of the simulation can be seen in Figure 1.

The integration was started with parameter values corresponding to a non-stimulated cell, open
Karp channels and no activation of IP3 synthesis. In these conditions, the plasma membrane is
hyperpolarized (Figure 1, left). At the time indicated by the arrow, the parameters were changed
to levels that simulate a moderate elevation of glucose and the integration continued. The change
caused the rapid depolarization of the plasma membrane from the resting -70 mV to a value of about
-40 mV, at which point the cell started firing action potentials, fast oscillations of the PM potential
between -40 mV and -5 mV. The action potentials were first continuous, but after 5 minutes the
PM became periodically hyperpolarized interrupting the firing of action potentials. This generated
a bursting-like electrical response (Figure 1, right).

The model cell therefore is capable of reproducing the biphasic response observed in [-cells.
The duration of the initial continuous phase is of 5 minutes, similar to the duration measured in

vivo (14, 210). The bursting phase in the model has a frequency of about 2 bursts per minute,
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comparable with the bursting frequencies of glucose stimulated islets in vivo (121, 122) and in
culture (9, 10).

The evolution of the electric potential of the ER membrane during the simulation is shown in
Figure 2B. The ER membrane was initially hyperpolarized (-60 mV) and became depolarized upon
the simulated elevation of glucose. The membrane then remained depolarized for about 5 minutes,
i.e. during the whole initial phase, until it started to oscillate periodically between -50 and -10 mV.
Figure 3 shows a closed up detail of the simulation with the oscillations of the Vp,, overimposed
to those of the ER membrane potential.

The concentration of cytosolic calcium during the simulation is shown in Figure 2A. It has also
a biphasic structure with an initial sustained elevation followed by periodic oscillations, as has been
observed experimentally in S-cells (120). The concentration of calcium in the lumen of the ER
decreases during the simulation from an initial value of 1 mmol 17! to a value of 600 umol 17! after

the 1000 s of integration.

Table 2: Initial Conditions

\Y Plasma membrane potential -70 mV
n Delayed rectifier K+ channel gating variable 0.001
P ER membrane potential -60 mV
h IP3R channel gating variable 0.6
[Ca?*]cyr Cytosolic calcium concentration 0.1 gmol 17!
[Ca?*]gr  ER calcium concentration 1080 pmol 171
[IP3] Cytosolic concentration of IP3 0.01 gmol 17!
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Figure 1: Biphasic response of the model cell to glucose. Equations 5 to 11 were integrated in two
steps, starting from the initial conditions shown in Table 2. The parameters had the values shown in
Table 1, except for gi(arp), the conductance of the Ky7p channels, and v;ps, the rate of synthesis
of IP3. For the initial step of the integration, up until the arrow, g arp) was set to 1600 fS and vp3
to 1.6 umol 17! s=1. These values correspond in the model to open K 47p channels and no induction
of PLC, the conditions of non-stimulated cells. At the arrow, the parameters were changed to 800 fS
and 2.8 yumol 17! s7! to simulate the elevation of glucose in the cell environment, and the integration
was continued until 1000 seconds. The panel shows the value of the plasma membrane potential
during the whole integration. It can be observed that, upon the change of parameters, the PM
becomes depolarized and starts firing action potentials. The firing is initially continuous but after
five minutes it is periodically interrupted by intervals of PM hyperpolarization. The model cell
therefore exhibits a biphasic response, with a continuous and a bursting phase, comparable with
the biphasic response observed experimentally in pancreatic -cells. In the model, the bursts last
between 50 and 40 seconds and are separated by intervals of electrical inactivity of 30 to 50 seconds.
The frequency of bursting is of 1.4 to 1.7 bursts per minute.
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Figure 2: Biphasic response of model cell to glucose. Cytosolic calcium concentration (Panel A)
and electric potential across the ER membrane (Panel B). Data from the simulation described in
Figure 1. Both [Ca*"| and Vgp display the same biphasic pattern exhibited by the PM voltage.
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Figure 3: Detail of electrical bursting by the model cell. Value of the voltage across the PM (V)
and the ER membrane (P). Data from the simulation described in Figure 1. Note the synchrony of
the electrical bursts of the plasma membrane and the oscillations of the ER membrane potential.
A similar synchrony also takes place with the oscillations of the cytosolic concentration of calcium

(not shown).
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3.2 Origin of the biphasic response

The effective control of the blood levels of glucose requires the secretion of insulin in two differ-
entiated phases. As mentioned above, the loss of the initial acute phase of secretion is an early
marker of a developing diabetes. In spite of its clinical importance, the mechanism responsible for
the two different patterns of secretion is still poorly understood (211). It is therefore important to
analyze in detail how the biphasic response originates in the current model, to see if the mechanism
operating in the model cell can help to understand the generation of the biphasic response in vivo.

To better dissect the process, I have studied the dynamics of the ER in a reduced model in
which the ER membrane has been isolated from the effects of the electrical activity of the plasma
membrane. In this context, it is easier to analyze the specific responses of the ER to external
stimuli. This autonomous system consists of equations 7 to 11 of the general model. By removing
the equations 5 and 6 that deal with the PM potential, the reduced system becomes de facto a
model of a non-excitable cell.

Using these equations, I have analyzed how the change in two parameters alters the dynamic
state of the ER membrane. One of these parameters is vgg, the rate of calcium uptake by the
SERCA pump, a component of the ER membrane that is known to be regulated by several signaling
systems and is also the target of pharmacological agents such as the inhibitor thapsigargin. The
other parameter is v;ps, the rate of synthesis of IP3. As discussed in the Introduction, this second
messenger is regulated by glucose and several neurohormonal factors and plays a central role in the
control of insulin secretion. The changes of these two parameters therefore reflect the effects of the
main physiological stimuli that operate on [-cells. I have performed this study first in a closed
system, a cell that does not allow the flow of calcium or any other ion across the PM, and then in
an open system where calcium can leave the cell.

The behavior of the closed system is shown in Figures 4 and 5.
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Figure 4: Dynamics of the ER membrane potential in a closed cell. A model system consisting
of equations 7 to 11 has been used to simulate a non-excitable, closed cell in which the plasma
membrane has no activity (vpys = 0). The equations were integrated for the time indicated in
the figure, using the parameter values in Table 1 except for vpys, vgr and vips. The integration
was started from the initial conditions shown in Table 2. Panel A shows the evolution of the ER
membrane potential when the max rate of calcium uptake into the ER (vgg) is 3.7 pumol 171 71
and the rate of IP3 synthesis (vrpsz) is 2.5 umol 17! s71. As can be observed, the ER membrane
potential, initially at -60 mV, becomes rapidly depolarized and settles at -10 mV, a stable point of
the dynamic system for these parameter values. In panel B the parameters vggr and v;p3 had the
values 4.3 pmol 171 s71 and 2.5 pmol 17 s7! respectively. In these conditions, the voltage across the
ER membrane displays periodic oscillations between -50 and -10 mV. This behavior indicates that
the system approaches a stable limit cycle similar to the one shown in Figure 8. Panel C shows the
evolution of the ER membrane potential when vgr and v;ps had the values 4.9 umol 17 s71 and
2.5 umol 171 s71. With these parameter values, the ER membrane becomes slightly depolarized and
settles to a stable point of -50 mV. The whole set of vgr and v;ps values that generate each of the
three stable conditions are shown in Figure 5.
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Figure 4 shows the three possible behaviors the system may display depending on the value of
the parameters vgr and vips. At low levels of SERCA pump activity (low vgg), the elevation of
IP3 causes the depolarization of the ER membrane to a stable value of -10 mV (Figure 4, Panel A).

At high levels of SERCA activity (high vgg), the system reaches a different stable point around
-50 mV. The ER membrane basically remains hyperpolarized (Figure 4, Panel C).

Finally, for a set of intermediate vgr and v;pz values, the system displays a periodic oscillatory
behavior ((Figure 4, Panel B). The ER membrane potential oscillates between -50 mV and -10 mV.
This is the type of behavior that generates electrical bursting in the whole §-cell model.

Figure 5 shows the stability diagram of the closed system in the vgr vips plane. The panel
shows the set of vgg, vip3 values that correspond to each of the three equilibrium states that can
be reached by the dynamical system, labeled Hyperpolarized, Depolarized and Oscillations. The
diagram helps to understand how the change in one parameter affects the behavior of the model cell.
The horizontal vgg axis reflects the rate of calcium uptake into the ER. Any change on the SERCA
pump activity causes a horizontal displacement in the diagram. When a line is crossed the behavior
of the system changes, for instance from being hyperpolarized to become depolarized. Similarly,
the vertical v;p3g axis indicates the balance between IP3 synthesis and degradation. In this case,
an important change takes place in the structure of the dynamical system. At low levels of 1P3
activation, an elevation of the rate of IP3 synthesis (the v;p3 parameter) only may cause a transition
from the Hyperpolarization to the Depolarization area. The system only has two possible stable
states. However, above a threshold value of v;p3 (2.3 pumol [7's™!), a new stable state emerges,
labeled Oscillations in the diagram. The system now displays a new behavior, periodic oscillations
of the ER membrane potential. This reflects the emergence of a new stable condition in the system,
a limit cycle similar to the cycle in the phase-plane analysis shown in Figure 8.

The nonlinear dynamics of the ER in the current model therefore explains how the periodic
oscillations of the electric potential of the ER membrane, responsible for electrical bursting, appear.
However, the closed system does not provide an explanation for the generation of the biphasic

response. To understand this response it is necessary to analyze an open system.
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Figure 5: Stability diagram of the ER membrane potential in a closed cell. Equations 7 to 11,
in conditions that simulate a non-excitable closed cell (vpy, = 0), were integrated as described
in the legend to Figure 4, using different values of vgr and vips. The rate of Ca?* uptake into
the ER (vgg), was varied between 3.4 and 5.5 ymol [7's™1. vps, the rate of IP3 synthesis, was
given values between 1.7 and 3.6 pmol [~'s~!. For each pair of values, the type of stable condition
reached by the system was recorded. Three different stable states were identified (see Figure 4). The
diagram shows the sets of vgg, vip3 points that generate each state. The area to the left, labeled
Depolarized, represents the values of vgg, vips that cause the ER membrane to evolve towards a
depolarized stable point, following a trajectory like the one shown in Figure 4, Panel A. The central
area, labeled Oscillations, corresponds to the values of the parameters for which the system shows
an oscillatory behavior as in Figure 4, Panel B. Finally, the area labeled Hyperpolarized corresponds
to the set of parameter values that cause the system to remain in a hyperpolarized stable state as
in Figure 4, Panel C. It can be observed that at low levels of IP3 activation, the system only has
two possible stable states, a hyperpolarized or a depolarized ER membrane. However, when the
rate of IP3 synthesis increases, a new equilibrium state emerges, a limit cycle that causes periodic
oscillations of the ER membrane.
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The open system I have analyzed consists basically on the same non-excitable cell used before
but with a calcium pump added to the plasma membrane that transports Ca?* out of the cell. In
this cell model, the total amount of calcium inside the cell is not constant like in the closed cell
but decreases continuously during the simulation. The stability diagram in these conditions (Figure
6) has the same three stable states seen in the closed system but is no longer static, it suffers a
leftward displacement in the course of the integration. This generates a new area, labeled Biphasic
in the diagram. For values of vggr and vyps in this area the system evolves as shown in Figure
7. The ER membrane potential evolves initially to the stable state of this area and thus becomes
depolarized. However, when the intracellular level of calcium reaches a critical point, the stability
of the system changes from the depolarized fixed point to the stable limit cycle that causes the
periodic oscillations of the ER membrane potential. This is the process that generates the biphasic
response in the simplified as well as in the whole S-cell model (compare Figure 7 with (Figure 2B).

This biphasic response is also illustrated in the phase plane analysis shown in Figure 8, where
the orbit of the ER membrane potential (P) in the h, P plane can be observed. The trajectory of the
system goes first from the initial point at 0.6, -60 mV to the depolarized stable point in 0.1, -5 mV.
The trajectory remains there for a few minutes, but eventually continues to the stable limit cycle
where it remains for the rest of the integration. The cycling around the limit cycle generates the
periodic oscillations of the ER membrane potential that appear in the second part of the biphasic

response.
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Figure 6: Stability diagram of the ER membrane potential in an open cell. Equations 7 to 11, in
conditions that simulate a non-excitable open cell (vpy; = 0.4 pmol [~ts™1), were used to run a
series of integrations like those described in the legend of Figure 5. The diagram shows the stability
areas found in the integrations. The open system has the same three areas that the closed cell
model. They are labeled Depolarized, Oscillations and Hyperpolarized and correspond to the set
of vggr, vips points that generated trajectories similar to those shown in Figure 4, Panels A, B
and C respectively. In addition, a new behavior appeared in the simulations. In the area labeled
Biphasic, the trajectory of the system was initially the same as the trajectories in the Depolarized
area. The electric potential of the ER membrane changed from the initial hyperpolarization of -60
mV to a depolarized value of -10 mV and remained at this value for several minutes but eventually
the trajectory continued to produce an oscillatory behavior similar to the behavior of the system in
the Oscillations area. An example of this type of trajectory can be seen in Figure 7. A phase-plane
analysis of the trajectory is shown in Figure 8. For the set of parameters in the Biphasic area
therefore the reduced open system displays a biphasic response comparable to the response seen in
the whole cell model (compare Figure 7 with Figure 2B).
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Figure 7: Biphasic pattern of the ER membrane potential in an open cell. Equations 7 to 11 were
integrated for the time indicated in the figure, using the parameter values in Table 1 except for
ver and vyp3. The value of the max velocity of the SERCA pump (veg) was 3.4 pmol [7*s™! and
the value of the rate of IP3 synthesis (v;p3) was 2.5 ymol [~'s™!. The integration was started from
the initial conditions shown in Table II. The figure displays the evolution of the ER membrane
potential during the simulation. It can be observed that the ER membrane depolarizes rapidly to
a value of -10 mV and remains depolarized for about 3 minutes. Then the electric potential of the
ER membrane starts to oscillate between -50 mV and -10 mV.
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Figure 8: Phase portrait of a biphasic orbit of the ER membrane potential in an open cell. Equations
7 to 11 were integrated as described in the legend of Figure 7. The panel shows the evolution of the
integration in the h, P plane. It can be observed that the trajectory goes from the initial values 0.6,
-60 mV to the point 0.1, -5 mV. This is initially a stable point, but after a few minutes (Figure 7)
the point is no longer stable and the trajectory continues to the limit cycle where it remains for the
rest of the integration. During this second phase, the ER membrane potential oscillates between a
minimum value of -50 mV and a maximum value of -10 mV.
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3.3 Effect of thapsigargin

A second aspect to consider when evaluating a theoretical 5-cell model is how the model cell responds
to regulatory factors and pharmacological agents that have a well defined effect on pancreatic (-
cells. Most significant among these are processes that affect the intracellular dynamics of calcium
through their action on the SERCA pumps that transport Ca?* into the ER or by modulating the
conductance of the ER membrane calcium channels.

The ATP-dependent SERCA pumps that transport Ca?* actively from the cytosol into the lumen
of the ER play a central role in the process of insulin secretion in f-cells (212). A reduced SERCA
pump activity has been observed in (-cells derived from animal models of diabetes such as the
db/db mouse (213) and the Goto-Kakizaki rat (214). It is believed that the defective Ca*" uptake
may represent the primary cause for the development of T2DM in these animals (212, 213). In
humans, it has been found that the SERCA3 locus possibly contributes to the genetic susceptibility
to Type 2 diabetes (215).

An important tool in the study of the physiological role of SERCA pumps has been the irre-
versible inhibitor thapsigargin (216-218). In S-cells, thapsigargin causes calcium depletion of the
ER and induces a nonselective cation current in the PM that depolarizes the membrane (166, 167).
Glucose stimulation of thapsigargin-treated cells results in a sustained elevation of cytosolic calcium
(23) and the continuous firing of action potentials (167, 219). The treated cells do not display the
oscillations of [Ca2+]CYT nor the electrical bursting observed in control untreated cells. In glucose-
stimulated (§-cells from db/db diabetic mice it has been observed also that the gradual decrease of
SERCA pump activity is associated with the loss of periodic oscillations of cytosolic calcium (213).

The treatment with thapsigargin also affects the secretory response of S-cells. The short term
effect is a potentiation of the stimulatory action of glucose, as can be expected from the activation
of continuous firing. However, with prolonged exposures the cells lose the capacity to respond to
glucose (213). Even, prolonged treatments with thapsigargin have been reported to induce apoptosis
in S-cells (220).

I have analyzed the effect of a simulated exposure of the model S-cell to thapsigargin in both
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non-stimulated and glucose stimulated conditions.

The result of the treatment of a glucose-stimulated model cell is shown in Figure 9A. The
control response of the cell without thapsigargin is shown in Figure 9B. In the conditions used
in these simulations, low initial [Ca?*]gg, the control response consists only on periodic electrical
bursting without the continuous initial phase shown in Figure 1 that requires a higher initial ER
calcium concentration. The cytosolic concentration of calcium in the control cell oscillated in parallel
with the electrical oscillations of the PM as shown in Figure 2A. By contrast, the response of the
thapsigargin-treated cell was a continuous firing of action potentials (Figure 9A) accompanied by
the depolarization of the ER membrane and a sustained elevation of cytosolic calcium (not shown).
The pattern of the response to thapsigargin of the model cell in glucose-stimulated conditions is
therefore the same observed experimentally in S-cells (23, 167).

With parameter values corresponding to a cell growing in a low concentration of glucose, the
simulated thapsigargin treatment caused the depolarization of the ER membrane and an elevation
of the cytosolic concentration of calcium, but had no significant effect on the electrical activity of
the plasma membrane that became slightly depolarized to a level, -56 mV, insufficient to trigger
the firing of action potentials. This response agrees with the experimental observation that in the
absence of glucose thapsigargin does not stimulate electrical activity nor insulin secretion in S-cells
(167, 213).

The behavior of pancreatic (5-cells with reduced SERCA activity, due either to the exposure to
thapsigargin or to genetic defects as in the db/db diabetic mice, is consistent with the theoretical
predictions of the stability analysis described in the previous section. The decreased SERCA activity
in thapsigargin-treated cells, a reduction of the rate of calcium uptake vgg, displaces the state of the
system to the left in the stability diagram in Figure 5, from the Oscillations area to the Depolarized
area. This changes the functional program of the cell from displaying periodic bursting to the
continuous firing of action potentials.

A similar leftward displacement has been observed during the progressive loss of SERCA activity
in db/db mice. Roe et al. reported that as the pumping activity in f-cells decreases in the early

weeks after birth, the biphasic response to glucose is triggered by increasingly lower concentrations
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of glucose. This result is also consistent with the stability diagram in Figure 6 that predicts that
as vpr decreases the required rate of IP3 production (v;p3) for the transition between a resting
(Hyperpolarized) to an activated (Oscillations) state also decreases. What means that the triggering
level of IP3 can be achieved at lower concentrations of glucose as experimentally observed.

An important finding in these experimental studies, outside the scope of the present theoretical
study, is that the Depolarized area in the stability diagrams seems to be associated with the trigger-
ing of apoptosis and that this probably is what eventually causes the development of hyperglycemia

and T2DM in these animal models of diabetes.
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Figure 9: Effect of simulated Thapsigargin and ACh treatments. Equations 5 to 11 were integrated
for 190 seconds, using the parameters shown in Table 1, unless otherwise indicated. The integrations
were started from the initial conditions shown in Table 1, except for the concentration of calcium
in the ER that was 600 pumol 171, Panel B shows a simulation of normal control cells in glucose-
stimulated conditions (g arp) : 800 £S; vyps : 2.8 pumol 1! s71). The cells displayed regular bursting
with a frequency of 2 bursts per minute. Panel A shows the effect of reducing the rate of calcium
uptake into the ER from 1.35 pmol 17! s71 to 1.0 gumol 171 s7! to simulate the treatment with the
SERCA inhibitor thapsigargin. In these conditions the PM fired continuous action potentials. The
simulation of ACh treatment is shown in panel C. The rate of IP3 synthesis was elevated from 2.8
pmol 171 s71 to 4 pmol 17! s71. The elevation of v;p3 caused an increase of the bursting frequency
from 2 to 2.7 bursts per minute.
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3.4 Regulation of the IP3 pathway

The IP3 signaling pathway plays a central role in the stimulus-response coupling in S-cells and also
mediates the modulatory effects of incretins and neural factors such as GLP-1 and ACh (59, 221). I
have analyzed the effect of simulating the glucose and neuro-hormonal activation of the IP3 pathway
by raising the value of v;ps, the parameter that represents the rate of IP3 synthesis in the model
S-cell.

In low-glucose conditions (open Krp channels and low IP3 synthesis), the conditions of pan-
creatic islets in fasted animals, the exposure of f-cells to either ACh (222, 223) or GLP-1 does not
activate the secretion of insulin. To simulate these type of experiments, I integrated the model
equations as described in the legend of Figure 9. First, the parameters grarp) and vyp3z were set
to 1600 fS and 1.6 pumol 17! s71, that correspond to non-stimulated cells in low-glucose conditions.
With these parameter values, the plasma and ER membranes remained hyperpolarized during the
whole integration with values of -70 mV and -54 mV respectively. This is the typical response of
cells at rest. Elevating the value of v;p3 to simulate the activation of the IP3 pathway caused the
appearance of oscillations of Vgi the electric potential across the ER membrane, for values of v;ps
of 2.2 pumol 17! s7'and above. Vgp oscillated between -55 mV and -10 mV, but these oscillations
were unable to stimulate the firing of action potentials by the plasma membrane, the indication in
the model of active insulin secretion. In simulated low-glucose conditions, the model cell is therefore
as unresponsive to the activation of the IP3 pathway as pancreatic S-cells.

At moderate but still non-stimulatory concentrations of glucose, the conditions in blood shortly
after food ingestion, the activation of the IP3 pathway does induce the secretion of insulin (224).
To test this response in the model cell, I run a new series of simulations starting with parameter
values, 1000 pS for gx(arpy and 2.0 pmol 17! s~ for v;ps, that correspond to a higher but still non-
stimulatory concentration of glucose. In these conditions both the ER and the plasma membranes
remained hypepolarized at -48 mV and -70 mV during the whole integration. However, when the
value of vyps3 was increased to 2.2 umol 17! s~tand above, to simulate the activation of the IP3

pathway at this level of glucose, the plasma membrane began firing action potentials indicating the
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activation of insulin release. This shows that the model cell has a threshold of K 7p conductance
below which it can not be induced to secrete insulin by activating the IP3 pathway. This seems to
be also the situation with pancreatic -cells. It has been proposed that the early action specially of
the incretins shortly after food ingestion prevents that blood glucose reaches a significant elevation
that could cause hyperglycemia.

At stimulatory levels of glucose, a further elevation of glucose concentration in the media or
the stimulation of the [-cells with incretins or neural factors cause an increase of the frequency
of bursting and the elevation of the rate of insulin secretion. In these conditions, the model also
replicates the electrical response of f-cells, as can be seen in Figure 9. The elevation of the rate
of IP3 synthesis from 2.8 gmol 17! s71, the level assumed to have been stimulated by glucose, to
4.0 pmol 171 571, the new level reached by the addition of ACh, increases the frequency of bursting
from 2 to 2.7 bursts per minute (compare panels B and C in Figure 9).

In the three conditions analyzed therefore the behavior of the model cell replicates the main fea-
tures of the physiological response of 3-cells to the parasympathetic and incretin hormone regulation

of the IP3 signaling pathway.

3.5 A Model of Type 2 Diabetes

The two most common forms of diabetes are insulin-dependent diabetes mellitus (IDDM or type 1
diabetes) and non-insulin-dependent diabetes mellitus (NIDDM or type 2 diabetes). Type 1 dia-
betes is an autoimmune disease characterized by the destruction of the pancreatic S-cells (225, 226).
Type 2 diabetes mellitus (T2DM) is caused initially by a secretory malfunction of S-cells that pro-
duces hyperglycemia and, as the disease progresses, loss of [-cell mass due to the activation of
apoptosis and the consequent cell death (227, 228). A variety of pathological processes culminate
in the development of type 2 diabetes (229, 230). In the most common, associated with obesity,
the primary defect seems to be the development of insulin resistance in muscle, liver and other
organs. The reduced uptake of glucose by these tissues causes a stark elevation of glucose in the

blood that is usually compensated by an increased rate of insulin secretion. However, in some cases

46


https://doi.org/10.1101/249805

bioRxiv preprint doi: https://doi.org/10.1101/249805; this version posted January 18, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

and for reasons still not well understood, S-cells fail to secrete enough insulin and the individual
develops hyperglycemia. Chronic hyperglycemia is believed to cause the activation of apoptosis
that compounds the initial secretory defects and precipitates the development of T2DM (231). In
some instances though, in particular in non-obese patients, the primary cause of diabetes is the
malfunction of the insulin secretory process itself, without any evidence of insulin resistance (232).
The identification of the genetic and environmental factors that predispose [-cells to lose their func-
tionality is of crucial importance for the diagnostic and treatment of T2DM. A great progress has
been made recently. More than 80 genetic loci that confer T2DM susceptibility have been identified
in genetic studies (233, 234), although it has been estimated that these mutant loci account for
less than ten percent of the overall T2DM risk (235). Furthermore, several mechanisms have been
proposed to mediate the activation of (-cell apoptosis in diabetic subjects. They include glucose
toxicity (236), lipotoxicity (237), mitochondrial dysfunction (238), oxidative stress (239), islet amy-
loid polypeptide deposition (240-242) and ER stress (243, 244). However, all these mechanisms,
perhaps with the exception of islet amyloidosis (245), are secondary to the failure of S-cells to
compensate for the acute elevation of blood glucose. The primary cause of the insulin secretory
defect that triggers the development of T2DM still remains elusive (246).

There are several clinical strategies to treat T2DM. One of the oldest is the use of sulfonyl ureas
(SU) (247). These drugs bind to the regulatory subunit of the K7p channel (SURI) and close
the channel. As a consequence, (-cells become electrically active and secrete insulin independently
of glucose. In this way, the treatment compensates the secretory defect in T2DM patients. An
important problem with this approach is that the induction of insulin secretion takes place even at
low levels of blood glucose and can cause severe hypoglycemia if not properly controlled (248).

Alternative to the use of SU drugs are strategies aimed at the activation of incretin receptor
pathways, by means of GIP or GLP-1 analogs (249, 250) or by using inhibitors of the DPP-4 protease
that degrades GIP and GLP-1 (251). As indicated in the previous section, the activation of the
GLP-1 receptor only potentiates insulin secretion in the presence of elevated glucose, therefore
this approach does not have the risk of causing hypoglycemia. Furthermore, the treatment also

stimulates [-cell proliferation thus compensating for the loss of S-cell mass associated with T2DM
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(252, 253). The negative effect of this type of treatments is that the chronic activation of GLP-1
receptors leads in some cases to the development of pancreatic and thyroid cancer (254).

I have used the mathematical model to explore the potential role of the ER in the genesis of
T2DM and to see the effects on the model S-cell of simulating the therapeutic treatments described
above.

In the model, the electrical activity of the ER membrane plays a major role in the generation
of the secretory response of -cells. Its malfunction is therefore likely to have an effect comparable
to the secretory failure in T2DM f[-cells. To test the idea, I have simulated the ER malfunction
by preventing the elevation of v;p3, the rate of IP3 synthesis, when the model cell is exposed to
glucose. The result of this simulation is shown in Figure 10. In panel A, it can be observed the
control response of a normal cell to a simulated elevation of glucose. The numerical integration
reproduced the characteristic biphasic response previously shown in Figure 1. Panel B shows the
result of keeping v;p3 at the non-stimulated value of 1.6 ymol 17! s~! to mimic a defective response
from the ER. In these conditions, the glucose-induced closing of the K 47p channels (g K(arp) Teduced
from 1600 fS to 800 fS) was unable to depolarize the PM to the threshold required to trigger the
firing of action potentials. Even at more extreme conditions (gK( arp) set to 400 fS), simulating a
higher elevation of glucose in the growing media, the PM remained hyperpolarized (Vpy;: -60 mV)
during the whole integration. The model cell with a defective ER response behaves therefore like a
defective T2DM f[-cell unable to secrete insulin in response to an elevation of glucose.

Sulfonylureas restore the secretory activity in diabetic [S-cells by closing the Karp channels.
This effect can be emulated in the diabetic-like model cell by reducing the value of gx(arp). Figure
10C shows the result of a simulation in which ggarp) was lowered to 360 fS while keeping v;p3 at
the low inactivated value of 1.6 pumol 17! s71. In these conditions, the PM displayed a continuous
firing of action potentials. A simulated SU treatment therefore is able to restore the secretory
capacity of the model cell too.

To simulate the effect of incretins in the diabetic-like model cell, the value of v;pz should be
elevated to mimic the activation of IP3 synthesis caused by this type of drugs. A simulation with

elevated vyps (2.8 pmol 17! s71) and reduced K 47p conductance (800 fS) produces the same response
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shown in Figure 10A, as the model does not discriminate whether the v;p3 elevation is caused by
glucose or by GLP-1 receptor activation. So, as with sulfonylureas, the simulation of a treatment
with a GLP-1 analog also restores the secretory activity in the unresponsive, diabetic-like model
cell.

These results therefore are consistent with the hypothesis that a primary cause for the develop-

ment of T2DM may be the malfunction of the electrical response of the ER membrane.
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Figure 10: A model of Type 2 Diabetes. Response to glucose of a normal cell (Panel A), a cell with
a defective ER signaling system (Panel B) and a defective cell treated with sulphonylurea (Panel C).
Equations 5 to 11 were numerically integrated for 360 seconds, starting from the initial conditions
in Table 2 and with the parameter values shown in Table 1 except otherwise indicated. Panel A
shows the result of the integration in conditions simulating the glucose activation of a normal cell. (
vips: 2.8 pmol 171 s7! and gr(arp): 800 £S.) A normal biphasic response like the one shown in figure
1 can be observed. In the simulation in panel B, the parameter v;ps was reduced to 1.6 pmol 171
s~ while keeping gx(arp) at 800 fS to simulate the exposure to glucose of a defective cell unable to
trigger the electrical response of the ER. With these parameter values, the electric potential of the
plasma membrane remained at -70 mV during the whole integration. The simulated defective cell,
like T2DM [-cells, was unresponsive to glucose. Panel C shows the reactivation of the secretory
activity in the diabetic-like model cell by simulating a sulfonylurea treatment. The parameter v;ps
was maintained at the non-functional value of 1.6 umol 17! s7! and the K47p conductance was
reduced to 360 fS to simulate the inhibitory effect of SU on the K4rp channels. The integration
with these parameter values caused the continuous firing of action potentials, as has been reported
for SU-treated [-cells. The treatment with an incretin analog of a glucose-exposed defective cell
can be simulated by elevating the value of v;p3, the rate of IP3 synthesis, above the basal level of
1.6 pmol 17! s71 to reflect the activation of the IP3 pathway by this type of drugs. A simulation
with a v;ps value of 2.8 yumol 17! s7! and a conductance gr(arp) equal to 800 fS produces the same
result shown in Panel A, a result that was obtained integrating with exactly these parameters. The
family of incretin-related drugs therefore restores a normal secretory activity in the diabetic-like

model cell, as they do in type 2 diabetic (-cells.
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4 Discussion

In this paper I present a minimal mathematical model of an insulin secreting pancreatic -cell. The
model cell contains an excitable ER membrane that modulates the electrical activity of the PM. The
interaction of these two excitable membranes, ER and PM, generates an electrical response (Figure
1) comparable to the response observed in glucose stimulated [-cells (9, 10, 15, 120). In both, the
theoretical model and live [-cells, the response is biphasic with an initial phase characterized by

continuous firing followed by rhythmic bursts of action potentials in the second pulsatile phase.

4.1 Dynamic states of the ER membrane

The main assumption on which this model is built is that the electrical activity of the ER membrane
is the driving force that determines the nature of the PM response in stimulated [-cells. Conse-
quently, to understand how the continuous and rhythmic patterns of action potential firing are
generated requires to investigate the causes of the complex electrical behavior of the ER membrane
in the model cell.

The study of the intracellular dynamics of calcium has already established that the ER consti-
tutes a nonlinear dynamical system, what Li and Rinzel have called the calcium excitability of the
ER (193, 198, 255). This nonlinearity, due fundamentally to the biophysical properties of the IP3
receptor (44, 46), is responsible for the complex behavior of calcium in eukaryotic cells. A behavior
that includes cytosolic oscillations of calcium concentration and propagating calcium waves. As
described in the Introduction, the electrical activity of the ER membrane is closely linked to the
dynamics of intracellular calcium and is therefore equally nonlinear.

A well known characteristic of nonlinear systems is that small changes in the value of some
parameter may cause dramatic alterations in the behavior of the system (256). In pancreatic
B-cells, two parameters, vggr, the maximal velocity of the SERCA pump, and v;p3, the rate of
IP3 synthesis, are controlled by the main signaling systems that convey the effects of nutrients and
regulatory factors to the secretory activity of the cells. This makes them good candidates to analyze

how changes in stimulatory conditions affect the dynamics of the ER.
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A result of this analysis has been the identification of three different dynamic states of the ER
membrane that explain how the biphasic electrical response of the PM and the pattern of electrical
bursting are generated.

I started the analysis in a closed model cell with an inert plasma membrane. In this reduced
model, the variation of vgg and vyps within a physiological range of values uncovered three different
behaviors of the ER membrane (Figures 4 and 5). For a set of parameter values, the ER membrane
remained hyperpolarized reflecting a non-stimulated, resting cell (Figure 4C). The behavior is caused
by the evolution of the system to a steady state determined by a stable fixed point. A second set
of values caused the membrane to settle in a depolarized state (Figure 4A), indicating the presence
of a second stable fixed point in the dynamic system. This second steady state corresponds in the
whole cell model to a hyperactive cell that fires continuous action potentials as in the first phase
of the response to glucose (Figure 1). Finally, in an area of the parameter map a new dynamic
state emerges, a limit cycle, responsible for an oscillatory behavior of the ER membrane potential
(Figure 4B). In the whole cell model, the oscillatory state of the ER membrane generates the
electrical bursting seen in the second phase of the response of the cell to glucose (Figure 1).

The closed cell model explains how the two firing patterns of the biphasic response are generated
but it does not provide an explanation for the transition between the two phases. To understand
how this transition takes place, it is necessary to study the behavior of the ER membrane in an
open cell model.

The electric potential of the ER membrane in a still non-excitable but open cell displays the same
three behaviors observed in the closed cell, hyperpolarization, depolarization and cyclic oscillations.
However, the stability diagram of the open cell (Figure 6) is not static as in the closed model but
varies with the changing levels of intracellular calcium. As the cell loses calcium, the stability
diagram suffers a leftward displacement. Parameter points that at the beginning of the simulation
reside in a stable depolarized area become at some time point part of the oscillatory area. This
displacement or change of the stability conditions of the system is what causes the transition from
the initial continuous firing phase to the second bursting phase in the whole S-cell model.

The nonlinearity or excitability of the ER provides therefore a unified explanation for the whole
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electrical response of (-cells to glucose, the continuous firing of the initial phase and the pulsatile
firing of the bursting phase, as well as the mechanism that causes the transition from one phase to
the other.

A second important insight gained with this analysis is the correlation of the dynamic states
of the ER and the long-term fate of S-cells. Each dynamic state seems associated with a different
developmental program, quiescent cells, proliferating cells or apoptosis.

The hyperpolarized state corresponds with non-stimulated cells, cells with no secretory activity
living in quiescent-like conditions. Cells in this state have a considerable long-term stability with
low rates of cell division and cell death.

The state with a depolarized ER membrane corresponds to hyperactive cells with an acute level
of insulin secretion. This is the normal state of -cells for a brief period of time after the elevation
of blood glucose when the cells fire a continuous train of action potentials. In some conditions
though, such as the prolonged exposure to very high glucose or when the SERCA pump has low
activity due to the action of inhibitors or to genetic defects as in diabetic animal models (257), this
hyperactive state remains for long time intervals. In all these situations, a persistent depolarized
state is associated with the activation of apoptosis and cell death (258).

The oscillatory state of the ER membrane potential corresponds with cells displaying electrical
bursting. Electrical bursting is induced by moderate elevations of glucose in the blood stream,
usually in collaboration with incretins like GLP-1 secreted by the intestine and by ACh released
in the pancreas by parasympathetic nerve terminals. The activation of the bursting state has been
associated with the induction of cell proliferation. In fact, part of the therapeutic effect of incretin
analogs is attributed to the activation of f-cell proliferation that compensates for the loss of cell
mass that takes place in type 2 diabetes (75, 253).

The correlation of the dynamic states of the ER membrane with particular functional and
developmental programs suggests a key role for the ER as a central processor that integrates all
environmental information, in the context of a genetic background, and adopts a dynamic state
that determines the immediate functional response of the cell as well as long-term effects like cell

proliferation, cell differentiation or cell death.
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4.2 On the Origin of Type 2 Diabetes Mellitus

In spite of the extensive investigation on the causes of type 2 diabetes, the primary events that
trigger the progressive degradation of -cells that ends up in T2DM have not been elucidated yet.
Using the mathematical model presented here, I have been able to reproduce the phenotype of
T2DM p-cells by simulating a cell with a defective ER response. This diabetic-like model cell is
unable to generate a normal electrical response to a simulated elevation of glucose, an indication
that it has lost the normal secretory activity (Figure 10 B). Interestingly, a simulated exposure of
the diabetic model cell to the standard drugs used to treat T2DM, sulphonyl ureas and incretin
analogs, restores the electrical response of the cell and thus its ability to secrete insulin (Figure 10
A and C). These results suggest that in actual S-cells a malfunction of the ER response may indeed
be one of the earliest events that lead to type 2 diabetes.

Some evidence from animal models of diabetes supports this point of view (259, 260). In both,
obese (213, 261) and non-obese (214, 257, 262) diabetic rodents, it has been observed that the
progression of the diabetic state is accompanied by a gradual loss of SERCA pump activity and
thus a defective electrical response of the ER. The reduced SERCA activity initially causes insulin
hypersecretion (257) as would be expected from the stability diagram in Figure 6, but eventually
the damage on the ER disrupts the secretory process causing hyperglycemia and the development
of diabetes.

Genetic analysis in humans also provides support for the hypothesis. Some variants of the
SERCA and TRPMS5 loci, two genes involved in the ER-dependent response to glucose, have been
found associated with an increased risk of developing type 2 diabetes (118, 215).

An indirect evidence for the involvement of a defective ER in the development of T2DM in
humans is the therapeutic effectiveness of sulphonyl ureas and incretin analogs in most patients
with T2DM. SUs bind to the same two sites occupied by ATP in the SUR1 subunit of the K rp
channel (247). The reactivation of insulin secretion by these drugs therefore indicates the presence
of a fully functional K4rp channel in T2DM [-cells. The molecular defect must reside on one

of the alternative pathways activated by glucose. That this pathway most likely involves the ER

o4


https://doi.org/10.1101/249805

bioRxiv preprint doi: https://doi.org/10.1101/249805; this version posted January 18, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

is suggested by the successful restoration of normal insulin secretion by incretin analogs in most
T2DM patients. These drugs elevate IP3 independently of glucose and thus can compensate for a
defective ER activation by the sugar in diabetic cells (249, 250).

An explanation of type 2 diabetes in terms of the malfunction of the electrical response of the
ER, a nonlinear system in which small changes in a multitude of parameters can alter dramatically
its behavior, would explain the difficulty to single out critical genetic and environmental factors
that confer susceptibility to the disease.

An impressive amount of work has been dedicated to investigate the genetic basis of T2DM
(263-265). In genome-wide association studies, more than 80 common variants associated with
T2DM have been identified (234, 264, 266, 267). Most of the identified loci though are located at
intergenic or intronic regions, making it difficult to study its functional role (268). Furthermore,
each variant has a relative low effect and together account for only a small percentage of T2DM
heritability (234, 268, 269). These limitations have motivated and exhaustive search for rare or
low frequency variants with larger functional effects. With this approach, several genes whose loss
of function is associated with T2DM have been identified (270-272). Unfortunately, some of these
genes are involved in functions, such as melatonin signaling (270) or adipocyte differentiation (271),
that are difficult to correlate with the development of diabetes.

The initial expectations that the genetic analysis of T2DM would clarify the etiology of the
disease and produce genetic markers for risk prediction and early diagnosis have so far failed to
materialize. The genetic analysis would benefit from a strategy that incorporates the study of the
electrical activity of the ER in [-cells from healthy persons and from individuals that carry the
genetic variants that predispose to develop diabetes. This approach may unravel the actual role the
susceptibility genes play in (-cells and improve the understanding of the sequence of events that
lead to T2DM. The identification of ER abnormalities at the initial stages of type 2 diabetes may

also provide an effective tool for early diagnosis and risk assessment.
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4.3 Physiological role of the ER membrane potential

What distinguishes this model from previous ones is the change of the slow variable assumed to drive
electrical bursting. While in previous models this slow variable was the intracellular concentration
of calcium, either in the cytosol ([Ca*"]cyr) or in the lumen of the ER ([Ca®T]ggr), here it is
postulated to be the electric potential of the ER membrane, Vgr. With this change of variable,
the model is able to explain the electrical response of pancreatic fS-cells to glucose, including the
generation of electrical bursting, and even provides a potential explanation for the development of
type 2 diabetes.

Although the hypothesis is successful at theoretical level, its relevance needs to be tested in
actual cells. It is thus important to evaluate what is the evidence hinting to the presence in S-cells
of Vgg-regulated PM channels activated by the depolarization of the ER membrane as proposed in
the model.

A good candidate for a PM channel regulated by the depolarization of the ER membrane is
TRPMb5. As indicated in the Introduction, TRPMS5 is a store regulated cation channel that is
expressed in the PM of §-cells. The channel is required for the normal secretion of insulin. Mutant
B-cells lacking TRPM5 have a defective secretion of insulin and are unable to generate electrical
bursting (114, 115).

In the initial studies on TRPMb5, it was found that the channel was activated by the IP3-
dependent release of calcium from the ER (110, 273) although the activation did not seem to be
caused by the depletion of lumenal calcium (113, 274, 275). It was therefore proposed that TRPM5
was activated by the elevation of the cytosolic concentration of calcium (112). However, the exper-
imental evidence is not fully consistent with this hypothesis. In patch-clamp studies with isolated
channels it has been found that TRPMS5 is indeed opened by calcium but at concentrations of the
order of 50 uM, way above the usual values found in the cytosol (111, 275). At physiological con-
centrations of calcium (less than 1 uM), the channel was completely unresponsive in this recording
configuration (274, 276). Only when a whole cell recording mode is used does TRPM5 appear regu-

lated by physiological levels of calcium (113, 276). Interestingly, in this whole cell configuration, the
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activation of the channel has the same bell-shaped dependence on calcium that the IP3R (113, 114),
as if the opening of the channel depended on the current of calcium through IP3Rs rather than on
the cytosolic concentration of calcium.

In another set of experiments, Zhang et al. (273) found that the elevation of cytosolic calcium
using the SERCA pump inhibitor thapsigargin did not activate the TRPMb5 channel whereas, con-
versely, the activation of the release of calcium from the ER while preventing the elevation of its
concentration in the cytosol did cause the opening of the channel. Furthermore, Prawitt et al. (113)
have reported that the activation of TRPM5 depends on the rate of calcium release from the ER
rather than on the actual concentration of calcium in the cytosol. All these results could be better
explained by a mechanism of regulation of TRPMS5 that depends on the depolarization of the ER
membrane instead of on the concentration of cytosolic calcium.

TRPM5 and perhaps other members of the TRP channel family such as TRPM4 and TRPC2
may therefore provide the molecular basis for the hypothetical V gg-regulated PM channel proposed
in this theoretical study. The loss of electrical bursting in Trpmb -/- cells (114) is consistent with
TRPMb5 playing in pancreatic -cells the same role played by the Vgg-regulated channel in the
model cell.

The electric potential across the ER membrane may indeed be involved in the regulation of
insulin secretion in pancreatic -cells. But the regulatory role of Vgg is unlikely to be restricted
to just this type of cells. A wide variety of physiological processes, from fertilization to cell death,
display a similarly complex dynamics of calcium (185, 277) and are thus candidates to be regulated
by the electrical activity of the ER membrane.

During fertilization, the transition of the oocyte from a quiescent state, arrested metaphase of
the second meiotic division in mammals, to a state of mitotic proliferation is associated in all animal
species studied with waves of Ca*" that transverse the egg’s cytosol (278-281). The oscillations of
calcium are essential for the initiation of embryogenesis. Experimental manipulations that prevent
the oscillations also block the activation of the egg (282, 283). The calcium waves are triggered in
mammals by the elevation of IP3 by the sperm-specific phospholipase C zeta (PLC() (284, 285).

The injection of (PLC() in the oocyte is sufficient to induce the same calcium oscillations seen in
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fertilization and to activate the early steps of embryonic development (286, 287).

Although fertilization is always triggered by oscillations of calcium in the oocyte, the pattern
of the calcium waves varies considerably between species and genera. In mammals, the oscillations
consists in an initial transient that lasts several minutes followed by regular spikes with a frequency
of the order of 5 to 10 per hour (285, 288). In amphibians and fish, a single wave transverses the egg
from the animal to the vegetal hemisphere (280, 289, 290). In insects, in particular in Drosophila,
there is a single rapid transient wave that extends usually from the posterior to the anterior pole
of the egg (291). All these different patterns accomplish a common set of transformations in the
egg that include resumption of meiosis, cortical granule exocytosis, activation of maternal mRNA
translation, and cytoskeletal rearrangements (292, 293). The search for the mechanisms that link
the oscillations of calcium with all these cellular transformations is a very active area of research.

The subsequent embryonic development is also associated with complex oscillations of cytosolic
calcium (294, 295). The dynamics of calcium plays a central role in the key steps that lead to
the formation of the embryo, including axis determination, the establishment of the germ layer,
and organogenesis (296-298). In at least one case, during the development of the chick retina, the
oscillations of calcium in the embryo have been found associated with parallel oscillations of the
electric potential across the ER membrane (178).

Another example of a physiological process controlled by the dynamics of calcium is provided by
the immune system. The antigen-dependent activation of T lymphocytes, a process that involves
the control of gene expression, cell proliferation and cell differentiation, depends on several signaling
pathways (299), the most important being the activation of PLC and the consequent IP3-dependent
release of calcium from the ER. The release causes oscillations of cytosolic calcium (300, 301) and
the activation of store-operated currents in the plasma membrane of the lymphocyte (302). The
activation of B lymphocytes also depends on calcium signals (303). Interestingly, the particular
dynamics of calcium, single transients, repetitive oscillations or sustained plateau, determines the
type of transcriptional factor activated in both T and B lymphocytes (304-306). The central role
of the calcium signaling in the immune response is emphasized by the fact that a defective calcium

response in either T or B lymphocytes causes immunosuppression (303, 307).
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In the nervous system, learning and memory are tightly linked to the dynamics of calcium (184,
308, 309). Pioneer studies with simple invertebrate models of learning provided the first evidence
that the cAMP pathway, and thus the release of calcium from the ER, is involved in synaptic
plasticity. For instance, the activation of the cAMP pathway in Aplysia by serotonin secreting
interneurons was found to potentiate the secretion of neurotransmitter by stimulus activated sensory
neurons (310) in much the same way that GLP-1 and other incretins potentiate the secretion of
insulin in glucose-stimulated pancreatic S-cells (221). Genetic studies with Drosophila showed the
involvement of the cAMP signaling pathway in learning and memory also in this organism (311, 312).

In higher vertebrates, learning and memory is assumed to depend on structural and functional
modifications of dendritic spines (313) as originally proposed by Ramén y Cajal in the late nine-
teenth century (314). Dendritic spines are mushroom-like structures protruding from the dendritic
shafts of neurons that serve as the anchoring point of presynaptic axonic terminals in most ex-
citatory synapses (315). Inside the spines there is a projection of the ER that seems to play an
important role in synaptic plasticity (316-319). When spines are activated by stimulating the presy-
naptic terminal with trains of electrical pulses, they experience modifications that include changes
of size and number as well as variations of synaptic strength known as long-term potentiation (LTP)
and long-term depression (LTD) (320-322). The primary event that triggers synaptic modifications
in these experimental conditions is the elevation of calcium inside the dendritic spines. Calcium
enters the spines through the N-methyl D aspartate (NMDA) type of glutamate receptor (323) and
is also released from the projections of the ER inside the spines. The internal release is induced by
calcium itself and by IP3 produced by activated metabotropic receptors (324, 325). Low elevations
of calcium are believed to cause LTD whereas high intra-spinal concentrations seem to activate LTP
(323). Interestingly, the elevation of calcium in the spines generates calcium waves that propagate
through the dendritic shaft in both directions, reaching the nucleus on the soma side. These waves
are believed to be involved in the reinforcement of Hebbian as well as hetorosynaptic plasticity
(326, 327).

Inhibitory GABAergic synapses also display experience-dependent plasticity (I-LTP and I-LTD)

that is involved in learning and memory (328, 329). This form of synaptic plasticity is usually
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heterosynaptic, requiring the activation of nearby glutamatergic excitatory synapses. A variety of
regulatory mechanisms both pre- and postsynaptic have been observed (328). In many of them,
such as for instance the endocannabinoid-mediated induction of I-LTD (330) or the induction of
[-LTP by the brain-derived neurotrophic factor (BDNF) neurotophin (331), the regulation has been
shown to be mediated by cAMP or IP3, indicating the involvement of the ER in the process.

This is only a limited sample of the many physiological situations in which the dynamics of
calcium, and consequently of the electrical activity of the ER membrane, have been found to
determine the normal physiological response and developmental fate of cells.

In addition to the regulatory activity in normal cells, the dynamics of the ER seems to play a
pivotal role in the development of several pathological conditions as already discussed with respect

to type 2 diabetes.

4.4 The ER membrane potential in Alzheimer’s disease

A pathological process with a parallelism with type 2 diabetes is Alzheimer’s Disease (AD), a neu-
rodegenerative disorder that causes loss of memory and senile dementia (332). AD is characterized
by synapse loss, predominantly in associative neocortical structures of the brain, the extracellular
deposition of senile plaques composed mainly of misfolded amyloid-beta (AJ) peptides, and the
intracellular accumulation of hyper-phosphorilated tau protein, a component of the cytoskeleton
(332, 333). The accumulation of A5 deposits in the brain is caused by the disruption of the pro-
teolytic cleavage of the amyloid precursor protein (APP) (334). This process is reminiscent of the
extracellular accumulation of deposits of S amyloid fibrils in the islets of Langerhans of the pancreas
of T2DM individuals, caused by the misfolding of the human islet amyloid polypeptide (hiAPP) in
diabetic f-cells (242).

An explanation for the origin of AD, known as the amyloid hypothesis (335), proposes that
the accumulation of insoluble A aggregates in senile plaques represents the primary influence that
drives AD pathogenesis (336, 337). The hypothesis overlooks the fact that senile plaques are often

found in the brain of elderly individuals with no cognitive disorder and also that strategies that
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appear to be effective in removing the amyloid deposits have so far failed to produce any significant
improvement in treated subjects (332, 338).

Competing or complementing the amyloid explanation is the calcium hypothesis, according to
which the dysregulation of calcium signaling in dendritic spines is the primary cause of synaptic
loss and neural degeneration in AD brains (339-341). Several lines of evidence support this point
of view.

On the first place, the study of familial Alzheimers (FAD) has provided important insights on
the role of calcium dynamics on the early development of AD. FAD is a rare form of Alzheimers
caused by mutations on the genes encoding presenilin-1 (PSENT1), presenilin-2 (PSEN2) or amyloid
precursor protein (APP) (342). The other forms of AD, known as sporadic or late-onset Alzheimers,
also have a strong genetic component with more than 20 AD-related genes identified so far (343, 344)
but their exact etiology remains unknown.

Presenilins (PSs) form the catalitic subunit of v-secretase, one of the proteases involved in
the generation of the toxic AfS peptide from APP. The FAD mutations in PSs cause an increased
production of A that potentiates the toxic effects of the peptide, a mechanism consistent with the
amyloid hypothesis (345). But in addition, presenilins have a second role in the ER as a Ca*"-leak
channel (346, 347). Many FAD mutations in PS1 and PS2 cause the loss of this channel function.
The phenotype of these mutations is an elevated [Ca®"]gp that causes an abnormally high release
of calcium from the ER when RyR or IP3R are activated (346, 348, 349).

Another effect of FAD mutations that also contributes to potentiate the release of calcium
from the ER is the upregulation of the expression and activity of RyR2 (350, 351) and IP3R
(341, 352). Interestingly, upregulation of RyR2 has also been observed in individuals with mild
cognitive impairment, a condition considered a precursor of AD (353).

FAD mutations also affect the intracellular dynamics of calcium by reducing the activity of the
SERCA pump (354). A reduction that has also been observed in -cells from animal models of type
2 diabetes (213), and that increases the electrical excitability of the ER membrane (see Figure 6).

The balance of all the effects of mutated presenilins on calcium channels and pumps is an

enhanced release of calcium from the ER that is likely to produce a sustained depolarization of the
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ER membrane, a condition that, as discussed in Section 4.1, is associated with an increased rate of
apoptosis.

In addition to the effects on the ER, FAD mutations also cause changes in the PM. In particular,
they reduce the level of store operated currents normally activated by the release of calcium from
the ER (341, 355, 356), apparently by downregulating the activity of STIM2 (357, 358) and of two
members of the TRP family, TRPC3 and TRPC6 (359). The reduction of the store operated inward
currents are likely to have significant effects on the excitability of the postsynaptic PM.

A second line of evidence for the involvement of the ER in the development of AD comes from
studies on the GLP-1 signaling pathway in the central nervous system (340, 360). The use of
analogs of GLP-1, the same analogs used to treat type 2 diabetes (361), has been shown to reduce
plaque deposition and neurological deterioration in patients with AD as well as in animal models of
the disease (362-365). In fact, a connection between the pathophysiology of Alzheimers and type 2
diabetes has been proposed (366-368). The connection could well be a similar electrical malfunction
of the ER. A malfunction that seems to be corrected, at least in part, in both S-cells and neurons by
the activation of IP3-dependent Ca?* release from the ER through the pharmacological stimulation
of the GLP-1 signaling pathway.

The study of the familial form of Alzheimer’s disease has revealed that changes in the electrical
excitability of the ER membrane and PM, as well as conditions that alter the normal electrical
interactions between them, can be one of the primary causes of this particular form of the disease.
Whether the same mechanisms also play a fundamental role in the onset of the sporadic forms of
Alzheimer’s disease is a question that may be worth investigating.

A hallmark of the malfunction of the ER seems to be a significant hereditary component that
nevertheless results very difficult to identify in genetic analysis. A pathology with these charac-
teristics is Autism Spectrum Disorder (ASD), a series of neurodevelopmental abnormalities that
cause dramatic behavioral changes in the persons affected. In concordance studies with identical
twins and genetic studies in affected families, it has been established that ASD has a strong genetic
component (369, 370). However, in common with type 2 diabetes, the elevated number of loci found

associated with ASD susceptibility, more than 500 (371-373), has not so far provided meaningful
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information on the origin of the disease nor a genetic marker for the early diagnosis of the disorder.

Due to the neurodevelopmental nature of ASD, involving the maturation of neural circuits
during prenatal and early postnatal development, it is believed that the different forms of autism
are caused by defects in the synaptogenesis and synaptic trimming that take place in these formative
period, particularly in the cerebelum (374, 375). These are processes that depend critically on the
dynamics of calcium in the synaptic terminals and dendritic spines (376), raising the possibility
that an important factor in the genesis of autism related disorders may be a defective electrical

activity of the ER.

4.5 Concluding Remarks

The theoretical analysis I have presented here illustrates the capacity of a nonlinear system to
generate complex cellular behaviors. Even in the most simplified version of the model, the ER
membrane displays three different dynamic states that generate three different functional programs
in the cell. In actual cells, where the number of parameters and variables susceptible to be modified
by environmental and genetic signals is orders of magnitude higher than in the minimal models
studied here, the electrical activity of the ER is likely to be able to adopt a multiplicity of dynamic
substates, each with a particular spatio-temporal pattern of oscillations, each encoding a particular
functional program.

The progress in superresolution (SR) imaging technology has revealed the ER as a very complex
and dynamic organelle, with an extremely sophisticated ultrastructure formed by cisternae and
interconnected tubular matrices and tubular network arrays experiencing rapid transformations that
reflect at the morphological level the rich variety of substates the organelle can adopt (182, 377).

Furthermore, the ER membrane interacts with practically all subcellular compartments in the
cell from the PM to the nucleus. The ER gets in close apposition with the PM in areas known as
ER-PM junctions (378, 379). This proximity seems necessary for the regulation of the conductance
of store operated channels such as Orai and members of the TRP family and thus for the control

of the excitability of the PM by the ER.
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The ER interacts with mitochondria in specialized areas known as mitochondria-associated ER
membranes (MAM). In these areas, the ER membrane and the mitochondrial outer membrane
become as close as 10 to 30 nm, anchored by specific tether proteins (380). The interaction of the
two organelles in the MAM areas is critical for many cellular activities that include mitochondrial
biogenesis and transport as well as the initiation of apoptosis (381, 382). A key molecular component
involved in the interaction is the voltage-dependent anionic channel (VDAC), a porin-like channel
in the outer membrane of the mitochondria that forms a macromolecular complex with the IP3R
channel in the ER membrane (383, 384). The activity of VDAC seems regulated by the release of
calcium through the IP3R but the exact mechanisms governing gating and ion selectivity still remain
controversial (385). The difficulty in resolving this issue may be due to the channel being regulated
by the electrical activity of the ER membrane. Disruptions of the ER-mitochondrial interactions
have been found in several neurodegenerative disorders that include Alzheimer’s disease, Parkinson
and amyotrophic lateral sclerosis with associated frontotemporal dementia (ALS/FTD) (386, 387).

Lysosomes and endosomes also establish tight contacts with the ER membrane in specialized
areas known as membrane contact sites (MCSs). These interactions have been found to play im-
portant roles in organelle biogenesis and in autophagy and cell survival (388, 389).

The interactions of the ER membrane with the nuclear matrix are reviewed in (390-393).

With the complex set of dynamic states and subcellular interactions, the ER is ideally suited to
drive the coordinate orchestration of all the complex transformations that take place in cells during
fertilization, embryonic development and in the different physiological activities of the adult life.

Transformations that involve the rearrangement of the cytoskeleton and chromatin structure,
changes in the program of gene expression, the activation of secretion and other cellular processes
such as mRNA translation, and even the initiation of programmed cell death.

A missing piece of information in this whole picture is the nature of the mechanism that mediates
the complex signaling between the different subcellular compartments of the cell, between the plasma
membrane and the nucleus, between different dendritic spines and between the spines and the
nucleus in neurons, between components of the secretory pathway and mitochondria, to mention

just a few examples. The excitability of the ER membrane provides a plausible mechanism to
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mediate this flow of information inside the cell as conjectured by Ruska in the 1950s (183).

In contrast with the impressive progress in characterizing the fine structure of the ER, the
number of studies aimed at the evaluation and characterization of the electrical activity of the ER
membrane is very limited. The activity, nevertheless, has been observed in the form of cytosolic
calcium waves and oscillations. Calcium waves cross the oocyte during fecundation. There are
calcium waves in the dendrites of excited neurons that communicate the stimulated synapses with
the nucleus. Calcium oscillations are produced in the cytosol of S-cells when they are induced to
secrete insulin. Underneath these calcium waves there are electrical oscillations of the ER membrane,
as shown in this theoretical analysis. Many of the effects traditionally attributed to calcium may in
fact be caused by these electrical signals. There are therefore good reasons to address the study of
the electrical activity of the ER membrane, a study that is likely to produce important advances in
our understanding of the role this versatile organelle plays in the physiology of cells both in health

and disease.
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