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l. INTRODUCTION

Glucose homeostasis, i.e. maintaining blood gluams®entrations within a
relatively narrow range, is an important, life-gcting process in humans. Thus,
exceedingly low blood glucose rapidly endangersnbfianction and can ultimately
lead to coma and death, whereas too high bloodogiican acutely cause severe
life-threatening hydro-saline disorders and chraliycdamage blood vessels, nerves
and kidneys, the major sites of complications inamtrolled diabetes.

The regulation of blood glucose is achieved byeayefficient hormonal
system which exerts opposite effects on glucosdyming and glucose-storage
organs. Whereas several hormones (glucagon, now@dre, cortisol ...) can prevent
inappropriate declines in blood glucose by stimagat glycogenolysis and
gluconeogenesis in the liver, insulin secretion Ilbgta-cells of the islets of
Langerhans is the only means by which the orgamiamdecrease glycemia. It is
therefore not surprising that insulin secretiosubject to a tight control ensured by
glucose itself and by an array of metabolic, nearad hormonal factors as will be
described in chapter II.

Disturbances of glucose homeostasis most comnumayr in type 2 diabetes,
the prevalence of which is increasing at an epiderate throughout the world,
linked to the rise in prevalence of obesity. Epiddagical studies agree on
estimations that the number of cases worldwidedpgsoximately doubled between
2001 and 2010, to reach 220 million, and prediktréner increase to more than 400
million in 2030 (Shaw et al. 2010, Nolan et al. 2D1The hyperglycemia of type 2
diabetes results from insufficient insulin secretin a context of diminished insulin
action in target tissues (Cerasi 1995, Kahn e2@09). Knowing how the normal
beta-cell works is thus essential for elucidatibrisodefects in diabetes.

A large number of studies over the last five desadave led to our current
understanding of stimulus-secretion coupling imabetlls. The picture that emerges
Is that of a dual regulation of insulin secretiop oth triggering and amplifying

signals produced by glucose (Henquin 2009). It nslisputed that a rise in the



concentration of free cytosolic calcium (fCJa) in beta-cells is the critical signal for
triggering insulin secretion upon glucose stimwiatiThe consensus model ascribes
this rise to the acceleration of beta-cell metao)ia subsequent increase of the
ATP/ADP ratio, closure of ATP-sensitive "K(K-ATP) channels, membrane
depolarization with activation of voltage-gated®Cehannels and influx of Gainto
the cell. The action of Gaon exocytosis of insulin granules is then augnig
still incompletely identified amplifying signals oy on unknown targets. To
provide the background of my studies, a descriptbthis series of events and of
their effectors is presented in chapter Ill, in ebil also develop our current
understanding of the amplifying pathway and of thest pertinent mechanisms
proposed to be involved in this pathway.

Chapter IV describes and discusses the biphasterpaof glucose-induced
insulin secretion. The mechanisms underlying thécufiar kinetics remain an
intellectual challenge for cell biologists. Thelu@dation would also be of interest
for clinicial diabetologists who remain intrigued the selective disappearance of the
first phase during the earliest stages of developroktype 2 diabetes. The chapter
will also set the stage for my studies on the dbution of the amplifying pathway to
the two phases.

Chapter V reviews previous studies regarding tmaracteristics of beta-cell
microfilaments and microtubules, and the role oé toytoskeleton in insulin
secretion. It will serve as an introduction to stydies.

Finally, chapter VI summarizes and discussesébalts of my research which
focused on the involvement of the amplifying patiiwathe first and second phases
of insulin secretion, and on the possibility thatoskeleton-dependent granule
recruitment is the step of stimulus-secretion cimgplaffected by metabolic

amplification.



II. STIMULUS RECOGNITION BY PANCREATIC BETA-CELLS

An array of nutrients, hormones and neuroendocsigmals control the
secretion of insulin, the body’s only glucose-loimgrhormone, in order to ensure
optimal regulation of blood glucose levels. Thisgter briefly outlines how beta-
cells recognize these extracellular signals angoms by increasing or decreasing

the rate of insulin secretion.

1-Glucose

Unlike most secretory cells that identify their natili through selective
receptors, pancreatic beta-cells do not expressoghureceptors. Glucose must be
metabolized for the beta-cell to secrete insulilg the rate of secretion is governed
by the rate of metabolism. Numerous studies hawevshthat non-metabolized
analogs of glucose do not induce insulin secrediah that the response to glucose is
inhibited whenever oxidative phosphorylation is amgled (Sener and Malaisse
1984, Matschinsky 1996).

In rodents, glucose enters beta-cells by facilitatkffusion via the high
capacity, low-affinity glucose transporter Glutzhfrens et al 1988, Newgard et al.
1995). The high Km (15-20 mM) of this transportermits efficient glucose uptake
in proportion to blood glucose levels, so that ghe&e concentrations rapidly
equilibrate across the beta-cell membrane (Mats&i2009). This is also the case
in human beta-cells although Glutl, which has aeloWm, is the predominantly
expressed isoform of glucose transporters (De Moa.€1995, Ferrer et al. 1996,
Richardson et al. 2007).

Upon its entry into beta-cells, glucose is phospladed by a glucokinase
(GK, hexokinase IV) that acts as a glucose sensertd its high Km and lack of
inhibition by its product, glucose-6-phosphate (8¢&insky 1996). The key role of
GK is highlighted in human pathology. Activating tations of the enzyme cause

certain forms of congenital hyperinsulinism twiheonatal hypoglycemia, whereas



inactivating mutations impair insulin secretion aledd to diabetes (Matschinsky
2002). Following its phosphorylation, glucose almmexclusively follows the

glycolytic pathway leading to the formation of ATRADH and pyruvate.

| Sulfonylureas - Diazoxide | .

Glucose | ) Ca?
T P = | |

Metabolism Triggering pathway

Other
nutrients

—
—
—
—
—

ATP /
Mg ADP \ + PKC ACh

+ PKA
(Epac-2)
ll.\t"le.taboli::h Neu“)hormonﬂl
ampliiying pathway, TR R e lifvi th .
~Insulin .“"p ying pathway

—  Other messengers —

_secretion

Fig. 1: Schematic representation of stimulus-secriein coupling in beta-cells. Triggering and metabot
amplifying pathways mediate the stimulation of inslin secretion by glucoseNeurohormonal amplifying
pathways mediate the effects of neurotransmittedsteormones. The A channel, made up of SUR1 and
Kir6.2 subunits, is the transducer of metabolic ngfes into membrane potential changes. The inset
illustrates the depolarisation and the electricaivity induced by glucose in one mouse beta cétiw an
intact islet; the recording was made with an irgtatar electrode. The dotted line indicates a eased
flow. +, stimulation; —, inhibition; SUR1, sulforylea receptor 1; Kir, inwardly rectifying K channalCh,
acetylcholine; Epac-2, exchange protein directlfivated by cAMP 2; GLP-1, glucagon-like peptide 1;
PKA, protein kinase A; PKC, protein kinase C.

Taken from Henquin 2009.

Owing to the low expression of lactate dehydrogen@dacDonald et al.
2005a), which converts pyruvate to lactate andicimas NADH into NAD in most
cells, and of plasma membrane monocarboxylate goateys (Zhao et al. 2001),
which permit pyruvate exit, more than 90% of pymavas channeled to the

mitochondria. In addition, two particularly aaivshuttles permit electron transfer



between cytosolic NADH and mitochondria: the glydgrhosphate and the malate-
aspartate shuttle systems (MacDonald 1982).

In mitochondria, more NADH is produced from pyruwvaintering the TCA
cycle via pyruvate dehydrogenase. Electrons ane titeesferred from these reduced
coenzymes to the electron transport chain leadingumping of H ions out of the
mitochondrial matrix, hyperpolarization of the imnenitochondrial membrane
(Duchen et al. 1993) and ATP generation by ATP{sys¢. Moreover, mitochondrial
inner membrane hyperpolarization stimulates patédiépendent Ga entry into
mitochondria (Litsky and Pfeiffer 1997) thereby rieasing C&-dependent
dehydrogenase activity and augmenting NADH and Afétuction from the TCA
cycle (Hansford et al. 1991). These features ofage metabolism in the beta-cell
eventually lead to an increase in the cytosolic ADRAcentration. Previous studies
from the laboratory have measured a change frof te3~4.7 mM ATP in whole
mouse islets incubated at 2 and 20 mM glucose rfi2eyi et al. 1996a). At present,
ATP produced by glucose oxidation is considerededhe main second messenger
coupling glucose entry to insulin granule exocytp$iut it is probably not the only
one.

Another peculiarity of glucose metabolism in theabeell is the high activity
of pyruvate carboxylase which converts about 50% pgfuvate entering the
mitochondria to oxaloacetate (MacDonald et al. J9PBarmacological inhibition of
pyruvate carboxylase reduces glucose-induced msdicretion (Wiederkehr and
Wollheim 2008) supporting the importance of theaplerotic branch of beta-cell
pyruvate metabolism. This anaplerotic activity adésv carbons to the TCA cycle
and allows some of the cycle intermediates to ¢x& mitochondria without
compromising cycle function. These TCA cycle intethates such as glutamate,
citrate and malate are exported to the cytosol alteey may serve as additional
mitochondrial signals by producing second messengeflved inthe control of
insulin secretion such as long chain fatty acyl C8Averal correlative studies point
towards a role of malonyl CoA (Corkey et al. 19&%d NADPH (Ashcroft and
Christie 1979, Hedeskov et al. 1987, Ivarsson.2@5b) but there still is no widely



accepted model for the action of these messengeesent study also suggests that
the relative importance of distinct metabolic padlysr may differ between human
and rodent islets (MacDonald et al. 2011).

Apart from its central role in controlling insulisecretion, glucose also
promotes insulin synthesis by stimulating proinsigene expression (Permutt and
Kipnis 1972, Andrali et al. 2008) and by enhangimginsulin mRNA stability (Fred
and Welsh 2009). However, the stimulation of premmolin mMRNA translation is of
even greater importance and accounts for the iserea insulin biosynthesis
observed during short-term (0-3 hours) glucose wgation (Goodge and Hutton
2000). These effects of glucose also require mésabof the sugar in beta-cells, but
are not yet fully understood (Melloul et al. 200B).this context, it is important to
emphasize that short-term control of insulin seocnetdoes not depend on insulin
synthesis, since islet insulin stores largely edcretory rates.

2-Amino acids

Unlike glucose, no amino acadoneincreases insulin secretion when it is used
at a physiological concentration (75 puM arginineplasma vs. 2-10 mNh vitro).
Amino acids become effective at supraphysiologicaicentrations or when they are
used in combination or in the presence of glucbsecine is metabolized in beta-
cell mitochondria to produce acetyl-CoA (Malaissele 1986) that enters the TCA
cycle thus producing ATP and increasing the cyiosAlTP/ADP ratio. Glutamine
alone does induce insulin secretion. However, & phesence of leucine, which
activates glutamate dehydrogenase, glutamate (tbrifriem glutamine) is
metabolized intoa-ketoglutarate which fuels the TCA cycle (Newsholeike al.
2010). These effects are thus similar to thosduxloge.

Other amino acids increase insulin secretion witradtecting the ATP/ADP
ratio. Their action involves changes in beta-celinmbrane potential due either to
their co- transport with Naas it is the case with alanine (Prentki and R&A8I83),
or their positive electrical charge as fogiaine and other cationic amino acids



(Henquin and Meissner 1981). Some disputed evidehowever, suggests that
alanine metabolism can increase insulin secretiogdmerating glutamate, aspartate
and lactate and that arginine-derived nitric oXid®) can have a negative effect on
insulin release (Newsholme et al. 2010). Leucing,not the other amino acids, also
stimulates insulin synthesis, probably via actmatof the mTOR pathway (Yang et
al. 2010).

3-Fatty acids

Fatty acids do not acutely increase insulin semmein the presence of low
glucose. The most probable reason is that, althewgjhoxidized in beta-cells, they
do not increase the ATP/ADP ratio, do not depotatize membrane and hardly
increase [C3]. (Warnotte et al. 1994). In the presence of stitoma glucose
concentrations, fatty acids augment insulin seandby several mechanisms.

As stated earlier, citrate, a TCA cycle intermesliggenerated by the
anaplerotic branch of pyruvate metabolism in théoamondria, is exported to the
cytosol and converted to malonyl-CoA which can Bediin the synthesis of lipids
(MacDonald et al. 2005b). Moreover, through itsilition of palmitoyltransferase 1
(CPT1), malonyl-CoA decreases fatty acid transpaid mitochondria as well as
their oxidation and leads to an increase of cytoddCFA-CoAs. The involvement
of these molecules in the regulation of insulinregon is still debated (Mulder et al.
2001) and will not be discussed further. The piowi of exogenous free fatty acids
increases the intracellular concentrations of LGE@A and other lipid signals which
might contribute to the increase in insulin seore{iNolan et al. 2006). LCFA-CoAs
can be converted to diacylglycerol (DAG) which silates signaling via PKC
(MacDonald et al. 2005b).

In addition to their metabolic effects, fatty aci@so induce insulin secretion
by binding to specific G-protein-coupled transmeamni& receptors (GPRs), notably
FFARL1 also known as GPR40 (Kebede et al. 2009).atheation of these receptors
induces phospholipase C (PLC)-dependent hysiolpf phosphatidylinositol 4,5



bisphosphate into diacylglycerol (DAG) and inostiidphosphate (IP3) followed by
activation of protein kinase C (PKC) (Kebede et 2009), mobilization of
intracellular C&" (Shapiro et al. 2005) and therefore an in@éasecretion.While
this fatty acid receptor activation explains thearaffect on [C&]. in low glucose,

it is not sufficient to induce insulin secretiomygpose-dependent activation of plasma

membrane Ca channels and metabolism are also required.
4-Hormones and neurotransmitters

Numerous hormones and neuropeptides can increasgeaease insulin
secretion (Ahrén 2009). These effects are sometiveeg species-dependent and
their physiological relevance is not always estdidd. These issues are beyond the
scope of my thesis, and | will only briefly alluttiea few major members of this long

list.

4.1-Hormonal signals

Glucagon-like-peptide-1 (GLP-1) is secreted by UscEom the mucosa of the
ileum and colon, and glucose-dependent insulinatrpplypeptide (GIP) is secreted
by K-cells from the duodenojejunal mucosa. These tvarmones bind to their
respective G protein-coupled receptors (GPCRs) §A#009) and are responsible
for the incretin effect that occurs during meald aexperimentally demonstrated by
the larger stimulation of insulin secretion whegieen glucose load is administered
orally rather than being intravenously injected dga and Drucker 2007, Vislsboll
and Holst 2004). The effect of these two hormorsemainly mediated by cAMP
acting through protein kinase A and Epac2 (Figad)will be described in greater
detail in chapter VI.

Glucagon secreted by islet alpha-cells also ineeatucose-induced insulin
secretion by activating cAMP-dependent pathways itdaown receptors, distinct
from those mediating the effect of GLP-1 (Gromatal €1997).
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Adrenaline secreted by the adrenal medulla duringss, hypoglycemia or
physical activity binds ta,-receptors in beta-cells and inhibits insulin seoreby
decreasing cCAMP, hyperpolarizing the plasma men@eard inhibiting distal steps
of exocytosis (Lang et al. 1995).

4.2-Neural signals

Pancreatic islets are innervated by parasympathstopathetic and sensory
nerves. Thus, insulin secretion is stimulated leypghrasympathetic and inhibited by
the sympathetic system, respectively (Ahrén 2080gtylcholine (ACh) is the main
neurotransmitter involved in parasympathetic cdntb beta-cells. The cephalic
phase, i.e. insulin secretion in response to sgnstmuli prior to any increase in
blood glucose levels, depends on parasympathétnulstion that is then sustained
during the whole meal. The net effect of ACh isyaesgic increase of glucose-
induced insulin secretion mainly via activation mfosphoinositide hydrolysis by
PLC which results in the formation of jJRnd DAG that inducemobilization of
intracellular C&" stores and PKC activation, respectively (Fig.AGh also causes
membrane depolarization and thereby increase$ iBfiux (Gilon and Henquin,
2001). Further discussion of these effects cambed in chapter VI.

Activation of the sympathetic system results initwtion of insulin secretion
due to noradrenaline release and its binding,tadrenoreceptors on the beta-cell
(Nakaki et al. 1980). This inhibition occurs viaetlsame mechanisms as those

involved in adrenaline effects.
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[Il. GLUCOSE-INDUCED INSULIN SECRETION

1-Triggering pathway

Glucose-induced insulin secretion requires gluaostabolism by beta-cells
and depends on a rise in fGa due to the influx of extracellular &a This
corresponds to the triggering pathway of insulioreton that | will detail below
after a brief description of the basis of elecirieecitability and C& homeostasis in

beta-cells.

1.1-Beta-cell membrane electrical activity

Pancreatic beta-cells are electrically excitableegid and Mathews 1968)
owing to the presence of voltage-dependent ionmélann their plasma membrane.
In response to glucose, they depolarize becauseacdheleration of metabolism
decreases membrane’ KKonductance (Henquin 1978). The main actors of thi
phenomenon are ATP-sensitivé kKhannels (K-ATP) which were found to be the
missing link between glucose metabolism and*@auced insulin secretion. These
channels, discovered in guinea pig cardiac muddben@ 1983), were then identified
(Cook et al 1984; Ashcroft 1984) and cloned in k=tls (Aguilar-Bryan and Bryan
1995). K-ATP channels have a tetrameric organimatigth four subunits of an
inwardly rectifying K channel (Kir6.2) which forms the pore to which AliRds to
close the channel, surrounded by four subunits diigh-affinity sulfonylurea
receptor (SUR1) to which ADP binds to open the deén

At substimulatory glucose concentrations, the loeth-plasma membrane
potential is set around -70 mV by the hyperpolagzK® outward current flowing
through K-ATP channels. Closure of these channalsrdsponse to glucose
metabolism leads to a gradual decrease ‘ofd¢tiductance. Since thesiGralue for
K-ATP channel inhibition by ATP is in the range®®5 puM and the cytosolic ATP

concentration amounts to 3-5 mM, it has been arghedK-ATP channels would be
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permanently closed if they sensed [AJPHowever, the models of beta-cell
electrical activity predicting 99% closure of K-ATBhannels at physiological
nucleotide concentrations rely on measurementgdised membrane patches (Proks
and Ashcroft 2009, Rorsman et al. 2011).

Whole-cell measurements have shown that only 5-aDBATP channels are
open at substimulatory glucose concentrations {<n@ in mice) and that the ATP
sensitivityof the channels is markedly shifted towards high€P concentrations in
intact cells as compared with membrane patchek$Rrnd Ashcroft 2009, Rorsman
et al. 2011). One possible explanation is that ABRsuming pumps lower [ATP] in
the vicinity of the channels (Drews et al. 2010)ug allowing glucose-induced
changes in beta-cell ATP/ADP ratio (from ~3 to HHiween 1 and 10 mM glucose)
(Detimary et al. 1998a) to function as a signalpathway controlling K-ATP
channel activity. Both the decrease in ADP anditiceease in ATP thus affect the
activity of K-ATP channels resulting in closuretbese channels and a decrease in
plasma membrane permeability t6. K

Closure of K-ATP channels alone is not enough tasea membrane
depolarization. When enough K-ATP channels areedpthe electrical resistance of
the membrane becomes high enough to permit depalem by background inward
currents (Ashcroft 2005, Henquin et al. 2009, Rasrat al. 2011). The exact nature
of this depolarizing current is still unknown artds unlikely to involve one single
ionic pathway (Henquin et al. 2009, Rorsman eR@lL1). The current could result
from Na and/or C& influx (Hiriart and Aguilar-Bryan 2008) throughafisient
receptor potential channels (Henquin et al. 20818 2010) or from CEkfflux (Best
2005).

As shown in Fig. 2, the beta-cell membrane slovédpalarizes in response to
glucose stimulation. When the membrane potentiathes -50 mV, further rapid
depolarization occurs to a plateau onto which sgikaped action potentials appear
(Henquin and Meissner 1984; Drews et al. 2010).s&haction potentials are
provoked solely by G currents in mice while Nacurrents contribute to this
electrical activity in rats and humans (DrewsleP@10, Braun et al. 2008). After a
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first long train of spikes, the membrane partbpalarizes and beta-cells display a
characteristic pattern of electrical activity knows “slow waves” (Henquin and
Meissner 1984b, Drews et al. 2010) consisting afstsuof action potentials and
hyperpolarized interburst phases. Termination ef blrsts of action potentials is
caused by repolarizing currents generated by eiffietypes of K channels (Henquin
1990, MacDonald and Wheeler 2003, Dufer et al. 200%ews et al. 2010, Rorsman
et al. 2011). This complex oscillatory electricatiaty is orchestrated by several
types of ion channels, the identity and contributd which are still debated between
electrophysiologists. Inactivation of voltage-gated" channels, activation of &a
activated K channels (SK) or large-conductance’@activated K channels (BK),
depolarizing store-operated channels (Drews e2@l0, Rorsman et al. 2011) and
TRPMS5 channels (Brixel et al. 2010, Colsoul et28l10) have all been proposed to
contribute to the shaping of glucose-induced dleadtactivity in beta-cells.

I will simply emphasize that the oscillations of mierane potential are subject
to modulation by the concentration of glucose: depolarized phases with action
potentials last longer and the interburst phasesrbe shorter with increasing
glucose concentrations, and continuous electricativity appears when the
concentration of glucose exceeds 20-25 mM (Fig.TBe early proposal that this
increase in electrical activity is mainly achievggd progressive closure of more and
more K-ATP channels (Henquin 1988) has often bdwallenged by experiments
performed in single cells, but has received dimgiport from observations that a
significant proportion of the channels remain aztdetween 5 and 25 mM glucose in

beta-cells within intact islets (Rorsman et al. 201

1.2-Calcium homeostasis in beta-cells

Like most other cells, non-stimulated beta-cellsmadn their resting [Cd].
between 50 and 100 nM despite slight but continu®a$ entry down its electro-
chemical gradient. This is achieved by active tpansof C&* out of the cell or by
Cd" sequestration in intracellular compartments ngtalé endoplasmic reticulum
(ER). Three major mechanisms permit*Caxtrusion from the cytoplasm upon

[Ca?]. elevation:
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Fig. 2: Beta-cell membrane potential changes in resnse to increasing glucose concentrations.

In the presence of 3 mM glucose, the resting mengbotential (MP) is stable around -65 mV.
Following stimulation with 10 mM glucose, MP slowiiges to a threshold where rapid depolarization
occurs. MP then returns to more negative valuesdisplays oscillations on the plateau of which
appear bursts of action potentials. These burgbgetast longer when glucose is raised from 10 mM
to 15 mM (G15). At 25 mM glucose (G25), MP displayantinuous bursting activity (taken from
Henquin 1990).

« C&" is pumped out of the cell by a plasma membranmaailin-sensitive C&-
ATPase (PMCA). Of the several isoforms of this pmot PMCA 1b and 2b are
expressed in beta-cells and the other islet celisreas PMCA 4b is specifically
expressed in beta-cells (Varadi et al. 1996, Hezlzhet al. 2007).

« C&" extrusion is also achieved by countertranspodnef C4" in exchange for four
Na" by a N&/C&* exchanger (NCX) driven by the electrochemical gradof N&.
Splice variants NCX1.3 and NCX1.7 are the majofasuas expressed in beta-cells
(Herchuelz et al. 2007).

« C&" is also cleared from the cytosol by pumping infee tER by a
sarco(endo)plasmic reticulum €& TPase (SERCA2b and SERCA3) (Prentki et al.
1984). Glucose can affect replenishment of ER*Gdores in the beta-cell by
increasing both ATP and [€% (Tengholm et al. 1999, Arredouani et al. 2002b,
Varadi and Rutter 2002). Moreover, it has been shdwat while SERCA2b is
involved in basal [C&]. regulation, SERCA3 only becomes operative wherf’|Ca
rises and is involved in glucose-induced {Qa oscillations (Arredouani et al.
2002a).
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1.3-Glucose-induced [C&]. changes

Upon stimulation by glucose, there initially ocswur slight decrease in [ER
(Fig. 3A and B) attributed to Gasequestration in the ER (Tengholm et al 1999).
This effect of glucose is indeed prevented by SER@#bition using thapsigargin
(Chow et al. 1995). Acceleration of the pumpingerat SERCA2b is tentatively
attributed to a greater availability of ATP (becausf metabolism acceleration)
(Arredouani et al. 2002a). Thus, no initial dese precedes the rise in fa
produced by non-metabolized agents such as tolbdeéalirig. 3C and D). The
functional significance of this @& sequestration by the ER is unknown. A
teleological explanation is that it prepares betilscto respond to hormones and
neurotransmitters which will mobilize &afrom the ER (Hiriart and Aguilar-Bryan
2008). Alternatively, it could play a role in shagithe oscillatory pattern of [€%.
changes observed during sustained glucose stimalay modulating SOC currents
(Arredouani et al. 2002b, Drews et al. 2010).

Following the initial decrease, [€% increases from a basal value of
approximately 50 nM to a peak of about 250 nM witlibout one minute. This
increase in [C4]. is essential for stimulating insulin secretiond@sky and Bennett
1966, Henquin 1978). Antagonism of voltage-depeh@#" channels (VDCC) is
sufficient to inhibit insulin secretion in humanadarodents (Drews et al. 2010).
These channels, which permit entry of extracell&f* down its concentration
gradient, are major actors in stimulus-secretionpting. VDDCs or Cachannels
comprise a pore-formingtl subunit and several modulatory auxiliary subunits
(Drews et al. 2010). In pancreatic beta-cells, sdvesoforms of Ca channels
classified according to the structure of the&lr subunit are expressed and it is still a
matter of debate which ones are of physiologicévience. There is, however,
general agreement that L-type channels,10dal.4) play a key role in beta-cell
stimulus secretion coupling. These slowly inactdatchannels are capable of
achieving long-lasting changes in fa required for insulin secretion (Drews et al.
2010). There is, however, evidence for the contitimuof other types of VDCC to

glucose-induced Gainflux in human beta-cells (Rorsman et al. 201rdtyacellular
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C&" store release has been suggested to play a re&gimating insulin secretion.
This release can be secondary to the influx ofaeeitular C&", as it is with C&-
induced C& release from the ER (Graves and Hinkle 2003, Telmgtand Gylfe
2009) or induced by external signals which modulasalin secretion rather than
trigger it. In general, the current view holds tihe major determinant of the
glucose-induced increase [Clais extracellular C& influx through VDCCs.

Following the initial peak, [Cd]. slowly decreases to a nadir, still well above
basal levels, and then starts to oscillate. Thesélatory changes mirror the pattern
of membrane potential with different types of fGa oscillations occurring in
response to glucose (Henquin 2009). The perioche$d oscillations ranges from
several seconds to several minutes (Bertram et 2007) thus allowing their
subdivision into ultrafast, fast and slow oscibhais. Sometimes, fast oscillations are
superposed on slow ones creating a pattern of congposcillations often observed
in single beta-cells, beta-cell clusters and iswlaislets in response to glucose
stimulation (Beauvois et al. 2006, Fridlyand et28l10). One point on which there is
general agreement is the dependency of theseatisi$ on C# influx since they
are abrogated in the absence of extracelluld&’ 6aby blockade of L-type Ga
channels (Tengholm and Gylfe 2009).

Some authors proposed that the intrinsic osciasmtivity of the glycolytic
enzyme phosphofructokinase 1 (PFK-1) (Tornheim )98ads to metabolic
oscillations that in turn cause [€h oscillations. Another point of view is that these
metabolic oscillations are secondary to {Qiaoscillations: the glucose-induced
increase in [CH]. reduces the mitochondrial membrane potential)(which then
diminishes ATP production, leading to reopeningsome K-ATP channels, partial
membrane repolarization and a lowering{QGadue to VDCC closure (Drews et al.
2010). Alternatively, each increase in fJacould increase ATP consumption, lead
to a decrease in the ATP/ADP ratio and eventualynit reopening of a few K-ATP
channels (Detimary et al. 1998b). Finally, thesall@sions might be inherent to the
nature of the ionic channels: [Eg changes could thus create a feedback loop that
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fine-tunes the activity of VDCCs and K and results in periodic

activation/deactivation of these channels (Rorsetaal. 2011).
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Fig. 3: Glucose and tolbutamide-induced [C&]. changes in isolated mouse islets.

A and C: Individual responses of 3 islets from slaene mouse showing non synchronized
[C&™"].. oscillations in response to glucose (A) and alstabd sustained plateau in response
to tolbutamide(C). B and D: Mean responses of 6 islets to gluc&e(d to tolbutamide
(D). Note the dampened changes obtained after givgrahe responses to glucose (B) due
to lack of synchrony between oscillations in indival islets (personal results).
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1.4-How does C&' trigger exocytosis?

As in many other secretory cells, insulin granweaytosis is mediated by the
SNARE (soluble NSF attachment protein receptor; N&Ethylmaleimide-sensitive
factor) protein complex. SNAREs belong to a largenify of proteins mediating
intracellular fusion between various compartmeritthe cell. They are subdivided
into vesicular SNAREs (v-SNARESs): synaptobrevin/VRA attached to the
secretory granule membrane and target SNAREs (tFER$A syntaxin and SNAP-
25 attached to the plasma membrane (Becherer ati) R806). SNARE protein
pairing creates a core complex that bridges thecwies and plasma membranes
bringing them in close proximity and inducing thaision. The completion of this
assembly reaction requires a rise in {Qtaand thus necessitates a’Csensor for
signal transduction.

The v-SNARE protein synaptotagmin is a major putgaiCd" sensor (Lang
1999, Sorensen 2004, Eliasson et al. 2008). Mostptagmins are anchored to the
secretory vesicle through their N-terminal domaiml dind C&" with micromolar
affinity through their cytoplasmic C2 domains whichlso mediate the
oligomerization of synaptotagmin as well as ita@timent to the assembled SNARE
complex (Becherer and Rettig 2006). At least thseéorms, synaptotagmin 5, 7 and
9, have been detected in primary beta-cells. likedy that these different isoforms
with different affinities for C& are responsible for the difference in’Csensitivity
found between distinct populations of insulin glasu Synaptotagmin 9 is coupled
to fast neurotransmitter release in neurons andhinaignstitute the low affinity Ga
sensor in beta-cells (lezzi et al 2005), but themwhas recently been challenged
(Gustavsson et al 2010). Synaptotagmin 5 or 7 rpsesent the high affinity €4
sensor (Eliasson et al. 2008).

Calmodulin is another protein known for its invatvent in membrane fusion
events such as €adependent exocytosis (Quetglas et al. 2002). T#é-liund
form of calmodulin has a high affinity for sevesajnaling molecules such as protein
kinases (MLCK, CaMKIl) and phosphatases (calcinurand can thus affect

different players of the exocytotic machinery.
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Besides mediating the molecular events of exocytdse SNARE complex is
functionally coupled to the excitatory machineryroilgh its association with
VDCCs, creating microdomains surrounding the granattachment sites and
ensuring optimal exposure of the exocytotic comptsi¢o high [C&]. (Eliasson et
al. 2008).

In order for the granule cargo to be deliveredhte éextracellular medium,
fusion between the secretory granule and the plasmabrane must occur. This
fusion can take place in two ways. The simplestmodt known form of exocytosis
Is “full fusion exocytosis” where the granule mete is completely integrated in
the plasma membrane with complete release of th@ewtontent. This is usually
followed by recycling of the vesicle membrane vielecytosis (Sokac and Bement
2006). This type of full fusion is thought to acabuor more than 90% of the
secretory response in beta-cells (Ma et al. 20@&&aKet al. 2010). Alternatively, a
narrow fusion pore can be formed through which smalecules of low molecular
weight (Zrf*, ATP, C&", glutamate, serotonin, dopamine) but not insudin pass. In
this very quick type of fusion, termed “kiss-anda¥fiexocytosis, it is possible that
low molecular weight substances are released td exeegulatory function within

the islet (Rorsman and Renstrom 2003).

1.5-Importance of K-ATP channels for the triggeringpathway

The preceding paragraphs have summarized the sigjps by which glucose
leads to C&-induced insulin secretion (triggering pathway).isThonsensus model
thus places K-ATP channels at the centre of thenudtis-secretion coupling
mechanism.

The model is strongly supported by pharmacologeatence that agents
known to directly affect K-ATP channel activity phace dramatic changes in insulin
secretion. Hypoglycemic sulfonylureas, such as phetotypic tolbutamide and
glibenclamide, prevent the activating action of AR their binding to SUR1 and
thereby provoke closure of K-ATP channels, deppéion, a rise in [Cd]. and an

increase in insulin secretion even in low glucddenquin 2000, Drews et al. 2010).
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More recent sulfonylurea compounds and non-sulimed derivatives, such as
glinides, have similar effects and are commonlyduse the treatment of type 2
diabetic patients. Conversely, diazoxide countsraglucose-stimulated insulin
secretion by directly opening K-ATP channels withodecreasing beta-cell
metabolism. This hyperglycemic drug, sometimes us$ed the treatment of

hyperinsulinism and certain insulinomas, bindshie SUR1 subunit and stabilizes
the open state of the channel (Henquin 2000, Geibhtd Reimann 2003).

The importance of K-ATP channels is also highlighbgy certain pathologies
of insulin secretion in which mutations in eithértioe two K-ATP channel subunits
lead to uncoupling of glucose metabolism from k- electrical activity. In
congenital hyperinsulinemic hypoglycemia of infansywtations irKir6.2 and, more
often, of Surlresult in incorrect channel assembly or lack adrotel trafficking to
the plasma membrane. This loss of K-ATP channavigctieads to constitutive
membrane depolarization and persistent insulinasgle regardless to the blood
glucose level (Aguilar-Bryan and Bryan 1999, Dumnel. 2004). Conversely, gain-
of-function mutations in Kir6.2 are associated widonatal diabetes. In this case, the
mutation results in a reduction of the ATP sensitiof Kir6.2 leading to insulin
secretion defects and hyperglycemia (Ashcroft 2@ark and Proks, 2010).

1.6-Shortcomings of the K-ATP channel model

It is undeniable that the K-ATP-mediated triggeripgthway is a major
component of glucose-induced secretion, but sevieres of evidence suggest that
other pathways and mechanisms might also contriioutee rise in [C&]..

Cd*-induced C4 release from the ER was thus suggested to cotgrtbuthe
rise in [C&"]. (Tengholm and Gylfe 2009). Moreover, the fillingt of the ER Ca
stores may control Gaentry across the plasma membrane through stonresoe
cd" entry (SOCE) (Islam 2010).

Other suggestions are based on experiments uslats imcking K-ATP
channels due to a knockout of one of the channkeursts. In islets fromSurl

knockout mice for example, beta-cells are depcdariand their [CH]. is elevated in
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the presence of low non-stimulatory concentratioihglucose (Nenquin et al. 2004,
Dufer et al. 2007). Surprisingly, however, thesketss respond to high glucose
stimulation by changing the frequency of the oatiins of membrane potential and
[Ca®]., which results in a rise in the triggering signdhder certain conditions,

glucose can even produce a biphasic increase ifi"]f{CéSzollosi et al. 2007).

Similar observations have been mad«ir6.2KO islets (Ravier et al. 2009). These
unexpected findings in islets lacking functionalrKP channels raise the possibility
that channels other than K-ATP can transduce theogk signal into electrical and
lonic changes in beta-cells. The nature of thesanméls and whether they are
involved in normal beta-cells or represent an amtapt in K-ATP-lacking cells

remain to be determined.

2-Amplifying pathway

The first suggestions that glucose can increasalliinssecretion by
mechanisms independent of its action on K-ATP ckEnare more than 20 years-old
(Henquin 1988, Panten et al. 1988). Direct suppgrévidence was obtained a few
years later (Gembal et al. 1992, Sato et al. 1992).

This non-electrogenic effect of glucose first reder to as the “K-ATP
channel-independent pathway” and now more rightfulamed the “amplifying
pathway” (Henquin 2000) increases insulin secretlmeyond what could be
accounted for by electrical coupling and?Caignaling described in the previous
paragraphs. Since its discovery in rodent isldts, amplifying pathway has been
found in pig and human islets and in some insudicrasting cell lines (Henquin et al.
2009) and has thus gained wide acceptance amoagékspecialists.

This additional pathway operates independentlyhefdctivation status of K-
ATP channels. Another trademark is that it does ingblve further changes in
[Ca™]. than those produced by the triggering pathway. &hwlifying pathway
requires elevated [€]. (induced by any stimulus) but the marked incréasesulin
secretion that it brings about is not accompaniedrbincrease in [G§.. This view
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was based on measurements of global*gachanges throughout the cytosol
(Gembal et al 1993), but a recent study also eecludhanges in [G§ in a
microdomain just underneath the plasma membraneidRat al. 2010).Glucose is
thus able to increase the efficacy of"Can exocytosis, hence the use of the term
“amplifying”.

Like the triggering pathway, the amplifying pathwagquires glucose
metabolism (Gembal et al 1993, Henquin 2009) hémeadjective etaboli¢ used
to describe it and distinguish it froorméurohormondl amplification that is set in
operation after binding of a ligand to a membraseeptor. Interference with glucose
metabolism inhibits insulin secretion by suppregdmoth triggering and amplifying
signals. Moreover, nutrients other than glucoseifanacids) whose metabolism
increases the ATP/ADP ratio also exert an amplifyaifect (Gembal et al. 1993,
Sato and Henquin 1998). Metabolic amplificationsexond only to the triggering
pathway in hierarchy because it manifests itselj once [C&’] elevation has been
triggered by glucose or another stimulus. Quantgdt, however, it is as important
as the triggering pathway, often contributing torenthan 50% of the total secretory

response (Henquin et al. 2009). This contributian loe detected in different ways.

2.1-Amplification when K-ATP channels are held operby diazoxide

This experimental paradigm (Gembal et al. 19920 S&t al. 1992) uses
diazoxide to prevent glucose from closing K-ATP mfes. Under these conditions,
high concentrations of glucose do not induce seerdtecause the plasma membrane
cannot be depolarized and f(Jadoes not increase. However, the triggering*Ca
signal can be generated by increasing the condemraf extracellular K, a
maneuver that brings the membrane potential to poséive values thus permitting
opening of voltage-dependent Tahannels. Beta-cell depolarization by high K
causes a similar rise in [E& in the presencef low or high glucose (Fig. 4A) but
insulin secretion is much larger in high glucosey(®B). This difference in the
secretory response to a similar triggering sigpedquced here by ¥ corresponds to

the amplifying effect of glucose. Incidentally, dixide is necessary to prevent
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glucose from affecting beta-cell electrical acgvitnd [C4']. in these experiments

performed in the presence of KCI (Gembal et a02)9
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Fig. 4: Glucose amplifies KCl-induced insulin secrgon.

[C&®"]. (A) and insulin (B) responses in mouse islets twfred with 30 mM KCl in
the presence of 100 uM diazoxide and either 1 miage (G1; open circels) or 15
mM glucose (G15; filled circles). The results areams + SEM of n=11 experiments in
A and n=9 experiments in B (personal results).

2.2-Amplification when K-ATP channels are closed byolbutamide

Closing all K-ATP channels with a maximally effe@i concentration of
tolbutamide is another way to generate the trigigemsignal in the presence of
substimulatory concentrations of glucose (Satd.e1309). As shown in figure 5A
this is sufficient to induce insulin secretion. tife glucose concentration is then
raised in the presence of tolbutamide, insulineteamn markedly increases (~ 4-fold)
in the face of an only slight increase in fGa(Fig. 5B). This effect of glucose is
thus largely attributable to the amplifying pathwa@jre transient decrease in fQa
that initially occurs when the concentration ofase is increased in the presence of
tolbutamide (Fig. 5A) is due to &auptake by the ER and transient membrane
repolarization (with decrease in Tanflux) because of a decrease in store-operated
depolarizing currents (Dukes et al. 199Ifterestingly, this transient decrease of
[Ca’]. is not accompanied by a similar decrease in denres shown in figure 5B.
This can be explained by the insufficient tempor@solution in most insulin

secretion measurement experiments (a small, transiecrease of secretion can
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sometimes be seen in individual experiments) bsb dy the rapid onset of

metabolic amplificatiolf secretion.
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Fig. 5: Glucose amplifies tolbutamide-induced insiith secretion.

Stimulation with tolbutamide (Tolb; 500 uM) in tipeesence of substimulatory glucose (3
mM=G3) triggers a rapid and sustained increaseCaf'T. (A) and a biphasic insulin
response (B). Increasing glucose to 15 mM (G15sesua transient decrease in {ia
followed by a return to values slightly higher thanthe presence of 3 mM glucose. The
decrease in insulin secretion is hardly seen diieetinsufficient temporal resolution of the
perifusion system. Most importantly, insulin sermetis about 4 times higher in the
presence of 15 mM glucose (B) while fJa is only minimally higher (A) (personal
results)

2.3-Amplification in models lacking K-ATP channels

Islets lacking K-ATP channels because of a knockd@url or Kir6.2 show
elevated C& and secrete insulin in the presence of non-stitonlaoncentrations of
glucose (Nenquin et al. 2004). Several laboratpmetuding ours, also reported that
high glucose increases insulin secretion from thisteis (Eliasson et al. 2003,
Haspel et al. 2005, Szollosi et al. 2007, Ravieal €2009), but this was not observed
by all groups (Miki et al. 1998, Seghers et al. @0Bhiota et al. 2005). | have already
mentioned that glucose can influence the triggefdaj signal in these islets (see
1.6), but the increase in insulin secretion is esaly due to amplification.
Intriguingly, no similar increase was observed he pancreas of infants suffering
from congenital hyperinsulinism because of inadinga mutations of K-ATP

channels (Henquin et al. 2011).
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2.4-Amplification at the single beta-cell level

Cell capacitance is proportional to the cell swfaarea. Capacitance
measurements monitor the changes in cell surfaea #yat occur when secretory
granules fuse with the plasma membrane. Exocytolia secretory vesicle thus
produces a certain increase in capacitance andragalsurements can therefore be
used to monitor secretory events at the single leslel with very high time
resolution (Rorsman and Renstrom 2003). Using tdatnique, it has been shown
that glucose increases the exocytotic responseseMok membrane depolarization 5-
fold over that observed in the absence of the s{i§Jeasson et al. 1997).

Another group used two-photon excitation imagingvisualize exocytotic
events in islets or clusters of beta-cells. Thénnegue detects filling of vesicles
undergoing exocytosis by a polar compound presetiia extracellular milieu (Kasai
et al. 2010). It was found that the number of exoiiy events induced by an increase
in [Ca"]. (photolysis of caged 3 was more than doubled by pretreatment with 20
instead of 2.8 mM glucose (Hatakeyama et al. 20B86)cose thus rapidly increased
Cd*-induced insulin secretion. These two sets of tesatided further proof that
glucose stimulates exocytosis by a late effect thatlistal to plasma membrane

depolarization.

2.5-Amplification under physiological conditions

To establish the physiological significance of thenplifying pathway,
experiments were needed that did not involve clampi beta-cell [C&].. This was
achieved by comparing the increases in“{fzand insulin secretion which occurred
in mouse islets stimulated by various concentratioh glucose (Henquin et al.
2006b). A sigmoidal relationship was found betwé®s glucose concentration and
both [C&"]. and insulin secretion changes, but the responsee dor insulin was
consistently shifted to the right compared witht tb[C&].. This shift means that
glucose produces signals other than the rise ii{@a induce insulin secretion.

Another study was based on the potentiation byageof arginine-induced

insulin secretion. At low glucose, argininaused a small rise in [€R but no
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insulin secretion. Increasing the glucose concéntraenhanced the rise [Eh,
which elicited a secretory response. Importantlythweach increase in glucose
concentration, the relative increase in secreti@s ywuch more marked than the
corresponding increase in [€R (Ishiyama et al. 2005). Glucose thus produces
signals that act distally to the €asignal to increase the secretory response to
arginine.

In my research project, | used yet another appre@achparing the effects of
high glucose to those of high tolbutamide on?Tand insulin secretion. Results

using this approach will be extensively descritzdrl

2.6-Signals of amplification

Unlike the triggering pathway for which the secomessenger has been
almost undoubtedly identified to be the ATP/ADP iaatthe nature of the
metabolism-derived messenger(s) that mediate thplifgimg pathway remains
uncertain. Several hypotheses have been proposedaplain the mechanisms of
metabolic amplification, and a number of these haveady been refuted (Sato and
Henquin 1998) while others remain a subject of stigation. | briefly describe here

some of the most pertinent proposals.

2.6.1-Adenine and guanine nucleotides
| previously discussed the key role played by AT ADP in generating the

triggering signal through their action on K-ATP ohals. In addition to its effect on
these proximal steps in stimulus-secretion couplApP might also be involved in
steps distal to the [€3, rise (Henquin 2009) and thus serve as a secondemgsr
for both triggering and amplifying pathways. Suatndusions were drawn from
experiments showing correlations between the ATRYABtio and glucose-induced
insulin secretion (Detimary et al. 1996b). When AdiBduction was inhibited using
mitochondrial poisons without decreasing {Gia insulin secretion decreased due to

the loss of a distal effect of ATP (Detimary et96b). Supporting the existence of
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such distal effects of ATP, are experiments in AlEprived primary beta-cells
where photorelease of caged ATP increased membegaeitance in the presence of
stimulatory C&" levels (Eliasson et al. 1997). Lacking in this mloare the effectors
on which ATP acts to increase secretion. Thesecteife could be cytoskeleton-
related motor proteins (kinesin, myosin) or ottagets involved in the final priming
and fusion steps of insulin granules (discusseazhapter 1V). A previous study from
our laboratory (Stiernet et al. 2006) has shown #maplification by glucose is not
mediated by ATP-dependent acidification of the limsgranule lumen as suggested
by others (Barg et al. 2001).

There is however no consensus that an increase TIR/ADP underlies
amplification of insulin secretion by glucose. Thm®st recent criticism rests on a
very peculiar experimental protocol. Mouse isletsrevinitially perifused for one
hour with a high concentration of sulfonylurea e tcomplete absence of fuels.
Subsequent stimulation by high glucose hardly iased ATP/ADP and failed to
amplify insulin secretion. However, another meta®sal agent, ketoisocaproate did
increase insulin secretion without being more eivecthan glucose on ATP/ADP
(Urban and Panten 2005). In fact, these resultw shat ketoisocaproate can amplify
insulin secretion without much effect on ATP/ADRjytldo not disprove the role of
ATP in the action of glucose (inexplicably abolidhe these experiments).

While GTP and GDP have a very low affinity for K-RTchannels and are not
likely to affect [C&"]. in beta-cells, they might be involved in the aryitig
pathway through activation of GTP-binding protei@sproteins) such as Rho, Racl,
Cdc42, Rab3A and Rab27 (Kowluru 2010). Moreoves, TP:GDP ratio was found
to increase in response to glucose in parallel thiéhincrease of the ATP:ADP ratio
and to correlate with glucose-induced insulin siamnevia the amplifying pathway
(Detimary et al. 1996b).

2.6.2-NADPH/NADP
There is evidence that signals other than ATP aoelyzed by beta-cell

mitochondria, which can modulate insulin sgore possibly via the amplifying
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pathway. That the NADPH/NADP ratio might be oneahase signals is suggested by
a strong correlation between this ratio and insséiaretion (Ilvarsson et al. 2005b). In
the beta-cell, NADPH production is mostly mitochaatland the export of NADPH
equivalents to the cytosol can take place throughket pathways: the malate and
citrate pathways in humans and rat and the iséeigpathway in human, rat and
mouse islets (MacDonald et al. 2005b).

While NADPH and NADP do not have a physiological effect on K-ATP
channels, changes in the NADPH/NADP ratio can rgul/oltage-dependent™K
channels thus affecting action potentials and tiggering C&" signal (MacDonald
et al. 2003). Furthermore, NADPH seems to be il steps distal to the rise in
[Ca®]. since it increases exocytosis assessed by membapacitance
measurements in permeabilized beta-cells (lvarstoal. 2005b). The effectors
involved in this pathway are unknown but might bgulators of granule movement
(NEM-sensitive factor) or granule priming (glutaoseh and thioredoxin)
(MacDonald et al. 2005a). The group of Panten, aMgues against the role of ATP,
also refutes the role of NADPH/NADP on the basisiatilar arguments: persistence
of an amplification of insulin secretion by ketateproate despite suppression of the
normal rise in NADPH/NADP ratio by long pretreatrhemith a sulfonylurea in

absence of any fuels (Panten and Rustenbeck 2008).

2.6.3-AMP-activated protein kinase (AMPK)

AMPK is a major cellular energy sensor and a rdgulaof metabolic
homeostasis. This kinase is a heterotrimeric coxmpbenprising a catalytia subunit
where the threonine phosphorylation site is locadéed regulatory andy subunits,
the latter containing the AMP binding site (Hardie al. 2006). AMPK can be
activated by two distinct signals: a ‘Galependent pathway mediated by a
calmodulin-dependerkinase kinas@ (CaMKKp) activated upon elevation of [Eh
and an AMP-dependent pathway mediated by the wgstiserine/threonine kinase
11 (STK1) or liver kinase B1 (LKB1) (Hardie 2008)daactivated when intracellular

AMP increases.
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The involvement of AMPK in insulin secretion hassheunder investigation
for the past ten years. However there is still gpeament on the precise effect of
AMPK activity on the secretory response of betdsgcednd results published by
different groups are often contradictory. Intemsgty, some (Tsuboi et al. 2003) but
not all (McDonald et al. 2009) studies suggestest ®WMPK activity can affect
insulin secretion by modifying components of théoskeleton or their related motor
proteins. To date, no studies have directly ingeséd the involvement of AMPK in
metabolic amplification although this hypothesis hmeen proposed (Rutter et al.
2003, Tsuboi et al. 2003). Key-results regarding tble of AMPK in insulin
secretion and its metabolic amplification will betaled later when | describe

personal data (see chapter VI).

2.6.4-1nsulin granule mobilization by the cytoskel eton

Throughout the 1970’s, there was remarkable intenethe role of the beta-
cell cytoskeleton in the regulation of insulin sgm@n. Indeed, data from several
pioneer studies performed at that time showedaditers in glucose-induced insulin
secretion upon treatment with microtubule or mitanfent-modifying drugs. The
necessity for insulin granules to travel to the roeme along microtubules and then
cross a barrier of microfilaments to gain accessxtacytotic sites became a common
statement in many textbooks.

During the last ten years, there has been renentedest in the beta-cell
cytoskeleton and its role in insulin granule treifing and secretion. Moreover, it has
been proposed that the amplifying effect of glucaoselves changes in insulin
granule handling by the cytoskeleton. This hypathess the main question of my
thesis. A detailed review of previous studies fledtus to investigate this pathway

can be found in chapter V.
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V. THE KINETICS OF INSULIN SECRETION

1-Peculiar biphasic kinetics of glucose-induced indin secretion

Glucose-induced insulin secretion displays a charestic biphasic pattern.
When the glucose concentration is abruptly incréeeed then remains elevated,
insulin secretion rapidly accelerates' (lhase) before declining to a nadir and then
continuing in a steady or ascending fashidfl gase)In vitro, this pattern was first
described by Grodsky and colleagues using thetesbland perfused rat pancreas
(Curry et al. 1968). Not long afterwards, a similgattern was observed with
perifused isolated rat islets (Lacy et al. 197&)vivo, a biphasic increase in plasma
insulin levels was described in experiments whelgecage was administered

intravenously to healthy subjects (Cerasi et ab.71%orte and Pupo 1969).

1.1-Biphasic insulin secretiorin vitro

In vitro, the first phase of glucose-induced insulin seanets defined as the
initial burst of insulin which is released in thest 5-10 minutes following beta-cell
exposure to a rapid increase in glucdsdlowing this initial burst, insulin secretion
continues as long as the stimulus (elevated glyqosesists, but the kinetics of this
second phase is species-dependent. It increasedimig in experiments using the
perfused rat pancreas or isolated rat islets @Ag.and is flat in the perfused mouse

pancreas or isolated mouse islets (Fig. 6B) arfdiman islets (Fig. 6C).

1.2-Biphasic insulin secretionn vivo

During hyperglycemic clamps, plasma insulin levielsrease with a biphasic
pattern in humans (Fig. 6D) and mice (Henquin é(8l6a, Nunemaker et al. 2006).
It is noteworthy that in both species, the secdmasp is ascending although the rate
of insulin secretion by isolated islets studieditro is not (Fig. 6B and C).

Studying the kinetics of insulin secretian vivo is not easy because

measurements of plasma insulin levels in a pergdhvein reflect not only insulin
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secretion but also insulin distribution, degradat@nd accumulation. Moreover,
about50% of secreted insulin is extracted by the livefobe entering the peripheral
circulation. Nowadays, this difficulty can partlye bovercome by measuring C-
peptide that is equimolarly co-secreted with inslut does not undergo hepatic
extraction (Polonsky 1994). In addition, deconvidut equations are used to
calculate the secretion rate from changes in perglhconcentrations (Caumo and
Luzi 2004, Cobelli et al 2007). In heroic timeswwsver, portal vein catheterization
established the biphasic kinetics of insulin séeretn normal human subjects
(Blackard and Nelson 1970).

In vivo, a true first phase of insulin secretion is indleden the concentration
of glucose is abruptly increased by intravenousatnpn of glucose. When glucose is
given as a bolus, only a first phase is produceal.induce a second phase, a
hyperglycemic clamp must be performed. This rapaease in glucose differs from
the more gradual changes observed when an equivalaount of glucose is
administered orally (Caumo and Luzi 2004). Undeyspblogical conditions (eg after
meals), insulin secretion increases monotonically ao well-defined first phase is
observed. It is, however, widely admitted that fingt phase insulin response to an
intravenous glucose challenge and the early regptonsral glucose rely on common
beta-cell mechanisms (Caumo and Luzi 2004, Mari Bedannini 2008). One can
thus view the first phase of insulin secretion asagnification of the ability of beta-
cells to deliver a quick response to gradually eéasing glucose levels. This quick
response is crucial for optimizing the effects mgulin. The early insulin response
following glucose ingestion plays an important role the maintenance of
postprandial glucose homeostasis mainly throughdraghibition of endogenous

glucose production in the liver.

1.3-Altered biphasic insulin secretion in type 2 dibetes
Patients with type 2 diabetes display abnormalitiesarly insulin secretion in
response to glucose (Pratley and Weyer 2001).viem@us glucose tolerance tests,

which elicit biphasic insulin secretion in normabgects, reveal two disturbances in
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type 2 diabetic subjects: the first phase is vewy,loften absent, and the second
phase is lower that in non-diabetic controls ahim@l plasma glucose (van Haeften
2002). In subjects with impaired glucose toleramee impaired fasting glycemia, the
first phase of insulisecretion in response to a hyperglycemic clamgpustéd while
the second phase is nsignificantly different from that of subjects withormal
glucose tolerance (van Haeften et al. 2002). Téliscsive loss of the first phase, i.e.
the capacity of beta cells to quickly adjust trsgicretory rate in response to glucose,
Is an early sign of beta-cell alteration which ¢ead to the development of type 2

diabetes.
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Fig. 6: Glucose-induced biphasic insulin secretion.

A, B and C:lIn vitro insulin secretion by isolated rat, mouse and huislats stimulated by an increase of

the glucose concentration in the perifusion medilmPlasma insulin levels in healthy human subjects
during a hyperglycemic clamp. A is taken from Heinget al. 1980 and C from Henquin et al. 2006. D is
adapted from Caumo and Luzi 2004. B shows pergesalts.
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1.4-The insulin pulsatility

The temporal resolution of the technique usedaaitor insulin secretion also
has a significant impact. Our description of asaadr flat patterns of insulin
secretion during the second phase is an oversiggildn. Simultaneous
measurements of insulin secretion and?{{zan the same islet have shown that each
glucose-induced [C4. oscillation is accompanied by a synchronous agiih of
insulin secretion (Fig. 7). Detection of this puilsy requires a much higher
sampling rate than in most experiments. Moreoves, dulsatile pattern is masked by
pooling data from several islets which oscillateddterent frequencies (Henquin
2009). Pulsatility of insulin secretion can be &ed by deconvolution of results

obtained with groups of perifused islets (Ritzehle2003).
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Fig. 7: Synchronous [C&']. and insulin secretion oscillations in response tglucose.

In response to 12 mM glucose (G12) an individualiseoislet displays oscillations of [€R
(top trace) that entrain synchronous pulsatilelingecretion (bottom trace). Frequent sampling
of effluent fractions in insulin secretion experime allows detection of the oscillatory pattern
of the secretory response to glucose. (resultsradzidoy Magalie Ravier).

As mentioned before, pulsatile insulin secretiombservedn vitro with the
intact perfused pancreas (Lefebvre et al. 1987)v Blach a synchronization between
islets is achieved is not clearly understood, Initapancreatic neurons have been

proposed as “external synchronizing pacemakersdlgfand et al. 2010, Bertram et
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al. 2010). Oscillations in plasma insulin levelsaakxist apparently independent of
oscillations in plasma glucose. Impairment of thidsatility in the post-absorptive

state has also been reported in glucose-intolarahtype 2 diabetic patients (Caumo
and Luzi 2004). Irregularity or complete loss o€iflations was observed in diabetic

patients and their first degree relatives (Lefelatral. 1987).

2-Models of biphasic insulin secretion

Early hypotheses have variably attributed biphasstlin secretion to intra-
islet beta-cell heterogeneity with different popigas of beta-cells preferentially
secreting during the first or second phase, tactekesecretion of newly synthesized
granules during the second phase or to a negaedbhck exerted by insulin on its
own secretion via beta-cell insulin receptors (€@tral. 1968, Grodsky et al. 1969).
These hypotheses have been refuted and recentlgceelp by two major, non
exclusive models: the signal-limited model and stegage limited model (review in
Henquin 2009).

2.1 -Signal-limited model

This model proposes that biphasic insulin rele&seilts from the dynamic
interaction between stimulatory and inhibitory etgemitiated by glucose. These
include time-dependent potentiation and time-depehdnhibition signals which
together shape the secretory response. Followiggetting of the first phase, a time-
dependent inhibition igenerated which decreases secretion until a nadeaiched;
thereafter a time-dependent potentiation appearEhwpromotes second phase
secretion. The nature of these putative potengadind inhibitory signals has never
been well defined, although some authors suggekbtsdthe potentiation involves
PKC activation (Nesher and Cerasi 2002).

Alternatively, biphasic insulin secretion could uktsfrom the biphasic time
course of a single, positive signal (Henquin 2009}his case, the Casignal seems
a very plausible candidate (Henquin et al. 2006@iesit displays a biphasic pattern

as we will se<below.
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2.2-Storage limited model

This model proposes that biphasic insulin secragsults from the exocytosis
of insulin granules located in geographically andimctionally distinct pools. This
concept was first put forward by Grodsky (1972) tbe basis of a mathematical
analysis of the pattern of insulin secretion obsdrwith the perfused rat pancreas.
More direct support for the heterogeneity of insgranules within a single beta cell
was obtained much more recently (see below, pgshgsy. In brief, upon glucose
stimulation, an immediately releasable pool (IRPy@nules undergoes exocytosis
in response to depolarization and increasetf €atry. At the nadir after the first
phase, IRP is depleted; this slows down granuleassl. New granules must then be
converted to the IR state to sustain second-plegetson (Straub and Sharp 2004).
This replenishment of the IRP may be achieved laygles already attached to the
membrane (docked) or mobilized from a reserve pool.

3-Biphasic kinetics of glucose-induced membrane pential and [Ca®*]. changes

An important common feature of both first and setqrhases is their
dependency on extracellular Taln a C&'-free medium, glucose fails to induce
either of the two phases and no secretory respisnsieserved (Charles et al. 1975,
Henquin 1978).

As shown in figure 2, glucose-induced depolarizatemd electrical activity
display a biphasic time course in mouse beta-céhs. first phase usually starts one
minute after the change in glucose concentratiagtoGand Henquin 1992) and is
characterized by a gradual then rapid depolarizafiollowed by a train of action
potentials that appear apikes superimposed on a plateau of depolarizafibrs
first phase is terminated by the stopping of spi&gvity and partial repolarization of
the membrane. The second phase then starts witth#racteristic oscillatory pattern
described earlier.

The changes in [G§. mirror the pattern of membrane potential changes

induced by glucose, with one exception. During thial slow depolarization
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[Ca®]. decreases due to €gumping into the ER. Then, during the first phase,
[Ca™]. increases simultaneously in all beta-cells of i$let. Notable also is the
synchronization between different islets iniarvitro setting, and probably also in a
whole pancreas when it comes to the triggeringhef [C&"]. rise during the first
phase. Therefore, averaging the responses fromadesiets results in a well-defined
first phase of [CH]. (Fig. 3C) as if the sudden increase in glucoseeoimation acts
as an extrinsic synchronizer (Henquin 2009).

During the second phase, the membrane potentia[@afd]. oscillations are
synchronous between beta-cells of each single {#fissner 1976, Gilon and
Henquin 1992). This synchronization is due to thlexteical coupling of beta-cells
via gap junctions made of connexin 36 (Ravier et2805). As a result, [G§.
oscillations lead to insulin pulsatility at the asllevel (Fig. 7). However, even
between islets isolated from the same mouse?JCascillations in response to
glucose stimulation are not synchronous (Fig. 380, that averaging [G§.
measurements from different islets markedly atteesighe oscillatory pattern (Fig.
3B) (Henquin 2009). | will not expand on this issbhecause resolution of the
pulsatility of insulin secretion was never attentpite my experiments.

It has been suggested that different types 6f Elzannels are involved in each
of the two phases of insulin secretion. Pharmadcibglockade of R-type Ga
channels or their knock-out in mice caused a 20@étedse of the secretory response
specifically during the second phase in parallehvein 18% reduction of oscillatory
[Ca]. (Jing et al. 2005). This view is however at oddshwobservations that
specific L-type channel blockers completely inhibinth phases of the secretory
response and that the Ca&urrent reflects activation of L-type channelsniouse
beta-cells (Rorsman et al. 2011).

The biphasic patterns of the changes in trigge@gg and of insulin secretion
are thus very similar, similar enough to warram thasonable suggestion of a causal
relationship. This similarity holds for differeniugose concentrations. Thus, the
durationof first phase rise in [G4. increases with glucose concentrations, as does
the duration of first phase insulin secretion (H&nget al. 2006b). Does this rule out
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the existence of functionally distinct pools ofuhe granules? | will address the
question by comparing insulin secretion and?{{zachanges in response to other
stimuli and by discussing the evidence supportireggarticipation of granular pools

below.

4-The kinetics of insulin secretion and [C&]. changes induced by other stimuli

There is general consensus that, in addition toagi@, metabolized substrates
such as amino acids induce biphasic insulin sesrah rodent and human islets
(Henquin et al. 2006a). Conversely, it has ofterenbestated that beta-cell
depolarization with non-metabolized agents sucbudf®nylureas or KCI elicits just
a rapid and short-lived burst of insulin secretj@tiphase) and no second phase that
was considered as a hallmark of the response te. flieis is not simple. The pattern
iIs much dependent on the experimental conditiopge(tof preparation, species,
concentrations of tested agents, and presencet @f molow glucose concentration).
Because such a discussion is not relevant to my stwdies, | will restrict the
following paragraphs to the effects of tolbutamashel KCI in perifused mouse islets,

the preparation that | have used.

4.1-KCl
Increasing the concentration of extracelluldrskifts the equilibrium potential

of K" towards more positive values. Beta-cell stimulatidith 30 mM KCI produces
a continuous depolarization of the plasma membi@iwn and Henquin 1992)
characterized by the absence of action potentialsesponse to KCl stimulation,
[Ca™]. rapidly increases to a peak lasting no more th@hniin, followed by a
sustained slightly increasing plateau (Fig. 8C)him absence of glucose;-Kduced
insulin secretion is transient (Henquin 2000) armhaphasic, but becomes biphasic
in the presence of as little as 1 mM glucose (F). 4he second phase is even

increasing in the presence of 15 mM glucose (F#). 8
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4.2-Tolbutamide
Sulfonylureas such as tolbutamide stabilize theezlcstate of K-ATP channels

by binding to one of the four SUR1 subunits andrdhg cause beta-cell
depolarization (Drews et al. 2010). The ionic mexda is thus the same as for
glucose but does not involve changes in metabolismall my experiments
tolbutamide was used at 500 uM, which is a maxinalifective concentration
selected to close all K-ATP channels (Henquin 200@hen added to a perifusion
medium containing glucose at a non-stimulatory eotration (3 mM), 500 uM
tolbutamide caused a rapid increase in‘[fedollowed by a rather sustained plateau
(Fig. 8B). The resulting stimulation of insulin setton was characterized by a rapid
first phase followed by a stable plateau, highantbasal levels of secretion. The
secretory response to tolbutamide is thus biphasibe presence of a low glucose
concentration (Fig. 8E).

4.3-KCl and tolbutamide as tools to study the kinats of secretion

KCI has often been used to depolarize beta-celts sirmulate CH influx
through voltage-dependent Tahannels in the perspective to mimic glucose &ffec
on first phase insulin secretion independently etabolic changes. This approach
has been criticized (Hatlapatka et al. 2009) foo tv¢asons: the mechanisms of
depolarization are different and the increase iefJg produced by KCI is usually
greater than that produced by glucose. It is tloeeefplausible that high KCI
stimulation elicits effects that do not occur ugaysiological (glucose) closure of
K-ATP channels by glucose (Hatlapatka et al. 2009)my own studies, | have
therefore privileged the comparison of glucose tmflobutamide effects. However, it
is obvious that the kinetics of [€& and insulin secretion changes are not identical
during either KCI or tolbutamide stimulation. Thase dissimilar enough to suggest
that triggering C& is not the sole determinant of insulin secretiNiotably, it is
striking that a short-lived initial peak of [E% triggered a much longer first phase of

secretion, which was actually as long as that prediby glucose (Fig. 8D). €aand
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insulin responses were also dissociated duringneepbase. These discrepancies are

at least compatible with the existence of granptaois, which | will now discuss.

5-The kinetics of insulin secretion in single betaells: role of granular pools

In vitro, the kinetics of insulin secretion is most oftemniored using the
intact, perfused pancreas or groups of isolated merdused islets. A few studies
show that the biphasic pattern is also observesirigle mouse islets stimulated by
glucose (Henquin et al. 2002).

It is possible to monitor insulin secretion at thiegle beta-cell level. A
drawback of this experimental model is that singikemary beta-cells secrete
considerably less insulin than beta-cells withitaah islets, except when they are
boosted by cAMP. Amperometric techniques are ablaldout lack the necessary
resolution to identify the time-course of the raspes evoked by glucose (Huang et
al. 1995). Exocytotic events can be measured aggelsan membrane capacitance as
explained earlier. However, the response to glucasee is beyond resolution
power. Photorelease of caged’Car electrical depolarization in patch-clamped
isolated mouse beta-cells evokes an increase iacttapce with an initial rapid,
followed by a slower, sustained component, which ba derived into a biphasic
change in the rate of exocytosis (Eliasson et 8971 Barg et al. 2001). These
experiments combined with morphological studiesbeta-cells (Olofsson et al.
2002) provided the basis for the subdivision ofilimsgranules in distinct pools.

Two notes of caution however seem relevant. Ringtse electrophysiological
measurements are performed over considerably shp@teds of time (1-2 seconds)
than traditional assays with islets (5-10 min fostf phase only). Second, when
capacitance measurements are performed in beta-oathin an intact islet,
depolarization-evoked exocytosis is surprisinglynmghasic and occurs at rates
much lower than those reported in isolated cellep@ et al. 2004). It could be

argued that these measurements are biased byctiltads report exocytosis only in
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superficial beta-cells, but a linear relation bedwestimulation and exocytosis was

also found in beta-cells located in the islet ae(8peir and Rupnik 2003).
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Fig. 8: Comparison of [C&"]. (A, B and C) and insulin secretion (D, E and F)
changes induced by glucose (A and D), tolbutamid® (and E) and KCI (C and F)
in mouse isletslslets were stimulated with 15 mM glucose (G15)) pM tolbutamide
(Tolb) in the presence of 3 mM glucose (G3) or 3@ KCI (K30) in the presence of 15
mM glucose and 100 pM diazoxide (Dz). The resutesthe means + SEM of 9-11
separate experiments (personal results).
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The technique of TIRFM (total internal reflectioludrescence microscopy)
has also been used to study the dynamics of ingwhnules and their behavior
during biphasic insulin secretion. This imaging hnoet permits fluorescence
excitation and visualization of a narrow regionthw 100 nm) just beneath the
plasma membrang¢Axelrod 2001) and observation of single secretgrgnules
undergoing exocytosis (Ohara-Imaizumi et al. 200R).was thus found that
exocytosis occurs in a biphasic fashion with somangles preferentially secreted
during the first phase while others required moantthe triggering Gaunderwent

exocytosis during the second phase (Ohara-Imaietiadi 2002).
6-Insulin granule pools

Insulin is packaged into large dense core vesi@esnsulin granules with a
diameter of 300-350 nm) stored in the beta-celbsgt In addition to insulin, these
secretory vesicles contain C-peptide, several epsydi’, C&*, ATP, dopamine,
serotonin and glutamate (Hutton et al. 1983). lis #ection | will describe the
different pools of granules thought to exist in &eells and the functional
significance of these populations.

Morphometric studies of mouse and rat beta cellslbgtron microscopy have
yielded consistent estimates of insulin granule Ibers: 9000-13000 per beta-cell
(Dean 1973, Olofsson et al. 2002, Straub et al400 the rest of my thesis, | will
use a value of 10000 for the total number of graswuOn morphological bases, one
distinguishes granules in the cell interior (theyéareserve pool) and granules close
to the plasma membrane (the docked pool) can heglisshed. On a functional
basis, these granules can also be subdivided aosgotd their readiness for
exocytosis. Figure 9 schematizes the insulin gepolols and some of the cellular

components involved in the different steps of decyevesicle exocytosis.
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6.1-The reserve pool

The reserve pool comprises more than 90% of theuiga in a normal beta
cell. Of these ~9000 granules, ~7500 are locate@m@ble distances >200nm away
from the plasma membrane and constitute the trserve pool, whereas ~1500 are
situated <200 nm from the surface and said to bmdst docked” (Olofsson et al.
2002). All these granules may be of different agdeterestingly, newly synthesized
granules seem to be secreted preferentially toraldes (Gold et al. 1982, Halban
1982) but neither the significance nor the mechasisf the phenomenon have been

explained.

6.2-The docked pool

Docked granules are characterized by their clogwspon to the plasma
membrane. The number of these granules is estimatéé around 600 in mouse
beta-cells (Olofsson et al. 2002) and 700 in r&atoells (Straub et al. 2004). From a
molecular point of view, docking ensures that secyegranules are anchored to the
plasma membrane (Becherer and Rettig 2006) makiam tseemingly poised for
exocytosis upon stimulation.

The proteins involved in granule docking have neerb all identified. The
classic notion that docking occurs through pairofgthe plasma membrane with
vesicle SNARE complexes is disputed. Granule darldefects were found in
syntaxin-1a and SNAP-25 null cells but no defeatsenfound in synaptobrevin2 null
cells (Izumi 2011). Among the other candidate moles for docking is Munc18-1
through its interaction with the Rab27A effectoamguphilin (Izumi et al. 2007).

Another group has found that interaction of Rab&wits effector Rima is
required for docking (Yasuda et al. 2010). The latk consensus model for granule
docking stems from the difficulty in measuring dmgkindependently of the other
steps that lead to exocytosis, for instance graprhaing. Some effectors might be
involved in both processes which complicates thiendien of their role in each of

these steps.
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Microtubules

Vesicles Synaptobrevin . _ Munc-18
Munc-13 |
RIM —
Syntaxin * 'Nr:wf&’
= Rab 3
SNARE complex % _,_é}
Reserve pool (RP) :
Ca* channel »

Fusion

Docked pool

Fig. 9: Schematic representation of the classicatanule pools theory.

Insulin granules are thought to move along microles from the reserve pool to the vicinity of the
plasma membrane. The cortical actin barrier is estibfo glucose-induced reorganization giving
granules access to the docking sites. Differenemaés possibly involved in docking (synaptobrevin,
syntaxin, Rab, RIM, Munc-18) are represented. Rrimprobably involves SNARE complex
reorganization by Munc-13 and renders the gramdadily releasable. Synaptotagmin functions as a
calcium sensor and initiates granule fusion to gglesma membrane in response to calcium entry
(adapted from Becherer and Rettig 2006).

6.3-The immediately releasable pool

Studies using TIRF microscopy, which allows theging of vesicles in close
proximity to the plasma membrane (<100-200 nm)ws&tbthat only a small subset
of the docked granules are releasable (lzumi et2@07). This confirms the
conclusions of electrophysiological studies whictireated their number between
50-100 per beta-cell (Rorsman and Renstrom 200Bgs& granules have gone
through a series of ATP-requiring matumaticteps to acquire full release
competence: the priming process. They are thustimadly, not morphologically,
distinct from the bulk of the 600 docked granulesexperiments using a beta-cell
line, docked granules were identified by co-immuegppitation of a v-SNARE
protein (VAMP2) with antisera against a t-SNARE tpin (syntaxin), which
indicates stable formation of the complex (Danieale 1999). Short stimulation of

the cells with glucose or KCI decreased the @izehis pool. KCI stimulation of
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mouse islets also decreased the number of morphalbyg docked granules
(Olofsson et al. 2002). These observations ledhé¢osuggestion that a subset of the
docked pool corresponds to the readily releasatié nesponsible for first phase.

Several mechanisms have been suggested to undealeile priming. One
popular view attributes it to the disassembly & 8NARE complex followed by its
reorganization, catalyzed by NSF and SNAP protémsllow increased membrane
contact (Klenchin and Martin 2000). Protein ordikinases, present on dense core
vesicles as a membrane-bound enzyme or as a satytwsolic factor, are also
essential for granule priming in chromaffin and gaatic beta-cells (Klenchin and
Martin 2000, Olsen et al. 2003). Phosphoinosititteages have recently attracted
much interest (Kwan and Gaisano 2007). Phosphdidesi are known to bind
synaptotagmin and rabphilin among others but whetther interaction with these
exocytotic proteins is involved in granule primimg not fully elucidated. Munc
proteins are required for release of the RRP gemndlring both phases of insulin
secretion (Kwan and Gaisano 2007). Munc18 bindsagyml in its closed form and,
in concert with Munc13, might regulate SNARE complermation and final fusion
steps (Kwan and Gaisano 2009).

| have already mentioned the proposals that 1)imguanule priming requires
intragranular acidification by a’HATPase, and 2) that this acidification corresponds
to the amplifying effect of glucose (Barg et al.02p. A previous study from our
laboratory has shown that the acidic pH of granidesportant for insulin secretion,
which would be compatible with the first proposat befuted the second (Stiernet et
al. 2006).

Based on this distribution of insulin granulesmadel emerged in which
granules need to be docked to the plasma membrafeebacquiring release
competence and undergoing the final fusion stegoAtng to this popular model, a
subset of docked granules are primed and thus fleennmmediately releasable pool
(IRP) that undergoes fast exocytosis during thst fphase response to glucose
(Rorsman and Renstrom 2003). Insulin secretion temrelerates upon emptying of
this IRP. The rate of secretion during the secdamaksp is determined by the rate of
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granule recruitment from the reserve pool and ttleaking or by the rate of priming
of previously docked granules (Bratanova-Tochkadval.e2002).

6.4-The popular model needs revision

Analysis of insulin granule dynamics using TIRFMcnaiscopy revealed novel
aspects of insulin granule exocytosis.

One study suggested that the two phases of reldiffee in their requisite
SNARE protein isoforms. First-phase insulin releappears to utilize syntaxin 1A,
syntaxin 4, SNAP25 or SNAP23, and the v-SNARE VAMRBRereas second-phase
secretion is managed by Syntaxin 4, SNAP25 or SNARthd VAMP2, but
specifically not Syntaxin 1A (Ohara-Imaizumi et 2007).

In other studies, granules were found to bypass dbeking step and
immediately fuse to the plasma membrane (Izumil.eR@07) Moreover, granules
behaving this way accounted for most of the instdileased during both phases of
glucose-induced insulin secretion whereasitluced insulin granule exocytosis
resulted from the release of docked granules (Setirad. 2011). This was explained
by the fact that K stimulation induces supraphysiologic levels of{Qavhich force
the exocytosis of docked granules. The rise irfflgArought about by glucose is
smaller (Seino et al. 2011) and seems to act pnefietly on a subset of highly €a
sensitive granules not located in close proximitfYBCCs (Pedersen and Sherman
2009).

Using the same TIRFM imaging technique, anotherugrdound that
sulfonylurea also caused rapid fusion mostly frawecomer insulin granules rather
than previously docked or “resident” granules (Nagtsu et al. 2006). Collectively,
these recent data suggest that docking is a braitatg that prevents the fusion of
granules to the plasma membrane (Seino et al. 20idged, mice bearing a knock-
out of granuphilin which is indispensable for insulgranule docking, exhibit
enhanced insulin secretion despite a decreagbe number of docked granules
(lzumi 2011). Finally, this revised model impligsat priming, i.e. acquirement of

full release competence, can involve both docketumdocked granules. The latter
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subset of granules which appear in the vicinityhe plasma membrane within just
50-300 milliseconds prior to the fusion event (Iz2611) are also referred to as
almost docked or highly Gasensitive granules to differentiate them from ldrge

reserve pool.
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V. THE BETA-CELL CYTOSKELETON AND INSULIN

SECRETION

Like most other cells, beta-cells contain a cyttetieé structure primarily
made up of microtubules and microfilaments, andntéérmediate structures and

proteins that anchor or move along them.

1-Microtubules

1.1-Microtubule structure and dynamics

Microtubules are long, hollow structures with 5 wmlls surrounding a cavity
15 nm in diameter. They are composed of two glabptatein subunitsg and
tubulin, 55 kDa each. The two subunits form hetaneds which aggregate into long
tubes made up of stacked rings, with each ring llyseantaining 13 subunits or
protofilaments.

Microtubules undergo continuous assembly and desalsly. The end where
assembly predominates, called fies end, usually faces the plasma membrane, and
the end where disassembly predominates is calledmihus end (Loubéry and
Coudrier 2008). They are maintained in a dynamiugilggium of soluble subunits
and polymerized microtubules, the ratio of whichyrba regulated by a number of
physiological factors.

Every a-B tubulin heterodimer is bound to two molecules ofRG Thea
subunit tightly binds one GTP molecule that canbetremoved, whereas tle
subunit binds the other GTP molecule that is freglghangeable (Jordan et al. 1998)
and becomes hydrolyzed to GDP andaPR tubulin polymerizes onto a growing
microtubule end (Wilson et al. 1999b). When a Gz dimer is released upon
microtubule disassembly, it is rendered assembigpaient again by exchanging the
B subunit-bound GDP for GTP (Calligaris et al. 2010)
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Microtubule-associated proteins (MAPs) are 200 kbDateins involved in the
formation and stabilization of microtubules, “pecting” them from the
depolymerizing effect of low temperature and”Cans (Jordan et al. 1998). These
MAPs also mediate microtubule cross-linking andirthateraction with other
proteins. Several MAPs are specific to neural asswhile others, such as MAPA4,
have a ubiquitous distribution (Mandelkow andandelkow 1995). These
proteins are activated by phosphorylation, probably microtubule affinity-
regulating kinases (MARKS) (Drewes et al. 1998)] @me involved in regulating
microtubule dynamics.

Microtubules are usually organized in a radial petd network. They form
the spindle which moves the chromosomes duringsisitd hey also provide tracks
for the transport of vesicles, secretory granutesraitochondria from one part of the
cell to another. Theninusend-directed motor proteins from thkgneinfamily are
implicated in long-range movements towards the oe#rior while theplusend
motors from thekinesin family mediate long-range movement towards thd cel
surface (Loubéry and Coudrier 2008).

1.2-Microtubule-interfering drugs

A number of natural and synthetic products bindutzulin and are often used
as mitotic spindle poisons in the treatment ofaiarteukemias and solid tumors. The
ability of these drugs to modify tubulin dynamicwlao alter its polymerization state
makes them useful tools in studying the role ofrotitbules in cellular functions
such as secretory granule transport in regulatemtyeasis. These microtubule-
targeting agents can bind to different sites on tieulin molecule and alter
microtubule stability in different ways.
 Colchicinehas been very instrumental for elucidating thepproes and functions
of tubulin and microtubules (Wilson et al. 19996Ghlchicine irreversibly binds to a
high-affinity site on the tubulin heterodimer, a#tats structure and hinders tubulin
assembly, thus inhibiting microtubule polymerizatio
* Nocodazolébinds to the same site as colchicine and alsdiitshiubulin assembly

and causes loss of microtubules.
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* Vinca alakaloids such asincristine and vinblastine induce destabilization of
polymerized tubulin by reversibly binding to a ditealized orf3-tubulin and prevent
polymerization by blocking the region involved iatbrodimer attachment (Jordan et
al. 1998).

» Taxol (paclitaxel), unlike the other molecules, actsaawicrotubule stabilizer by
binding to the inner microtubule surface, stimulgtmicrotubule polymerization and
reducing tubulin subunit concentrations at equtlitor to near zero (Wilson et al.
1999h).

» Deuterium oxid€heavy water) overstabilizes microtubular struesuand causes an
increase in the number of microtubules in treateltscHowever, DO is no longer
used to stabilize microtubules because of off-targjéects such as inhibition of

glucose transport and mitochondrial respiratioislets (Beckman and Holze 1980).

2-Microfilaments

2.1-Microfilament structure and dynamics

Microfilaments are long solid fibers 4-6 nm in dietexr. They are made up of
actin, a 42 kDa protein present in all cell typ@obular actin molecules (G-actin)
polymerize in vivo to form long filamentous chains (F-actin) known as
microfilaments.

Globular actin binds an ATP molecule within thefclecated between the two
lobes of the protein (Saarikangas et al. 2010).ddmpdhysiological conditions, actin
monomers spontaneously polymerize into long, stdldsnents with a helical
arrangement of subunits. Under steady-state congitithe net addition of subunits
to actin filaments occurs at the “barbed end’plus end. At the “pointed end” or
minusend of the filament, ATP hydrolysis into ADP eredbfilament disassembly by
regulatory proteins (Pollard and Cooper 2009).

Several accessory proteins known as actin-bindnogems (ABPsS) serve to
initiate polymerization (Arp2/3 complex), to regidaassembly and turnover of actin
filaments (gelsolin, capping proteins) and ctosslink filaments into networks or
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bundles ¢-actinin, fascin). ERM proteins (Ezrin/Radixin/Mags are widely
expressed scaffold proteins often involved in membractin binding (Revenu et al.
2004). The most known regulators of actin-bindingt@ns are the Rho-family small
GTPases, which include RhoA, Racl and Cdc42 (Kaw2d10).

Microfilaments are much less rigid than microtulsulelowever, the presence
of high concentrations of crosslinkers that bindatin filaments promote the
assembly of highly organized structures includimgtiopic networks, bundled
networks and branchedketworks which form stress fibers, cortical netvgodader
the plasma membrane and peri-organellar structuespectively (Fletcher and
Mullins 2010). Networks of cortical actin filamenpsovide tracks for short-range

movements driven by motor proteins of thgosinfamily.

2.2-Microfilament-interfering drugs

Natural substances can bind actin and alter thardigs of its polymerization.
Among these, cytochalasins were the first to bel usanvestigate the involvement
of actin microfilaments in cellular functions.
» Cytochalasingind and block the barbed end, like a cappinggimpiand cause the
shortening of actin filaments (Cooper 1987).
 Latrunculinsare more specific inhibitors of actin polymeripati They probably
bind to the nucleotide (ATP) binding cleft (Yarmada al. 2000) thus sequestrating
monomeric actin and hindering its polymerizatiom@@er 1987)Phalloidin differs
from cytochalasins and latrunculins in that it Eng actin filaments much more
tightly than to actin monomers and, therefore, pnés actin depolymerization
(Cooper 1987).
» Jasplakinolideshares the same binding site as phalloidin buniseven more
efficient stabilizer of F-actin by decreasing tlagerof dissociation of actin oligomers
(Bubb et al. 1994).
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3-Intermediate filaments

Intermediate filaments comprise a variety of tisspecific proteins assembled
into 10 nm-wide structures and subdivided into @sseés according to their
expression profile (Oshima 2007). These filamemts the least stiff of the three
types of cytoskeletal polymers. In contrast to wigbules and microfilaments,
which are made of globular proteins with nucleofieding and hydrolyzing
activity, intermediate filaments consist of filanmeuas protein subunits with no
enzymatic activity (Chang and Goldman 2004). Thassembly starts by the
aggregation of tetramers into unit-length filamerftdlowed by the formation of
packed filaments that compact as they elongatenaaidire (Chang and Goldman
2004). They can be crosslinked to each other a$ agelto actin filaments and
microtubules by plectins. Such interactions withhest components of the
cytoskeleton render intermediate filaments seresitiy reorganization and motile
events occurring along microfilaments and microtabu Intermediate filaments
organize the internal tridimensional structure b€ tcell, anchoring organelles
(vimentins) and serving as structural componentghef nuclear lamina (lamin).
Unlike microtubules and actin filaments, intermeeiflaments are not polarized and
thus do not support directional movements of mdbecumotors (Fletcher and
Mullins 2010).

4 -The beta-cell cytoskeleton

Electron microscopic studies revealed the existentea microtubular-
microfilamentous system in beta-cells about 40 yego (Lacy et al. 1968, Malaisse
etal. 1972).

Microtubules appear as straight tubules rando#ytsred in the cytoplasm of
perinuclear and Golgi areas, or radiating from demter to the cell periphery
(Gomez-Acebo and Hermida 1973, Devis et al. 1864d et al. 1982). They are

often in close relationship to various organelteguding insulin secretory granules.

55



However, the proportion of granules associated \wtbrotubules is debated; it is
reported to range between 1-6% in peripheral z¢Beyd et al. 1982), or not to
exceed that expected on the basis of random disirib (Dean 1973, Howell and
Tyhurst 1982).

Quantitatively, tubulin represents a major proiaipancreatic islets averaging
0.5% of the total protein content at a concentratibabout 4 ng per islet (Pipeleers
et al. 1976). The microtubule-associated protefMAP-2) is expressed in islets and
in insulin-secreting cell lines where it stabilizegcrotubules. Its phosphorylation by
calmodulin-dependent protein kinase Il or PKA proesomicrotubule disassembly
(Mohlig et al. 1997).

Quantitatively, the total actin content of isolatistets amounts to 1-2% of
total islet proteins (Howell and Tyhurst 1980). ldugh microfilaments can be
found throughout the cytoplasm of beta-cells (Gabbet al. 1974), they are mainly
concentrated just beneath the plasma membranegwiney form a web of variable
thickness (50-300 nm). This peripheral network wiidied filaments appears to be in
close relation with microtubules (Van Obberghenakt1973, Gomez-Acebo and
Hermida 1973) and supposedly serves as a baregepting uncontrolled access of
insulin granules to the plasma membrane (Lacy amdhisse 1973). However, in
contrast with early observations (Malaisse et l75), 3-D imaging revealed the
existence of insulin granules in, above and belwsvdortical F-actin layer (Lopez et
al. 2010).

Interpretation of morphological studies of the skeleton, particularly of its
association with insulin granules is delicate. kalecell lines that contain only few
granules or purportedly degranulated beta cells matybe representative of the
situation of beta-cells in situ. Moreover, singlen@ary beta-cells (obtained by islet
dispersion) and cell lines adopt an abnormal eltathform during culture on a flat
support, which must affect the organization of theytoskeleton. Finally, there
occurs a marked increase in the number of micrdésband the size of the cell web
in monolayer cultures of endocrine pancreas csllscanpared to cells in their intact
tridimensional configuration (Howell and Tyhurst8P.
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5 -Beta-cell microtubules and insulin secretion

The first evidence that beta-cell microtubules ddag involved in intracellular
transport of insulin granules during glucose statioh of insulin secretion dates
back to the early 1970s when Malaisse and Lacy rtegoinhibition of insulin
secretion from rat islets exposed to mitotic spndhibitors. The question was then
heavily investigated until the mid 1980s, befoteva-decade drought period. Interest
resumed with studies of microtubule-related motatgins and the hypothesis that
microtubules were involved in the amplifying pathywaf insulin secretion. | will
now review the most relevant data that formed theisg point of my own research

project.

5.1-Inhibition of insulin secretion by anti-microtubule drugs

Stabilization of microtubules by and their disruption by vincristine or
colchicine were reported to inhibit glucose-indua@asllin secretion from incubated
rat pancreas fragments and isolated islets (Madisgae et al. 1971) without
affecting glucose-induced €auptake (Malaisse et al. 1971). Using the islet
perifusion technique, it was then shown tha®xnd vinblastine inhibit both phases
of glucose-induced insulin secretion as well asutamide-induced secretion.
Colchicine, on the other hand, inhibited only tleeand phase of secretion (Lacy et
al. 1972). Similar results were obtained with trefygsed rat pancreas: vincristine
inhibited both phases of the secretory responsglucose whereas the effect of
colchicine was more marked on the second phasei[@¢\al. 1974, Somers et al.
1974).

In all these studies, the pancreas/islets had ttrdaed with the drugs for
more than 90 minutes to see inhibition of secretiditer shorter exposure, insulin
secretion was not affected or sometimes paraddyidacreased. This delay
correlated with the time needed to bind tubald produce a visible change in
microtubule number (Montague et al. 1975). One ystusing rat islets found no
inhibitory effect of colchicine or vinblastine ordugose-induced insulin secretion
(Grill and Cerasi 1977).
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At that stage, the emerging concept was that mubrdes were somehow
involved in the secretory response of beta-cellgltwose, particularly during the
late-phase of secretion (Malaisse et al. 1975) rtBhafter, studies of beta-granule
movement in monolayer cultures of rat islet cellsvged that glucose increased the
frequency of insulin granule saltatory movements #at this increase was inhibited
by anti-microtubular agents such as vinblastine @y@ (Lacy et al. 1975, Somers et
al. 1979).

Despite the consistency of the results obtainedliffgrent groups, doubts
were cast on the specificity of some drugs useadtés beta-cell microtubules. Heavy
water (BO) was found to impair glucose oxidation in rat ammbuse islets
(Beckmann and Holze 1980) and has since been ctehphlbandoned. Vinblastine
was reported to inhibit protein synthesis (Howeld al'yhurst 1982), an effect that
can affect insulin secretion within a 2-3 hour tifreme as shown by more recent
experiments using cycloheximide (Garcia-Barrad@ale2001). On the other hand,
the use of newer anti-microtubular molecules astlgaartly corroborated early
results. Taxol, a promoter of microtubule polymatian, and nocodazole, a
microtubule depolymerizer, both inhibited glucosdticed insulin secretion in
Isolated rat islets (Howell et al. 1982). The intuby effect of nocodazole was
confirmed in hamster islet tumor cells HIT-T15, baol had no effect in these same
cells (Farshori and Goode 1994).

To our knowledge, only one study investigated tiffece of microtubule-
interfering drugs on [C4].changes upon beta-cell stimulation: in MING celisters
(pseudoislets), vincristine and nocodazole inhibitdhe secretory response to
tolbutamide and glucose, and perturbed the syniation of [C&']. oscillations.
Strangely, the authors suggested that this alkeraivas due to the loss of a
“synchronizing factor” co-secreted with insulintrat than to microtubule disruption

or drug side effects (Squires et al. 2002).
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5.2-Microtubule dynamics upon glucose stimulation

The observation that microtubule disrupters inhithe second phase of
glucose-induced secretion prompted the suggedtianinisulin granule mobilization
along microtubules is required for this sustainkdge, and raised the hypothesis that
the process is facilitated by tubulin polymerizatidlalaisse 1975).

Using a tubulin binding assay, it was found tha®©%?3of total tubulin is in
polymerized form in non-stimulated rat islets. Espi@ to glucose slightly increased
this percentage to ~40% indicating an increasehé rtumber of microtubules in
response to glucose (Montague et al. 1976, Pigekteal. 1976). These changes in
tubulin polymerization temporally correlated witlhet biphasic pattern of the
secretory response: insulin secretion and the atmadinpolymerized tubulin
increased two minutes after glucose stimulatiomapfislets, before decreasing to a
nadir and then gradually increasing during the sdustained phase (McDaniel et
al. 1980). What is intriguing and remains unexmdinis how glucose favors
microtubule formation while increasing [€R which is known to inhibit

microtubule assembly.

5.3-Involvement of microtubule-related motor protens

The studies mentioned above provided evidence that microtubule
cytoskeleton is a potential target for glucose-gateel signals in pancreatic beta-
cells. However, detailed insight on how microtulsudetually participate in stimulus-
secretion coupling was still missing. Attention wien directed toward specific
microtubule related motor proteins. One of theseedin, a microtubule-associated
ATP, has been the focus of several studies.

Kinesin, a plus end-directed microtubule motor @wotthat moves vesicles
from the cell center toward the cell cortex, hasrb&entified and purified from
beta-cells (Balczon et al. 1992). Inhibition of &&in expression by antisense
oligonucleotides inhibited basal and glucose-induicesulin secretion from primary
beta-cells (Meng et al. 1997). In line with theswlings, expression of a dominant-
negative form of the kinesin heavy chain, the AT anicrotubule-binding domain
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of kinesin, strongly inhibited sustained (measuadt=90 min) but not acute
(measured at t=20 min) glucose-induced insulinetesr in MING cells. In parallel
to this inhibition, ATP-dependent vesicular movetsewere apparently blocked by
the loss of kinesin activity (Varadi et al. 2002).

Another study suggested that glucose regulatessikirgctivity not only by
providing energy in the form of ATP but also by mea&f [C&"]. changes (Donelan
et al. 2002). Kinesin heavy chain was found to bphtbsphorylated by a protein
phosphatase under conditions of elevated®¢aMoreover, inhibition of this
dephosphorylation reduced the second phase ofinnsetretion in primary rat islets
and INS-1 cells (Donelan et al. 2002).

Very recently, a beta-cell specific knockout of th@use homologue of
kinesin heavy chain, KifSb, was reported to causeage intolerance. In thia vivo
study, the authors reported impairment of bothyeanld sustained phases of insulin
secretion although the sub-cellular localizationnsulin granules was not affected
by the decreased kinesin activity (Cui et al. 201fl)s thus possible that kinesin
down-regulation affects insulin secretion becau$edefects other than insulin

granule transport.
6-Beta-cell microfilaments and insulin secretion

The involvement of beta-cell microfilaments in ihsusecretion was first
suggested on the basis of experiments using dhagsalter actin polymerization.
More recently, much attention has been paid tonattpendent motor proteins as
well as several actin-related regulatory factonsdtigesized to contribute to the final

steps of stimulus-secretion coupling.

6.1-Effect of microfilament-interfering drugs on insulin secretion

During the 1970's, several studies used microfilairtestabilizing
cytochalasin B to test the possible implicationna€rofilaments in insulin granule
movement towards the exocytotic sites on the plame@mbrane. Cytochalasin B was
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found to increase both phases of glucose-stimulet®alin secretion from isolated
rat islets and the perfused rat pancreas (Malassé 1972, Lacy et al. 1973, Van
Obberghen 1975) and to enhance tolbutamide (Laey. €973, Van Obberghen et
al. 1973) and leucine (Van Obberghen et al. 197&)c¢ed secretion.

Control studies then identified side-effects of threeg. Cytochalasin B (30
UM) was reported to inhibit initial glucose uptake rat islets without affecting
glucose oxidation of the sugar (McDaniel 1974). éxshfound that cytochalasin B
impaired glucose metabolism by inhibiting its u@aktilization and oxidation and
partially inhibited C&" uptake in rat islets but increased insulin secnetLevy et al.
1976) with no detectable effect on granule salfatoovements (Somers et al. 1979).
In my own studies, | did not detect effects of 1Bl cytochalasin on glucose
metabolism in mouse islets as assessed by NAD(R)asurements (Mourad et al.
2010). In fact, metabolic effects of cytochalasind®ur in non-beta cells of the islets
(Jijakli et al. 2002).

Discrepant data were obtained in a study comparihg effect of
microfilament destabilization in rat islets and pggogranulated HIT-T15 cells:
insulin secretion was significantly inhibited byteghalasins and C2 toxin in the cell
line as opposed to the increase in secretion pextiby these same drugs in primary
islets. The conclusion was that microfilamentsragpiired to recruit insulin granules
in poorly granulated HIT-T15 cells, whereas they @ a barrier in primary beta-
cells (Li et al. 1994).

Several recent studies dissipated any residual tdoukhe more specific
microfilament disrupter, latrunculin was consiskgribund to increase glucose and
KCl-induced insulin secretion in clonal beta-catlels as well as in rat, mouse and
human islets (Lawrence et al. 2003, Thurmond @03, Tomas et al. 2006, Jewell
et al. 2008). This increase produced by latruncwias observed during both phases
of glucose-induced secretion and was accompaniatidappearance of the cortical
actin network and granule redistribution to the petiphery (Jewell et al. 2008). The
observation that latrunculin also potentiated semmeinduced by a fixed Ga
concentration in permeabilized MING6 cells suggested the effect of microfilament
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disrupters does not involve [€h changes but affects distal steps of the secretory
response (Thurmond et al. 2003). At the single -beth level, C&"-evoked
exocytosis, measured by membrane capacitance negserdwas increased after
treatment with cytochalasin D or latrunculin B (ilsson et al. 2005a). These
observations corroborated the concept of an irgnpitortical actin barrier.

An additional effect might contribute to the incseain insulin secretion by
latrunculin. The drug was recently found to causedistribution of PIP2 to cover a
larger area of the beta cell membrane, which magigiment available docking sites
for granules (Lopez et al. 2010). However, thiswessumes that granules must be
docked prior to exocytosis, a concept that is beawsed (Izumi 2011, Seino et al.
2011).

The use of microfilament stabilizers has been éa$snsive mainly because of
the rarity of adequate substances. Phalloidin, ihaften used to stain filamentous
actin (F-actin), stabilizes microfilaments but dpesetrate intact cells. The drug was
however shown to increase Gavoked secretion from permeabilized rat islets
(Stutchfield and Howell 1984). More recently, thseuof jasplakinolide, a cell-
permeant F-actin stabilizing agent, yielded disarépand somehow unexpected
results. KCl-induced insulin secretion was inhifitey jasplakinolide in RINm5F
and MING6 cells (Wilson et al. 2001, Lawrence anadnBaum 2003, Nevins and
Thurmond 2003), whereas glucose-induced secreti@s wcreased by the
microfilament stabilizer in MIN6 cells and mousdets (Nevins and Thurmond
2003). Disappointingly, these observations that ra fit well the concept of
disassembly of the cell web by glucose are ofterorgd in models of stimulus-

secretion coupling in beta-cells (Wang and Thurm2@o).

6.2-Actin dynamics upon glucose stimulation

Early studies using a DNAase-inhibition assay ttedwrine the proportion of
globular (G) and filamentous (F) actin in pancrealets reported a shift toward F-
actin formation upon glucose stimulation (Howeltafyhurst 1980, Swanston-Flatt
et al. 1980). These results, together with the wmiagien of an ATP-dependent
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binding of insulin granules to actin filaments (Hellvand Tyhurst 1979), were
compatible with the proposed role of microfilameinténsulin granule exocytosis.

In complete disagreement with these early restdtent confocal microscopy
studies revealed that glucose transiently but naykdiminishes cortical F-actin
(Nevins and Thurmond 2003, Tomas et al. 2006),flattemimicked by latrunculin
(Thurmond et al. 2003, Tomas et al. 2006) but natited by KCI or non-
metabolizable analogs of glucose (Wang and Thurn2@@®). Since glucose had no
detectable effect on the F-actin:G-actin ratio (INsvand Thurmond 2003), it has
been proposed that subtle actin remodeling rathem global depolymerization of
microfilaments is involved in insulin secretion (Wpand Thurmond 2009). Such a
remodeling would allow insulin granules residingrégions deeper than the F-actin
barrier to access the plasma membrane where theldveventually replenish the
RRP and sustain insulin secretion particularly migiihe second phase (Seino et al.
2011).

Among the actin-related regulatory proteins merdtrbefore, gelsolin has
been linked to exocytosis in beta-cells. MIN6 cédisking this C&'-dependent actin
remodeling protein display increased cortical mfitaments that fail to
depolymerize upon glucose stimulation. These calte fail to secrete insulin in
response to glucose unless their cortical actirworkt has been disrupted by
latrunculin prior to glucose stimulation (Tomas at 2006). Further studies are
needed to determine whether gelsolin-mediated aetimodeling affects one or both
phases of insulin secretion.

Rho, Racl and Cdc42, all members of the small Rhaly GTPases, have
also been implicated in beta-cell actin remodelifigese GTPases cycle between the
GDP-bound (inactive) and GTP-bound (active) statebare known to translocate to
the plasma membrane upon their activation (KowR010).

Glucose was shown to quickly activate Cdc42 in MINélls then to
glucosylate the GTPase on Thr37 (Just et al. 1986¢h then passes to the GDP-
bound form and becomes inactivated 5 minutes aftenulation (Nevins and
Thurmond 2003). Furthermore, insulin secretions wdibited when a constitutively
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active form of Cdc42 was expressed in MIN6 cellgamng that glucose might
inactivate Cdc42 and thereby decrease actin polyaten to induce insulin
secretion (Nevins and Thurmond 2003). Later ontualysfrom the same group
presented evidence that Cdc42 is specifically reguior the second phase of insulin
secretion and that activation of this G-proteirghycose initiates a cascade involving
activation of the downstream kinase, Pakl, aftenibutes, followed by Racl 15
minutes later when the second phase had alreadynk®gang et al. 2007).

Rho and its associated kinase ROCK are also indolve cytoskeleton
remodeling (Kowluru 2010). Their pharmacologicdiibsition increases both phases
of glucose-induced insulin secretion and causes aepolymerization in primary
beta-cells (Hammar et al. 2009).

Adding to the complexity of the issue, it is relevdo mention the recent
identification of Rho partners, the ERM (ezrin, ixag and moesin) proteins in beta-
cells, (Lopez et al. 2010). In response to glucsismulation, ERM proteins are
phosphorylated in a Gadependent manner and translocate to the cell lpamyp
Overexpression of dominant negative ezrin leada teduction in insulin granules
near the membrane and impaired secretion. Thevewsnt of ERM proteins in the
secretory response could be through the link tmegte between cortical F-actin and
PIP2 in the plasma membrane, the latter being #enamtial docking site for
secretory granules (Lopez et al. 2010).

Other molecular actors of exocytosis could berfeditn glucose-induced actin
remodeling. Glucose transiently decreases the abtation of the t-SNARE
proteins syntaxinl and SNAP-25 as well as syntaxuitéh polymerized actin in
MING cells and primary islets (Thurmond et al. 2008well et al. 2008). Disruption
of F-actin-syntaxin4 binding by glucose is suggastefree syntaxin and allows it to

mediate granule fusion to the plasma membrandgfheer rate (Jewell et al. 2008).

6.3-Involvement of actin-related motor proteins.
The role of actin microfilaments is probably natilied to that of a regulatory
physical barrier. They also permit insulin granunsport across the submembrane
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region. Myosins, actin-regulated ATPases, are betieto be involved in vesicle
transport (Rutter 2004).

In primary and clonal beta-cells, insulin secretagegs induce the
phosphorylation of myosin Il heavy chain (Wilsonakt1999a) that colocalizes with
F-actin (Wilson et al. 2001). Class V myosin motbes/e also been proposed as
candidates for granule transport along microfilateeExpression of a dominant-
negative form of myosin Va or its inactivation byNR silencing decreases the
number of granules beneath the plasma membraneaaseés a significant decrease
in glucose-stimulated insulin secretion and depdéion-evoked exocytotic events
in MING cells (Varadi et al. 2005). Similar resultsere obtained by another group
using INS-1 cells (Ilvarsson et al. 2005a) in whighibition of myosin Va interaction
with insulin granules, by means of RNAI downreguaatof myosin Va, reduced the
number of granules recruited for release and sioglleexocytosis. These findings
argue in favor of a dual role of the actin netwankinsulin secretion: a physical
barrier that limits granule interaction with theagpiha membrane and a track for

insulin granule transport to the release sites.
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VI. PERSONAL RESULTS

The aim of my thesis work was to better understdnel mechanisms
underlying the metabolic amplification of insulirecsetion and to assess the
contribution of this pathway to the two phases e€rstion. The results can be
subdivided in several parts, the first two of whidve been published (Mourad et al.
2010; 2011). The other parts still need to be ceiapl before their submission for
publication.

The first study assessed the involvement of theligsimg pathway in both
phases of glucose-induced insulin secretion. Ib dklssted the hypothesis that
metabolic amplification accelerates granule reomaiit via effects on beta-cell actin
microfilaments (Mourad et al. 2010)*.

The second study assessed the contribution obtioules to both phases of
insulin secretion and investigated their implicatiom amplification by glucose
(Mourad et al. 2011)*.

Unpublished results presented in this thesis ireladstudy of the role of
AMPK in the amplification of insulin secretion byugose. Two other studies deal
with the role of microfilaments in the amplificati@f insulin secretion via the cAMP
and PKC pathway respectively. In these last twalisg) | also re-evaluated the
involvement of cAMP and PK{n metabolicamplification.

| also coauthored an article reporting studies be tole of beta-cell
microfilaments in insulin secretion triggered byramellular C&" mobilization or
store-operated Ghentry (Henquin et al. 2012). These results hatéaen included

in the thesis for the sake of homogeneity.

* The results published in these two articles amesented in a slightly modified,
more concise way in the following pages, and ewahtunterpreted together in a
global discussion. A reprint of each paper witheaatiption of methods used can be
found at the end of the thesis.
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Study 1

Metabolic amplification and beta-cell actin microfilaments

American Journal of Physiology Cell Physiology: 29€°389-C398, 2010
by NI Mourad, M Nenquin and JC Henquin

The aim of my first study was to investigate whefie metabolic amplifying
pathway requires functional actin filaments in betls. As explained in chapter V,
most actin microfilaments in beta-cells are orgadizn a dense web beneath the
plasma membrane (Orci et al. 1972). Pioneer stuoyekacy, Malaisse and Orci
showed that cytochalasins, which depolymerize fdataus actin, facilitate insulin
secretion and prompted the suggestion that trasnéhtous web actually limits the
access of granules to exocytotic sites (Lacy e1@r3, VanObberghen et al. 1973).
Extending these early models (Malaisse et al. 1%&hObberghen et al. 1975),
more recent work using single beta-cells or insa&oreting cell lines have proposed
that granule translocation along actin filamentsremodeling of the web of actin
filaments is involved in the replenishment of rel@ale granular pools, raising the
possibility that these events contribute to the lggnpg action of glucose (Eliasson
et al. 2008, Varadi et al. 2002, Wang and Thurn20@Db).

That hypothesis was tested in the present studydaying mouse islets with
latrunculin B and cytochalasin B to depolymerizeirgcor with jasplakinolide to
polymerize actin. The islets were then used to ysttlie effects of glucose,
tolbutamide and KCI during first and second phasfd@asulin secretion. [C4]. was
measured in parallel experiments to ascertainttteabbserved changes in secretion
were really due to the amplifying pathway and mothanges in the triggering €a

signal.
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1.1-RESULTS

1.1.1-Effects of drug treatment on islet actin

Mouse islets were preincubated for 90 min in thespnce of actin-
polymerizing or -depolymerizing drugs. We first adained their effects on the
polymerization state of islet actin. In controkis, 24 + 1.4 % of actin was present in
filamentous form (Fig. 10). This proportion was ssed to 6 £ 1.6 and 10 £ 2.3 %
after treatment with latrunculin B and cytochalaBinrespectively. In contrast, 95 +
2.0 % of islet actin was in filamentous form aftexatment with jasplakinolide, and
this effect was not reversed (92 + 2.9 %) by 60 afiwashing without the drug (Fig.
10). The differences between these proportionsigreficant for all test groups (p <
0.001, Fisher’'s exact test).

G F G F G F G F G
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-_— —— -— -— ——
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—I—

80
60
404
20+
0 | -

Control LatrB CytoB Jasp Jasp/wash

G-actin and F-actin (%)

Fig. 10: Proportion of polymerized (filamentous - F) to depolymerized
(globular - G) actin in control mouse islets and inislets treated with 2 uM
latrunculin B (Latr B), 10 pM cytochalasin B (Cyto B) and 1 uM
jasplakinolide (Jasp). Islets were incubated for 90 min in control medium
containing 10 mM glucose and supplemented or ntit thie drugs, before being
lysed and submitted to ultracentrifugation to saefmarthe two actin fractions.
Extracts were then subjected to western blotting dotin. Bars show the
percentages of G and F actin in 3-5 experimenta;haéh one representative blot
is shown at the top of the figure. In the grouppdaash, the islets were treated
with jasplakinolide and then washed without drug 8 min before lysis. The
representative blot was not obtained in the sanpergxent as the other four.
Values are means + SE.
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1.1.2-Impact of actin depolymerization on the metabolic amplification of insulin
secretion during elevation of islet [Ca®"]. by KCI

In this first series, Kkrp channels were held open with diazoxide and is#$ c
were depolarized with KCI in the presence of lowhigh glucose (Fig. 11). The
resulting increase in [G§. is shown in the inset of Figure 11A. It was similathe
presence of 1 and 15 mM glucose. However, insudiecretion was larger in the
presence of high glucose (Fig. 11A). The differewdeich corresponds to metabolic
amplification, was significant and averaged 2.0ox the whole period of KCI-
induced insulin secretion (Fig. 11D).

Similar experiments were then performed after feperization of actin
microfilaments with latrunculin B or cytochalasin ®hich were present during the
preincubation period and during [€R and insulin measurements. Latrunculin B (2
HM) augmented KCl-induced insulin secretion in lamd high glucose (compare
Fig. 11A and 11B) without affecting the increasd@af’].. (Fig. 11C). Notably, the
amplifying action of glucose (ratio of the respanse low and high glucose) was
increased by latrunculin B, as compared with cdstfig 11D).

Treatment of the islets with cytochalasin B produsemilar results. KCI-
induced [C4']. rise was unaffected (Fig. 11C) but KCl-inducedilitssecretion was
augmented, and more so in high than low glucosg (HiD), so that the amplifying
action of glucose was larger than in control isldisis first series of experiments
suggests that depolymerization of actin microfilatsemight facilitate the metabolic

amplification of insulin secretion.
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Fig. 11: Effects of actin depolymerization and polsnerization on glucose
amplification of insulin secretion during islet [C&"]. clamping by KCI. Islets were
first preincubated for 90 min with or without 2 pMtrunculin B (Latr), 10 uM
cytochalasin B (Cyto) or 1 uM jasplakinolide (Jasphey were then used to measure
insulin secretion (A, B and D) or [€% (C and inset in A). The experiments were
performed in the presence of 100 uM diazoxide {@z)revent any effect of glucose on
Katp channels, and either 1 or 15 mM glucose (G1 or)dJ$kets were stimulated by a
rise of the KCI concentration from 4.8 to 30 mM 3 at O min. Latrunculin B and
cytochalasin B were present during the experimétis jasplakinolide was present
during the preincubation period only. Panels A (amakt) and B show the time course
of insulin and [C&]. changes induced by KCI. Panels C and D sho'JCand insulin
responses integrated over the 40 min of stimulatioabove a column indicates a
significant difference (P < 0.05 or less) with cofg. Significant differences between
responses in G1 and G15 are shown above pairslains, together with the fold-
difference in insulin secretion (D).Values are neanSE for 9 experiments of insulin
secretion and 30-40 islets from 5-7 preparation§Ge’]...

71



1.1.3-Impact of actin depolymerization on the metabolic amplification of insulin
secretion during elevation of islet [Ca?"]. by tolbutamide

In the second series, all beta-ceji;Kchannels were closed by addition of a
high concentration (500uM) of tolbutamide to a nmedicontaining 3mM glucose.
The experiments illustrated in Fig. 12 (A and Brsfl0 min after addition of 500uM
tolbutamide to a medium containing 3mM glucose.ctmtrol islets, [C&]. was
markedly elevated and insulin secretion was stitedldcompare with dotted lines
labeled G3 and showing control data in the absefhdelbutamide). Subsequently
raising the concentration of glucose to 15mM causedpid drop in [CH]. that
reflects C4&" uptake by the endoplasmic reticulum and trandiete-cell membrane
repolarization (Dufer et al. 2009b, Dukes et al92)9 This drop was transient and
followed by a return to levels slightly higher thia@fore glucose stimulation (Sato et
al. 1999) (Fig. 12A). Simultaneously with the fJare-ascension, insulin secretion
increased well above initial levels (Fig. 12B). Tddference in secretory rate
between steady-state periods in tolbutamide + Hggicose (10-30 min) and
tolbutamide + low glucose (-20-0 min) averaged 18l6- (Fig. 12D) for only a
minor, though significant, increase in fa (Fig. 12C). It is thus largely attributable
to metabolic amplification (Sato et al. 1999).

Cytochalasin B treatment did not affect the rise[C&]. (Fig. 12A) but
strongly potentiated insulin secretion (Fig. 12Byluced by tolbutamide in 3mM
glucose. When the concentration of glucose was thsed to 15mM, [Cd]. and
insulin secretion transiently decreased beforee@sing to prestimulatory levels for
[Ca™]. (Fig. 12A and C) and much higher for the insukeretion rate (Fig. 12B and
D). Similar results were obtained in islets treateth latrunculin B. As a result, the
amplifying effect of glucose after actin depolyrnzation, was of a similar relative
magnitude (3.2 and 4.1-fold) as in control isl&®{fold) (Fig. 12D). Note, however,
that these similar relative changes corresponaurigel absolute amounts of insulin
(Fig. 12B).
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Fig. 12: Effects of actin depolymerization and polgnerization on glucose amplification

of insulin secretion during islet [C&"]. elevation by tolbutamide. Islets were first
preincubated for 90 min with or without 2 uM latoutin B (Latr), 10 uM cytochalasin B
(Cyto) or 1 pM jasplakinolide (Jasp). They werenthised to measure [€h (A and C) or
insulin secretion (B and D). Islets were stimulatgith 500 uM tolbutamide (Tolb) in the
presence of 3 mM glucose (G3) from -30 min, butydhk last 20 min of this period are
shown. The concentration of glucose was then rasédd mM (G15) at 0 min. Latrunculin
B and cytochalasin B were present during the wlesdgeriments, whereas jasplakinolide
was present during the preincubation period onindks A and B show the time course of
[C&"]. and insulin secretion changes in control islets ianislets treated with cytochalasin
B. Panels C and D show [Eh and insulin responses integrated over the lashi2On G3

+ Tolb (-20-0 min) and in G15 + Tolb (10-30 min)above a column indicates a significant
difference (P<0.01) with controls. Significant @iféences (P<0.01) between values in G3
and G15 are shown above pairs of columns, togetlidgr the fold-change in insulin
secretion induced by high glucose (D). Values apams + SE for 8-10 experiments of
insulin secretion and 30-38 islets from 5-7 prepana for [C&]..
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1.1.4-Impact of actin depolymerization on the metabolic amplification of insulin
secretion studied without clamping of islet [Ca**].

The amplifying action of glucose was also studigdcbmparing the changes
in [C&"]. and insulin secretion produced by separate stiioulaf islets with either
glucose or tolbutamide. As shown in Fig. 13A, theréase in [Cd]. produced by
15mM glucose was delayed compared to that prodbge800uM tolbutamide in
3mM glucose, and its magnitude was slightly smatlering both first and second
phases (Fig. 13B). The onset of insulin secretias &iso slower after stimulation
with high glucose than tolbutamide (Fig. 13C), e magnitude of the response
was larger (about 2-fold), during both first and@®d phases (Fig. 13D).

Islet pretreatment with latrunculin B or cytoclafaB did not significantly
affect the tolbutamide-induced rise in f¢Ja during either phase (Fig. 13B), but
increased tolbutamide-induced insulin secretioon 3-fold during both phases (Fig.
13D). Both agents also strongly augmented glucodeeed insulin secretion, and
more so during the second phase (about 6-fold) tharfirst phase (about 3-fold)
(Fig. 13D). This increase in secretion occurretdalgh the glucose-induced rise in
[Ca®™]. was unaffected or slightly attenuated (Fig. 13B).

Comparison of the responses of control isletsht ttivo stimuli shows that
glucose induced larger first and second phasessodin secretion than tolbutamide
in the face of a smaller rise in [ER in control islets. Therefore, the amplifying
action of glucose is a rapid and sustained phenomerhe greater effect of glucose
on insulin secretion in spite of a smaller increas§Ca"]. persisted in test islets
when the secretion rate had been augmented sdoktdby depolymerization of
actin microfilaments (Fig. 13D). As compared withntrols, the difference was even

larger during the second phase.
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Fig. 13: Comparison of the effects of actin depolyerization or polymerization on
glucose- and tolbutamide-induced insulin secretionlslets were first preincubated for 90

min with or without

2 UM latrunculin B (Latr BLO pM cytochalasin B (Cyto B) or 1 uM

jasplakinolide (Jasp). They were then used to nted€l&’]. (A and B) or insulin secretion
(C and D). Islets were stimulated with 500 uM ta#saide (Tolb, thin line or open circles) in

the presence of 3 mM glucose (G3), or by an iner@ashe glucose concentration from 1 to
15 mM (G1 - G185, thick line or filled circles). kkahculin B and cytochalasin B were present
during the whole experiments, whereas jasplakieolidhs present during the preincubation
period only. The experiments with tolbutamide dre $ame as those of Fig 3. Panels A and C
show the time course of [€%. and insulin changes in control islets. Panels 8 Bnshow
[C&®"]. and insulin responses integrated over 7 min fiat fphase (2-9 min for tobutamide
stimulation and 3-10 min for glucose stimulationfl&0 min for second phase (10-30 min for
both). * above a column indicates a significanfetégnce (P < 0.01) with controls. Significant
differences ( P<0.01) between responses to Tolen@plumns) and G15 (filled columns) are
shown above pairs of columns, together with thd-fbfference in insulin secretion (B and
D).Values are means + SE for 8-10 experiments sflin secretion and 30-38 islets from 5-7
preparations for [C4]..

75



400- ] — — — ]
Controls Controls
— Tol o Tolb
— Gl 010{ ®* 615 &

b
5

w
o
?

[Ca®*] (nM)
N
S

100+

40 0 10 20 30 40 50 60 70

400+ Latrunculin + Latrunculin
— Tolb o Tolb
— Gl5 03] eGis

300+

[ca®*] (nM)
N
S

N
o
?

40 0 10 20 30 40 50 60 70 -10
Time (min) Time (min)

Fig. 14: Amplifying action of glucose during repetiive triggering of first phase of
insulin secretion. Islet [C&"]. (A and C) and insulin secretion (B and D) were sueed

in control islets (A and B) and in islets preinctdzsh(90 min) and perifused with 1uM
latrunculin B (C and D). The islets were stimulabgdaddition of 500uM tolbutamide to
3mM glucose (G) or by increasing the glucose comagon from 1 to 15mM. The
stimulation was applied 4 times during periods ohi® (black boxes) separated by 10-
min periods of rest. Values are means + SE for B0sBts from 4 preparations for
[Ca’"]. and 5 experiments of insulin secret

| next investigated whether this amplifying actiohglucose during the first
phase of insulin secretion persists when severat fphases are triggered
consecutively. Control islets were thus stimulateith 15mM glucose or with
500uM tolbutamide in low glucose during 4 periods8omin separated by 10min
periods of rest. Each stimulation by glucose induae increase in [G§. that was
delayed and smaller (first one) or similar (lasted#) to those triggered by
tolbutamide (Fig. 14A). In contrast, insulin semetwas consistently 3 to 4-fold
larger with glucose than tolbutamide (Fig. 14B)miar experiments were then
performed with latrunculin B-treated islets. As qmared with control islets, the

increases in [Cd]. were unaffected, whereas insulin secretion triggdny either
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glucose or tolbutamide was similarly augmented.(E4D; note the difference in
scale with Fig. 14B). These results show that tmpldying action of glucose is
manifest during at least four successive first peasven after depolymerization of

actin microfilaments.

1.1.5-Impact of actin polymerization on the metabolic amplification of insulin

secretion

Polymerization of actin was achieved by islet tmeatt with 1uM
jasplakinolide (Fig. 10). However, in contrast &trbinculin B and cytochalasin B,
jasplakinolide was present only during the preiratidn period because its addition
to perifusion solutions was prohibitively expensiwonetheless, Figure 10 shows
that actin polymerization by jasplakinolide was m@tersible after 1h of incubation
in absence of the drug.

Jasplakinolide slightly inhibited the rise in fCJa evoked by 30 mM KCl in
low or high glucose (Fig. 11C) but did not influen€Cl-induced insulin secretion so
that glucose amplification of KCl-induced insuliecsetion was unchanged compared
with controls (Fig. 11D).

Pretreatment with jasplakinolide had no effectsteady-state [C4. in the
presence of tolbutamide (Fig. 12C) but slightly reased tolbutamide-induced
insulin secretion in low glucose. The amplificatioh secretion produced by high
glucose under these conditions was unaffected f(dd6in test vs 3.9-fold in
controls) (Fig. 12D).

Pretreatment with jasplakinolide slightly decreaezlglucose-induced rise in
[Ca™]. (Fig. 13B), but augmented the two phases of insséicretion by 1.7 and 2.2-
fold (Fig. 13D). The C4 response to tolbutamide was unaffected by jaspddikie,
but insulin secretion was again increased durirth boe first and second phases by
1.7 and 1.8-fold respectively so that the diffeeehetween secretory responses to
glucose and tolbutamide was unaltered (Fig. 13bg ificrease in the two phases of

glucose-induced insulin secretion producegl fretreatment of the islets with
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jasplakinolide is illustrated in Figure 15 (leftddapart, until 30 min). Jasplakinolide
pretreatment also similarly augmented insulin resps to glucose and tolbutamide
during successive brief stimulations like thoseFig. 14, so that the difference
between the effects of the two agents persistethgluepetitive first phases (not
shown). The amplifying action of glucose on thatfiphase can thus manifest itself

wher: actin microfilamentsare kept polymerized.
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Fig. 15: Preincubation with jasplakinolide preventsthe acute effects of
latrunculin B on insulin secretion. One group of islets (filled circles) was
preincubated for 90 min in the presence of 1 pMl@Esnolide, while the
other group (open circles) was preincubated witldoug) before being used to
study insulin secretion. Latrunculin B (2 pM) wasldad and the
concentration of glucose changed as indicated. égalre means + SE for 4
experiments.

The right-hand part of Figure 15 (after 30 min) whdhat the acceleration of
insulin secretion, which followed acute additionlatfunculin B to control islets, did
not occur in islets preincubated with jasplakinelid\lthough these and the above
results establish that the effects of a pretreatmah jasplakinolide persist during

perifusions subsequently performed in the atseof the drug, a final series of
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experiments was carried out in its presence. Isletse preincubated with 1uM

jasplakinolide (as in other experiments) and intedbgrather than perifused) also in
its presence. As can be seen in Table 1 of thaghda paper (available at the end of
the thesis) the results were similar to those abthwith islets preincubated with and

perifused without jasplakinolide.

1.2-DISCUSSION

The results of my first study show that amplificatiof insulin secretion by
glucose is a rapid and sustained phenomenon, whittlences the magnitude of
both first and second phases of the secretory nsgpavithout the requirement of
functional actin microfilaments in beta-cells. Thesuggest that metabolic
amplification is a late event in stimulus-secretomupling, possibly corresponding to
acceleration of the priming process that confelgas® competence to insulin

granules.

1.2.1-Effects of test agents on actin polymerization

Early electron microscopic studies showed that dytasin B (20uM)
disrupts the web of microfilaments underneath tlhsrpa membrane in rat beta-cells
(VanObberghen et al. 1973). More recent morphokigad biochemical approaches
have established that latrunculin B (10uM) decreaszin polymerization (Jewel et
al. 2008, Tomas et al. 2006, Tsuboi et al. 2003grehs jasplakinolide (5uM)
increases actin polymerization (Nevins and Thurm@@d3) in MIN6 insulin-
secreting cells. We now show that, in mouse islé&syer concentrations of
cytochalasin B (10uM) and latrunculin B (2uM) dexge the proportion of
polymerized actin to less than 10 %, whereas jasptde (1uM) causes virtually

complete polymerization of actin.
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1.2.2-Influence of actin (de)polymerization on insulin secretion

Cytochalasin B has long been known to increasetloe phases of insulin
secretion induced by high glucose or by a sulforduat non-stimulatory (1.7—
5.5mM) glucose (Lacy et al. 1973, VanObberghen |let1873). More recently,
latrunculin B was found to increase KCI-induced agidcose-induced insulin
secretion in MIN6 cells (Lawrence and Birnbaum 200Burmond et al. 2003,
Tomas et al. 2006). In our study, both cytochal&siand latrunculin B augmented
the rapid first phase of insulin secretion indubgdigh glucose or tolbutamide. The
sustained second phase was also augmented, excem dtimulation with KCI in
low glucose. There is thus agreement that drugslgeerizing actin filaments in
beta-cells augment insulin secretion.

In contrast, there is no consensus concerning ithpact of actin
polymerization by jasplakinolide. The drug was m@d to inhibit KCl-induced
insulin secretion in RIN cells (Wilson et al. 200dnd MING6 cells (Lawrence and
Birnbaum 2003) and to block glucose-induced vesielease in MING6 cells (Tsuboi
et al. 2003). These inhibitory effects of jasplakide in cell lines contrast with the
potentiation of glucose-induced insulin secretitaseyved in incubated mouse islets
(Nevins and Thurmond 2003). We confirm the lattesarvation and further show
that jasplakinolide augments both phases of theeg®y response to glucose and
tolbutamide, but does not significantly change tesponse to KCI. Further
experiments performed after the publication of ffaper have, however, shown that
the increase in KCl-induced insulin secretion cdusg jasplakinolide is statistically
significant although smaller, in relative termsarttthe increase caused by the drug in
the case of glucose or tolbutamide stimulation. M&ee no explanation for this
selective stimulation that cannot be attributedistinct effects on [Cd]..

It is thus clear that the peripheral network diramicrofilaments functions as
a brake of insulin secretion in primary beta-cé@llacy et al. 1973, Orci et al. 1972,
VanObberghen et al. 1975), and our results showttha brake can be lifted by
either polymerization or depolymerization aftin. Other actin microfilaments,
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localized more deeply in the cytoplasm of betascébabbiani et al. 1974), have
been suggested to play a positive role in the loaason of insulin granules
achieved by motor proteins such as kinesins or mydAa (Ivarsson et al. 2005a,
Varadi et al. 2002, Varadi et al. 2005). Howevdrese experiments have been
performed with insulin-secreting cell lines thantaan much fewer (<5%) insulin
granules than primary beta-cells, and thus morgilyg&ly on physical translocation
of granules to sustain high insulin secretion ratéss may explain differences in the
responses of cell lines and islets to actin depetyzation (Li et al. 1994) or
polymerization (Lawrence and Birnbaum 2003, Newdnd Thurmond 2003, Tsuboi
et al. 2003, Wilson et al. 2001).

1.2.3-Influence of actin (de)polymerization on the triggering [Ca?']. signal

The possible impact of actin depolymerization otekell [C&"]. has been
evaluated previously in only one study using HITlsceCytochalasin B did not
impair the rise in [C4]. produced by mixed nutrients while paradoxicalllifiting
insulin secretion (Li et al. 1994). The generakidieat the stimulatory effects of the
drug on insulin secretion are independent of chariggC&"]. therefore relies on
other approaches. Cytochalasin B was found to aserénsulin release induced by a
fixed C&" concentration in permeabilized rat islets (Yasetnal. 1982), and
latrunculin B to had similar effect in MIN6 cell§t{urmond et al. 2003). Similar
observations were made when exocytosis was evdlbgteapacitance recordings in
dialysed INS-1 cells (lvarsson et al. 2005). Oysezknents in intact islets show that
the increase in insulin secretion produced by ad#polymerizing or -polymerizing
drugs was never accompanied by an increase ifi][Ceegardless of the stimulus,
and sometimes even occurred in face of a smalledserin [C&].. We can thus
safely conclude that actin remodeling affects imsgécretion by mechanisms distal
to the rise in [C&].. Moreover, and most importantly for the preseuatlgt the small
changes in beta-cell [¢%, that the drugs sometimes produced have no impact o

our main question concerning the role of actinnfigmts in the amplifying action of
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glucose. Indeed, this action of glucose on inssdicretion was never attributable to a
further rise in [C&]..

1.2.4-Influence of actin (de)polymerization on metabolic amplification

We used three experimental paradigms to study &ogilon of insulin
secretion by glucose, and never found it to be iredaby disruption of actin
microfilaments. Persistence and even augmentatioranaplification after islet
treatment with latrunculin B or cytochalasin B dot isupport the hypothesis that
amplification corresponds to glucose-mediated dgpetization of actin. The
hypothesis also seems to be ruled out by the pats@n of amplification after
complete polymerization of actin. It is obvioustti@etabolic amplification does not
require functional actin microfilaments to augmensulin secretion. If granule
movements to the exocytotic sites take place duamglification, actin-independent
mechanisms must be involved (lvarsson et al. 20M%adi et al. 2005, Wang and
Thurmond 2009). We do not exclude, however, thatisuemodeling of the actin
network under the influence of glucose, rather thmaajor shifts in the actin
polymerization state, plays a role in stimulus-edon coupling (Wang and
Thurmond 2009).
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Study 2

Metabolic amplification and beta-cell actin microtuoules

American Journal of Physiology Cell Physiology: 300C697-C706, 2011
by NI Mourad, M Nenquin and JC Henquin

The aim of my second study was to investigate wdretine metabolic
amplifying pathway requires functional microtubuileseta-cells. The proposal that
beta-cell microtubules are active players in imsuiecretion originates from
experiments by Lacy (Lacy et al. 1972) and Mala{&evis et al. 1974, Malaisse et
al. 1971, Somers et al. 1974), who showed thatsdkngwn to interfere with tubulin
polymerization (vinblastine, vincristine and coldhie) generally inhibited insulin
secretion from pieces of rat pancreas, isolatedsisbr the perfused pancreas. Most
of the results supported models in which the seqira$e of glucose-induced insulin
secretion is dependent on the mobilization of $ecyegranules along microtubules
(Howell and Tyhurst 1982, Malaisse et al. 1975)isTihterpretation was supported
by cinematographic evidence that vinblastine antthetne inhibited glucose-
induced granular movements in beta-cells (Kanazetna. 1980, Lacy et al. 1975,
Somers et al. 1979). More recently, conventionalegin, that provides ATP-
dependent motor activity to transport secretoryokes along microtubules, has been
identified in insulin-secreting cells lines andigtets (Balczon et al. 1992, Meng et
al. 1997). It was then proposed that one conseguehthe rise in beta-cell [,
produced by glucose is dephosphorylation of kinesith an increase in its motor
activity and acceleration of insulin granule moveisealong microtubules (Donelan
et al. 2002). This scenario was compatible witheokstions that inactivation of
kinesin by antisense nucleotides or dominant-negatnutants inhibits insulin
granule movement and insulin secretion (Meng €139.7, Varadi et al. 2002, Varadi
et al. 2003). Glucose-induced granular movemenhgalmicrotubules is thus a

plausible mechanism of metabolic amplification.
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To test that hypothesis, mouse islets were treatgt nocodazole to
depolymerize tubulin and disrupt microtubules, athwaxol to polymerize tubulin
and stabilize microtubules (Jordan et al. 1998dalwrand Kamath 2007). Insulin
secretion and islet [¢§. were measured in dynamic perifusion systems to
distinguish between the two phases of secretion asuwkrtain that the observed
changes in secretion were really due to the ampgfpathway and not to alterations
of the triggering C& signal.

2.1-RESULTS

2.1.1-Effects of drug treatment on islet tubulin

We first characterized the effects of the drugsused on the polymerization
state of islet tubulin. In control islets, 34 + 24 of tubulin was present in the form
of microtubules (polymerized) and 66% was in freepolymerized) form (Fig.16).
This proportion is similar to that previously foumdrat islets (McDaniel et al. 1980,
Pipeleers et al. 1976). After 90 min of preincutsatwith nocodazole, a microtubule
disrupter, islet tubulin was almost completely dgpwrized. Preincubation with
taxol, a microtubule stabilizer, produced the opmpo®ffect, causingvirtually
complete polymerization of islet tubulin (Fig.1@ft). These biochemical results in
islets agree with the morphologic disappearancestatailization of microtubules in
insulin-secreting HIT cells treated with nocodazatel taxol respectively (Farshori
and Goode 1994). Figure 16 (right) also showsldtainculin B and cytochalasin B,
two drugs causing depolymerization of actin midesfients (Mourad et al. 2010),
did not influence tubulin polymerization, and didt interfere with the decrease and
increase in tubulin polymerization produced by rdazmleaandataxolarespectively.
The differences between control and test grouphigitdy significant (p < 0.001 by
Fisher’s exact test).
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Fig. 16: Proportion of unpolymerized tubulin [free tubulin (FT)] to
polymerized tubulin [microtubular (MT)] in mouse islets. Left: Control
islets and islets treated with 10 uM nocodazolecmr 5 pM taxol (Tax).
Right: Islets treated with 1uM latrunculin B (Laty 10uM cytochalasin B
(Cyto) alone or combined with nocodazole or taxslbts were incubated for
90 min in control medium containing 10 mM glucos®l asupplemented or
not with the drugs. They were then lysed and suknhito ultracentrifugation
to separate the two tubulin fractions. Extractsenater subjected to western
blotting for tubulin. Bars show the percentage&®fand MT in 6 control and
3-5 test experiments, of which one representatioei shown at top. Not all
blots were obtained in the same experiment. Vadwesneans + SD.

2.1.2-lmpact of microtubule disruption and stabilization on the metabolic

amplification of insulin secretion during elevation of islet [Ca?*].by KCI

While Katp channels were held open with diazoxide, islet scellere
depolarized with KCI in the presence of low or hglhcose (Fig. 17). The resulting
increase in [CE]. was similar in the presence of 1 and 15 mM glucbseé insulin
secretion was larger in the presence of high gkicdfe ~2-fold difference in
secretion (Fig. 17D), for a similar [€% (Fig. 17C) corresponds to metabolic
amplification.

Similar experiments were then performed after dgpetization of tubulin
with 10uM nocodazole that was present during tlenpubation period and during
[Ca®]. and insulin measurements (Fig. 17A). Nocottazightly (15%, P<0.05)
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attenuated the KCl-induced rise in fJain 1mM glucose but not in 15mM glucose
(Fig. 17C). Compared with controls, insulin searetwas not significantly affected,
so that the amplifying action of high glucose (fld) was unaltered (Fig. 17A and
17D).
We then tested the effects of 5uM taxol, a midvate-stabilizer (Fig. 17B).

The time course of the KCl-induced [k increase was unaffected (Fig. 17B, inset),
but its magnitude was reduced by ~20% in low amgh lglucose (Fig. 17C). This
may contribute to the ~50% inhibition of KCl-induténsulin secretion that taxol
produced at both glucose concentrations (Fig. 174Bportantly, the secretory
response induced by a similar f¢Ja (Fig. 17C) was doubled by high glucose as in
controls (Fig. 17D). Metabolic amplification wasugh unaltered by microtubule

disruption or stabilization under these conditiohglepolarization with KCI.

2.1.3-Impact of microtubule disruption and stabilization on the metabolic

amplification of insulin secretion during elevation of islet [Ca?*].. by tolbutamide

The experiments illustrated in Fig. 18 (A and BJrsl0 min after the addition
of 500uM tolbutamide to a medium containing 3mM oglse. In control islets,
[Ca®*]. was markedly elevated and insulin secretion wasuited (compare to
dotted lines labeled G3 and showing control datdhan absence of tolbutamide).
Subsequently raising the concentration of glucasel3mM caused a rapid but
transient drop in [Cd]., which reflects C4 uptake by the endoplasmic reticulum
and transient beta-cell membrane repolarizationfdDet al. 2009, Dukes et al.
1997). Concomitantly with the reascension of {Qato levels slightly higher than
before glucose stimulation (Sato et al. 1999),ulinssecretion increased markedly
(Fig. 18B). The difference in [G§. between steady-state periods in tolbutamide +
high glucose (10-30 min) and tolbutamide + low gk (-20-0 min) was small
though significant (Fig. 18C), whereas the diffe®m secretory rate averaged 4.2-
fold (Fig. 18D) and is thus largely attributableatmplification (Sato et al. 1999).
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Fig. 17: Effects of tubulin depolymerization and pd&ymerization on glucose
amplification of insulin secretion during clamping of the cytosolic C&
concentration ([C&"].) in islets with KCI. Islets were first preincubated for 90 min
with or without 10 uM nocodazole (Noco) or 5 uM a@axThey were then used to
measure insulin secretion (A, B and D) or {§:a(C and insets in A and B).
Experiments were performed in the presence of INQdjazoxide (Dz) to prevent any
effect of glucose on ATP-sensitive” KK arp) channels, and either 1 or 15 mM glucose
(G1 or G15). Islets were stimulated by a rise & KCI concentration from 4.8 to 30
mM (K30) at O min. Nocodazole and taxol were prégleroughout the experiments. A
and B (and insets): time course of insulin and?{lc@hanges induced by KCI. C and D:
[Ca®"]. and insulin responses integrated over the 40 rhistimulation. * above a
column indicates a significant difference (P < Od¥5less) with controls. Significant
differences (P<0.001) between responses in G1 athl &e shown above pairs of
columns, together with the fold-difference in insudecretion (F). Values are means +
SE for 10 experiments of insulin secretion and 36sglets from 6-7 preparations for

[Ca"]..
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Islet treatment with nocodazole did not affect{Ga or insulin secretion in
the presence of tolbutamide and 3 or 15mM glucbge (8). The amplification of
secretion (4.3-fold difference between responsdsvinand high glucose) was thus
similar to that in control islets (Fig. 18D). Iskeeatment with taxol slightly lowered
[Ca®]. (Fig. 18A and C) and similarly inhibited (40 %Jinin secretion (Fig. 18B
and D) in the presence of tolbutamide and low @hhglucose. The amplifying

action of glucose on secretion therefore remaimedtered (4.2-fold) (Fig. 18D).

2.1.4-Impact of microtubule disruption and sabilization on the metabolic

amplification of insulin secretion studied without clamping of islet [Ca®].

The amplifying action of glucose was next studigdcbmparing the changes
in [C&"]. and insulin secretion produced by separate stiioulaf islets with either
15mM glucose or 500uM tolbutamide in 3mM glucosey.(A9). In control islets,
tolbutamide produced a rapid increase in?[{zacharacterized by an initial peak
followed by a steady but slowly declining elevat{®ing. 19A, trace C), and triggered
biphasic insulin secretion (Fig. 19D, filled cirs)e Glucose also produced a biphasic
increase in [C4]. that was slightly delayed, compared to the respémsolbutamide
(Fig.19 B, trace C), because of a small initialrdase due to uptake of Canto the
endoplasmic reticulum (Dukes et al. 1997, Gylfe 8)98n response to this rise in
[Ca®™"]., biphasic insulin secretion occurred (Fig. 19Bedi circles), which was also
delayed compared to the response to tolbutamideoriantly, the effect of glucose
on [C&*]. was smaller than that of tolbutamide during batst fand second phases
(Fig. 19C, compare filled to open columns), whergasffect on insulin secretion
was more than 2-fold larger, also during both ped&eg. 19F). This confirms that
the amplifying action of glucose is a rapid andi@med phenomenon (Mourad et al.
2010).
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Fig. 18: Effects of tubulin depolymerization and péymerization on glucose
amplification of insulin secretion during islet [C&"]. elevation by tolbutamide.
Islets were first preincubated for 90 min with dathgut 10 uM nocodazole (Noco) or
5 uM taxol. They were then used to measuré’JC& and C) or insulin secretion (B
and D). Islets were stimulated with 500 uM tolbui@en(Tolb) in the presence of 3
mM glucose (G3) from -30 min, but only the lastr@ih of this period are shown. The
concentration of glucose was then raised to 15 @#5) at 0 min. Nocodazole and
taxol were present throughout the experiments. & Bintime course of [C4). and
insulin secretion changes in control islets aneitsstreated with nocodazole or taxol.
The dotted line labeled G3 shows f{a and insulin secretion in the absence of
tolbutamide. C and D: [¢§. and insulin responses integrated over the lashi20in
G3 + Tolb (-20-0 min) and in G15 + Tolb (10-30 min)above a column indicates a
significant difference (P<0.01) with controls. Siggant differences (P<0.01 or less)
between values in G3 and G15 are shown above ghuslumns, together with the
fold-change in insulin secretion induced by highcglse (D). Values are means = SE
for 8-10 experiments of insulin secretion and 30igléts from 5-7 preparations for

[Ca"]..
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Islet treatment with nocodazole affected neithex thme-course nor the
amplitude of tolbutamide- and glucose-induced’[fzaand insulin responses (Fig.
19), so that the amplifying action of glucose osuim secretion remained unaltered
(Fig. 19F). Islet treatment with taxol slightly extuated the rise in [€3. (Fig. 19A-
C) and the insulin secretion response (Fig. 19 DpFdduced by the two
secretagogues. The effect on {gawas smaller (~10%) than that on insulin
secretion (~30%). However, in spite of this partiddibition, the amplifying action
of glucose on secretion was not altered (Fig. 18Kpgether these results show that

metabolic amplification does not depend on fun&lanicrotubules.

2.1.5-Impact of concomitant perturbation of microtubule and microfilament

functions on the metabolic amplification of insulin secretion

In the first study, | showed that, while increasimgsulin secretion,
depolymerization of actin microfilaments did notpaw metabolic amplification
(Mourad et al. 2010). | now investigated the impaica concomitant inactivation of
microtubules and microfilaments (Fig. 20). Isletcrofilaments were disrupted by
treatment with either cytochalasin B or latruncuilMourad et al. 2010). The lack
of effect of these two drugs on tubulin polymeriaathas been described above (Fig.
16). We also ascertained that taxol and nocoddrudeno effect on microfilaments.
The proportion of polymerized to depolymerized mci6%/24% in control islets)
was unaffected by taxol (78%/22%) or nocodazoléd/Z%%) alone. Neither drug
impaired the depolymerizing action of cytochalaBin96%/4%) or latrunculin B
(99%/1%).

In a first series of experiments, we tested theawhpof a concomitant
interference of microtubules and microfilamentsets were preincubated and then
perifused with 10uM cytochalasin B and 5uM taxolhiles controls were
preincubated and perifused without drugs or withy ame of the two drugs (Fig.
20A-D). When tested aloneytochalasin B increased tolbutamide- and glucose-

induced insulin secretion ~ 4-fold (Fig. 20A-Giy, spite of a slight inhibition of
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Fig. 19: Effects of tubulin depolymerization and ptymerization on glucose- and
tolbutamide-induced insulin secretion.Islets were first preincubated for 90 min withvathout
10uM nocodazole (Noco) or 5uM taxol. They were thead to measure [€% (A, B and C) or
insulin secretion (D, E and F). Nocodazole or tawas present throughout the indicated
experiments. A and D: islets were stimulated widl® oM tolbutamide (Tolb) in the presence of 3
mM glucose (G3). B and E: islets were stimulatedabyincrease in the glucose concentration
from 1 to 15mM. A, B, D and E: time course of fGaand insulin changes. C and F: {Gaand
insulin responses integrated over 7 min for fitsage (2-9 min for tobutamide stimulation and 3-
10 min for glucose stimulation) and 20 min for setghase (10-30 min for both). * above a
column indicates a significant difference (P < 0.@ith controls. Significant differences (P<0.01)
between responses to Tolb in G3 (open columns)tar@l5 (filled columns) are shown above
pairs of columns, together with the fold-differenicensulin secretion (C and F).Values are means
+ SE for 8-11 experiments of insulin secretion 88e45 islets from 5-7 preparations for fQJa

Note to panel F: The relative difference betweendécretory responses to G15 and
to G3 Tolb is not affected by taxol treatment wlegpressed as a fold-difference, but
one should bear in mind that the drug decreasesltb@ute amount of insulin that is
secreted (hence the number of granules).
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[Ca®]. in the presence of glucose (Fig. 20D). Comparitd untreated controls, the
effect of cytochalasin B on insulin secretion inddcby both secretagogues was
slightly attenuated by taxol (increase by 3-foldydriFig. 20A-B), probably because
of an inhibition of the [CH]. rise (Fig. 20D). However, when the combined effect
of taxol + cytochalasin B were compared to thebrtbd response of islets treated
with taxol alone, the difference was 4-fold again.

In a second series of experiments, we interfereith wicrotubulesbefore
depolymerizing microfilaments. Islets were preinatga without drug or with 10uM
nocodazole to disrupt microtubules, and then pseiflu with nocodazole, 1uM
latrunculin B or both (Fig. 20E-H). In islets preubated withoudrug, latrunculin B
alone increased tolbutamide- and glucose-inducedlim secretion ~ 4-fold (Fig.
20E-G), without affecting [Cd]. (Fig. 20H). Similar increases in insulin secretiyn
latrunculin B were observed in isl-setreate: with nocodazole.

When islets were preincubated with taxol alone tesh perifused with taxol
and cytochalasin B, the results were similar tséhshown in Fig 20A-C, when both
drugs were present during the preincubation pefilata not shown). We can thus
concludethat microtubules are not required to sustain thgh hrates of insulin
secretion occurring when the brake exerted by awtonofilaments is lifted.

As to the specific question addressed in the sttiyresults clearly establish
that amplification of insulin secretion, estimatey the ratio of the responses to
glucose versus tolbutamide, is neither augmentedimpaired by concomitant
inactivation of microfilaments and microtubulesheta-cells (Fig. 20C and G). The
same conclusion can also be reached from expesnsantlar to those shown in Fig.
18. Raising the concentration of glucose from 31&&mM in the presence of
tolbutamide augmented insulin secretion more thdoldt in islets treated with

cytochalasin B + taxol or with latrunculin B + naazole (not shown).
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Fig. 20: Effects of combined inactivation of microtibules and microfilaments on glucose- and
tolbutamide-induced insulin secretion.A-D: islets were first preincubated for 90 min hvior
without 10uM cytochalasin B (Cyto) and 5uM taxohel were then perifused in the presence of
the drugs to measure insulin secretion of{flza A and B: time course of insulin secretion change
induced by tolbutamide (Tolb) in 3mM glucose (G8)by an increase in the glucose concentration
from 1 to 15 mM (G15). C: insulin responses intéggaover 30 min. D: [C4). responses integrated
over 30 min. For clarity, the effect of taxol atois shown only as integrated changes; its time
course was similar to that shown in Fig. 4. Eifilar experiments using the combination of 10uM
nocodazole (Noco) and 1uM latrunculin B (Latr). Tdrdy difference was that Latr was not present
during the preincubation period with or without Mpdut added only 40 min before before
stimulation with tolbutamide or glucose. * above@umn indicates a significant difference (P <
0.01) with controls. Significant differences (P<D.Obetween responses to Tolb in G3 (open
columns) and to G15 (filled columns) are shown a&bpsirs of columns, together with the fold-
difference in insulin secretion (C and G).Values areans + SE for 7-8 experiments of insulin
se;zretion and 30-4islets from 5-7 preparations (D) or 20-22 isletsnir 3 preparations (H) for
[C&]..
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2.2-DISCUSSION

The results of my second study show that betanaieliotubules play little role
in the short-term control of insulin secretion iouse islets and, more specifically,

are not implicated in metabolic amplification.

2.2.1-Experimental tools

Nocodazole completely disrupted islet microtubudashad virtually no effect
on [C&"].. Interestingly, nocodazole did not inhibit insutiacretion induced by three
secretagogues, which suggests that previously wddenhibitions were at least
partly secondary to changes in fQa We acknowledge however that nocodazole
was reported to inhibit glucose-induced insulinregon in rat islets (Howell and
Tyhurst 1982) and HIT cells (Farshori and Goode4)99

Although taxol is the most widely used agent a&bsize microtubules (Jordan
and Kamath 2007), its effects on beta-cell functi@ve received little attention.
Addition of taxol simultaneously with high glucodil not affect insulin secretion in
HIT cells (Farshori and Goode 1994), but pretreatmeith the drug inhibited
glucose-induced insulin secretion in rat islets \idth and Tyhurst 1982). Here, we
found that pretreatment with taxol completely dtabd microtubules in mouse
islets, inhibited insulin secretion induced by K@lbutamide or glucose, but also
attenuated the rise in [€% produced by the three secretagogues. Microtubule-
independent effects of taxol on Laelease from the endoplasmic reticulum have
been described in neural cells and cardiomyocyeslfmerle et al. 2007, Zhang et
al. 2010), but we are not aware of effects on geltdependent Ga channels.
Whatever the underlying mechanism, the small dsere&[C&’]. produced by taxol
probably contributed to the partial inhibition @fcsetion.
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2.2.2-Microtubules and metabolic amplification

The major aim of this study was to test the pobsibthat metabolic
amplification of insulin secretion involves the mutubule system of beta-cells.
Models implicating microtubules in metabolic amltion view the amplification
process as an accelerated refilling of the pookatlily releasable granules through
mobilization of insulin granules along microtubulgdiasson et al. 2008, Varadi et
al. 2002). Early cinematographic studies of primaeya-cells in monolayer cultures
showed that glucose increased saltatory moveméimisudin granules and that these
movements were inhibited by vinblastine, vincristior colchicine (Kanazawa et al.
1980, Lacy et al. 1975, Somers et al. 1979). Mecemt studies imaged cell lines in
which insulin granules were tagged with a targdtadrescent protein (Hao et al.
2005, Ivarsson et al. 2004, Varadi et al. 2003)hisTimproved technique more
clearly distinguished between slow random movemehtthe majority of granules
and fast directed movements of a small populatibgranules. Stimulation of Ga
influx by either glucose or KCI selectively augnmeshidirected granular movements,
an effect that was suppressed by disruption ofatutiules with nocodazole (Hao et
al. 2005) or by inhibition of the microtubule-asgted kinesin ( Varadi et al. 2002,
Varadi et al. 2003). These observations prompted gloposal that these fast,
microtubule-dependent movements serve to replehisireadily releasable pool of
granules (Hao et al. 2005) and that their acagter by glucose corresponds to the
amplification process (Varadi et al. 2002).

Our results refute the tested hypothesis. Amplikcg defined as a larger
secretion rate in the face of a similar or lowdeti§C&"], was not impaired by
disruption or stabilization of microtubules. Imgantly, neither the magnitude nor
the rapidity of the onset of amplification was ed@ by interference with
microtubule function. Even when absolute levelsefretion were slightly reduced
by taxol - an effect that we partly ascribe to bition of [C&"]. - the relative change
caused by amplification was unaffected. Metabolnpkfication has long been

regarded as a process that specifically contribuite sustain the second phase of
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insulin secretion (Bratanova-Tochkova et al. 20BRysman and Renstrom 2003,
Straub and Sharp 2002, Varadi et al. 2003), butexent data have shown that it is a
rapid phenomenon that expresses itself withingugw minutes of exposure to high
glucose (Henquin 2009, Henquin et al. 2006b, Mowradl. 2010). This can be
appreciated under control conditions (Fig. 19) whist phase insulin secretion is
larger in response to glucose than to tolbutamidéhe face of a lower triggering
[Ca™]. signal. This can also be seen when the concapirafi glucose is increased
in the presence of a saturating concentrationlbtitamide (Fig. 18). Preservation of
both the rapidity and magnitude of amplificatioteafislet treatment with nocodazole
and taxol implies that the process neither involaasacute action of glucose on
microtubules nor is conditioned by a microtubuledraged particular organization of

pools of insulin granules.

2.3-GENERAL DISCUSSION OF STUDIES 1 AND 2

Rodent beta-cells contain 9000 — 13000 insulin glem(Dean 1973, Olofsson
et al. 2002, Straub et al. 2004) distributetb igeographically and/or functionally
distinct pools. For the sake of simplicity, | wilkse the following discussion on a
total of 20000 granules. About 50-100 granulestloeight to constitute the RRP, a
subset of the ~700 granules that are docked with glasma membrane. The
remaining ~9000 granules form the reserve poollmth ~1500 are near, but not
attached to, the plasma membrane (almost dockeddfs&n et al. 2002, Straub et al.
2004). Current models ascribe the rapid first plasasulin secretion to release of
granules from the readily releasable pool, whetbassustained second phase is
thought to require the recruitment of granules franreserve pool (Bratanova-
Tochkova et al. 2002, Rorsman and Renstrom 2008).still debated whether this
recruitment involves the physical mobilization ehgules or a mere change in their
properties (priming). The idea that granules mustdocked before entering the

releasable pool is also challenged by recent Sudilng the TIRF technique which
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indicated that granules must not necessarily dafkrb entering the releasable pool
and undergoing exocytosis (“newcomer granules”) ai@Himaizumi et al. 2007,
Shibasaki et al. 2007, Izumi et al. 2007, Kasail€2008).

From our measurements of insulin secretion ratesiasulin content of the
islets we can calculate, on the basis of 10000 uleanper cell, the number of
granules released by each beta-cell. In our corglels, we estimate that about 20
insulin granules were released per beta-cell dutimg first phase (7 min) of
tolbutamide-induced insulin secretion, and aboutgBinules during second phase
(computed over 20 min) (Fig. 21A). During glucosduced secretion, although
[Ca™]. is lower than during tolbutamide stimulation, thembers are 45 and 70
granules respectively (Fig. 21B). Although thesehars are smaller than the size of
the readily releasable pool, the amplifying actodrglucose (2-fold) is thus already
evident during first phase. This remains true whiet phase is repetitively triggered
by four short pulses of high glucose (Fig. 14B)clsobservations refute the idea that
first phase is determined only by the amplitudetta# triggering C& signal. A
similar conclusion was reached previously by conmgathe changes in [€§. and
insulin secretion in response to different glucasmcentrations (Henquin et al.
2006b).

Disruption of the web of actin microfilaments bytachalasin B or latrunculin
B increases the number of insulin granules undénnélae plasma membrane
(VanObberghen et al. 1973, Jewell et al. 2008)tand, presumably, the size of the
readily releasable pool as in chromaffin cells &étet al. 1995). This can explain
how ~90 granules can be released during the finsis@ of tolbutamide-induced
insulin secretion (Fig. 21A). Yet, the amplifyingtion of glucose on the first phase
persists after latrunculin treatment (~140 granuleasd does not fade out during
triggering of several first phases (Fig. 14Dpviously new granules can gain release
competence within just a few minutes of glucosmuskation. We therefore propose
that the amplifying effect of glucose during thesffiphase involves either a rapid
action on the readily releasable pool or faciltatiof the release of granules that

come from another pool, both actions being indepehaf the operation of actin
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filaments. The difference between granule numba&lesased per beta-cell in response
to glucose or tolbutamide is even larger duringstheond phase (Fig. 21A and B).
Importantly these marked differences persist in thlesence of functional
microtubules. The numbers of insulin granules eafrom islets treated with the
combination of nocodazole and latrunculin are alndentical to those from islets
treated with latrunculin alone (compare the numberBig. 21A and B to those in
Fig. 21C and D). Altogether, our results obtainedvhole islets indicate that intact
microtubules are not required for acute refillingtioe releasable pool and for the
short-term control of insulin secretion.

Interestingly, estimations of exocytosis by caawe measurements in mouse
beta-cells treated with colcemid (Proks and Ashct®85) or INS1 cells treated with
vindesin (lvarsson et al. 2004) also suggestedninaiotubules are not necessary for
replenishment of the readily releasable pool ofilinsgranules after its emptying by
trains of depolarizations. We can also exclude tim& microtubule-dependent
acceleration of fast granular movements by gludbte et al. 2005, Varadi et al.
2002) underlies metabolic amplification for a simpéason. Unlike insulin secretion
(Fig. 17) (Henquin 2000), this accelerati@h granular movements was not
augmented further by high glucose in the preseh&Cb(Hao et al. 2005). Kinesin-
driven translocation of insulin granules along miabules (Donelan et al. 2002,
Meng et al. 1997, Varadi et al. 2002) probably dbotes towards the maintenance
of long-term beta-cell secretory function, but dikely to play an active role in the
acute regulation of insulin secretion, except pgshan pathological degranulated
beta-cells or in inherently poorly granulated deles. Other functions of kinesin-1
are also possible. Thus, the targeted inactivaiiokinesin-1 in beta-cells led to the
inhibition of both phases of glucose-induced ins@lkecretionn vivo, independently

of any alterations in sub-cellular localizationim$ulin granules (Cui et al. 2011).
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Fig. 21: Estimation of the number of granules relesed per individual B-cell during the
two phases of insulin secretion stimulated by tolllamide (A and C) or glucose (B and D)

in control islets and islets treated with latruncuin B, nocodazole or a combination of
both. Calculations are based on actual rates of senratid insulin contents of the islets. For
facility, we used the numbers of 10000 granules3pesll in control islets and 9000 pgicell

in islets treated with latrunculin B (because tleticontent was ~10% lower). First phase was
integrated over 7 min (2-9 min for tolbutamide &d0 min for glucose) and second phase
was integrated over 20 min (10-30 min for both).
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Straub and Sharp (2004) have proposed a model ichwhe releasable pool
itself contains a smaller pool oimmediately releasable granules (with full
competence), and suggested that the rate-limiteyg af secretion is entry into that
smaller pool. In their model, amplification correggs to the conversion of docked
granules into immediately releasable granules. @sults are compatible with their
proposal that amplification corresponds to acqoisiof full release competence by
the granules. However, we cannot distinguish betwéee two possibilities:
acceleration of the priming process of previousbglaed granules or facilitation of
exocytosis of previously undocked granules. Stiaudb Sharp also proposed that the
size of first phase is dependent on the size oirtimeediately releasable pool, which
can be influenced by the “history of exposure tacgke”, i.e. a time-dependent
potentiation mediated by the amplifying pathwayrd8b and Sharp 2004). Our
interpretation is slightly different. Thus, we shdlat metabolic amplification is a
rapid phenomenon that is turned on almost as na@mdl the production of the
triggering signal and thereby controls the ampktwd first phase. Our observations
also call for amendments to mathematical modelsthef amplifying pathway
(Bertuzzi et al. 2007, Chen et al. 2008).

Several recent studies using total internal refdectluorescence microscopy
to visualize exocytotic events indicate that neweorgranules (i.e. granules that
belong to neither the readily releasable nor theked pool) are being released
during both the first and second phases (Izumil.eR@7, Shibasaki et al. 2007,
Kasai et al. 2008) or preferentially during secphdse (Ohara-Imaizumi et al. 2007)
of glucose-induced insulin secretion. An intéres model (Pedersen and Sherman
2009) has proposed that these newcomer granulesspond to a functional pool of
highly C&*-sensitive granules, which can be increased byogki¢Yang and Gillis
2004). In the light of these results and of therentr study, we would like to
speculate that amplification corresponds to fatitin of release of these newcomer

granules.
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In conclusion, amplification of insulin secretiory lglucose is rapid and,
contrary to current models, influences the firswedl as the second phase through
cytoskeleton-independent mechanisms. Because tbeegw corresponds to the
release of larger numbers of granules for similarlower [C&"]. in beta-cells
(Henquin 2000), our laboratory previously suggeskted an increase in the efficacy
of C&* on exocytosis is the underlying cause. We woulds mather suggest that
metabolic amplification augments the number ofaséecompetent insulin granules,
possibly in a highly Cé-sensitive pool. This should now help identifyinget
molecular mechanisms and cellular effectors of angjtatively important (Henquin

2009) regulatory step of stimulus-secretoamuplingin beta-cells.
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Study 3

Involvement of AMPK in metabolic amplification of insulin secretion

Unpublished results

AMPK functions as a sensor of cellular energy statbHardie 2008). In
pancreatic beta-cells, AMPK activity can be regedlaby glucose through changes in
adenine nucleotides. Thus, when beta-cell oxidathetabolism is enhanced by
increasing glucose concentrations, the resultisgyin ATP and decrease in ADP and
AMP concentrations leads to a decrease in AMPKviggti{Rutter et al. 2003).
AMPK might thus be an effector in fuel-induced ilsisecretion, but the available
data are contradictory. My aim in this short pdrimy thesis work was to evaluate
the involvement AMPK in insulin secretion and pautarly in metabolic

amplification.

3.1-AMPK subunits isoforms

There exist multiple isoforms of each of the 3 sutsucomposing AMPK d,
ap; B, P2; Y1, Y2, v3). Different combinations of the isoforms are exgged in a tissue-
specific manner: complexes containimgpredominate in muscles while hepatocytes
display equal amounts af;, and a, activity. The main catalytic subunit isoform
expressed in pancreatic beta-cellg;i¢Rutter et al. 2003) and expression level of the
ap-subunit is 10 times less. It has also been shdwan the a;-subunit is mostly
cytosolic whereas the,-subunit is concentrated in the perinuclear regfum et al.
2010). TheB;-subunit seems to be preferentially found in comgdecontainingy,

whereag, is often associated witlp-containing trimers (Scott et al. 2008).
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3.2-AMPK activators

AMPK activation requires phosphorylation of ThrlinZhe activation loop of
the catalytica-subunits by the upstream LKB1 or Cam@KSeveral classes of
AMPK activators exist. One of these pharmacologieglents, the biguanide
metformin, has long been used to treat type 2 tksbdt acts by reducing blood
glucose levels via AMPK-dependent inhibition of agp gluconeogenesis. Like the
related phenformin, metformin has no direct effect AMPK activity. Both
compounds act by inhibiting complex | of the mitondrial respiratory chain
resulting in an increase in AMP/ATP ratio (Fogaahd Hardie 2010).

5-aminoimidazole-4-carboxamide riboside (AICAR) isidely used to
investigate the downstream effects of AMPK actmati In cells, AICAR is
converted by adenosine kinase to ZMP, an analogM® which can bind to the
subunit and activate AMPK (Fogarty and Hardie 201@pwever, it has been
previously suggested that AICAR metabolism in bmtls leads to sequential
generation of ZMP, ZDP and ZTP (Malaisse et al.41QRutter et al. 2003) which
might generate off-target effects.

The thienopyridone compound A-769662 acts asextallosteric activator of
AMPK by binding to thepl subunit (Scott et al. 2008) as well as by inimbit
Thrl72 dephosphorylation. This novel drug has tdeaatage of not affecting
adenine nucleotides and having fewer off-targeza$f than other activators vivo
studies have shown that A-769662, by activating AMBwers plasma glucose by
40%, reduces body weigh gain and decreases boffimaland liver triglyceride
levels in ob/ob mice (Cool et al. 2006).

3.3-AMPK activation in mouse islets

To study the involvement of AMPK in insulin secoetj | used these 3
activators. Their efficiency in activating islet ANK was assessed by measuring

phosphorylation of acetyl CoA carboxylase (ACits best known downstream
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target (Leclerc et al. 2004, Kefas et al. 2004,a6tm et al. 2007). Physiologically,
phosphorylation of ACC1 and ACC2 inactivates babforms, inhibits fatty acid
synthesis and promotes fatty acid oxidation (Fggand Hardie 2010).

As shown in figure 22, phosphorylated ACC was detd in control islets
incubated in the presence of glucose alone. Metfornmcreased ACC
phosphorylation (Fig. 22, "2 lane), as did A-769662 (Fig. 22,"4lane).
Unexpectedly, AICAR treatment failed to increase A\@hophorylation and even
decreased it (Fig. 22/%3ane). This was also true when a higher concéatratl
mM) of AICAR was used. These results suggest Hmgxpected, metformin and A-
769662 increase AMPK activity in isolated mouseetsiunder our experimental
conditions. Surprisingly, and in contrast with poas findings in MING cells (Da
Silva Xavier et al. 2003), we did not detect antivation of AMPK after treating
mouse islets with 0.5-1.0 mM AICAR.

Cont Met AICAR A-769662

E—— — = _

Fig. 22: Assay of AMPK activation by detection of &etyl CoA Carboxylase (ACC)
phosphorylation.

Batches of 70 islets were incubated for 60 min iKrabs buffer containing 15 mM
glucose = 100 pM Metformin, 500 uM AICAR or 20 uM#9662. An anti-phospho-
ACC antibody was then used to detect phosphorylae@ in islet lysates submitted to
western blotting. These blots are representatitevofsimilar experiments.

3.4-Effects of AMPK activators on glucose-inducedhsulin secretion

A possible influence of AMPK activity on insulin @etion was suggested by
experiments using pharmacological activators oregenup/down regulation of
AMPK in beta-cells. However, the published resadtse controversial. Studies by
Rutter and colleagues reported impaired insuliretEn upon AMPK activation
with AICAR (Da Silva Xavier et al. 2003), metform{Kefas et al. 2004, Leclerc et
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al. 2004) or overexpression of a constitutivelyivectorm of the enzyme (Da Silva
Xavier et al. 2003). Knock-out of both anda, subunits isoforms of AMPK resulted
in decreased insulin secretionvivo and increased glucose-induced secrationtro
(Sun et al. 2010).

By contrast with these findings, AICAR and phenforamduced activation of
AMPK did not antagonize glucose-induced insulinregon, and expression of a
dominant negative form of AMPK had no effect batkted in MING cells (Gleason
et al. 2007). In fact, AICAR was previously repaort® increase glucose-stimulated
insulin secretion from rat islets (Akkan and Mad&isl994), and these observations
have recently been confirmed in mouse islets (Défed. 2010). These discrepancies
may be attributed to different experimental modads well as direct or indirect
inhibitory effects of AICAR on Kp channels. It was thus shown that AICAR
decreases K-ATP channels activity, depolarizes thembrane potential and
increases [Cd]. (Diifer et al. 2010). The role played by AMPK irugbse-induced
insulin secretion thus remains debated.

To assess the influence of AMPK on insulin secrgtib used the islet
perifusion method described earlier. 100uM Metfornor 500uM AICAR were
added to the perifusion media in test groups asdlim secretion was stimulated by
increasing the glucose concentration from 1 to 15mMe control biphasic secretory
response is shown by open circles in figure 23A Bndletformin decreased (Fig.
23A), whereas AICAR increased (Fig. 23B) glucossgumed insulin secretion,
mainly during the second phase. These observatongrast with the inhibitory
effect of AICAR reported by the group of Rutter (Bdva Xavier et al. 2003, Kefas
et al. 2004, Leclerc et al. 2004) but are in agesgmvith other studies (Akkan and
Malaisse 1994, Dufer et al. 2010).
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Fig. 23: Effect of AMPK activators on glucose-indued insulin secretion.

A and B: insulin secretion in response to 15 mMcgke (G15) measured in control islets
(open circles) perifused without or test isletsfpged in the presence of 100 pM Metformin
(A) or 500 uM AICAR (B). C: Glucose-induced insukecretion during static incubations
in the presence of 3 mM (open columns) or 15 mMdblcolumns) glucose. 20 uM of the
direct AMPK activator compound A-769662 were addedest media when appropriate.
Results are mean values of 2 experiments in A gnahB means + SEM for 6 batches of
islets in C.

Because of these conflicting results obtained uswmdgect AMPK activators
and taking into consideration the lack of effectAdCAR on AMPK activity in my
preparations, | used A-769662 to test the effetidirect and more specific AMPK
activation on insulin secretion. Because of limigadhilability of the substance, |
used a system of islet incubation. As shown in reg23C, A-769962 had no
significant impact on either basal insulin secretio the response to 15 mM glucose.

In summary, my results show that while AMPK activat by metformin
indeed decreases the secretory response to gluttesenore specific and direct
AMPK activator A-769662 does not affect insulin #©ON. In My experiments,
AICAR increased the insulin response to glucoséaut increasing AMPK activity.
This observation corroborates existing doubts iiggrthe specificity of this drug
and indicates that its effects on insulin secretioght actually be due to its action on
Katp Channels via the ATP analog ZTP produced by AlGA&abolism in the cell
(Dufer et al. 2010).

106



3.5-Effect of AMPK activators on metabolic amplifiation

It has been proposed that AMPK affects distal stepsnsulin secretion
beyond the CA triggering signal. This suggestion was based gregments where
expression of a constitutively active form of AMBKMING cells inhibited glucose-
induced vesicle movements and decreased the nwhbecked and fusing granules
independent of changes in [¢Ja and ATP (Tsuboi et al. 2003). This study also
showed that the decrease in glucose-induced gramaNement and exocytosis upon
forced AMPK activation was associated with failuog glucose to induce
rearrangement of the cortical F-actin web (Tsulioale 2003). In 2009, the same
group amended their first interpretations. The arglihen showed that glucose did
not increase overall granule movements but incckadbe number of granules
undertaking long excursions at speeds in the mtlseveral um/s (Hao et al. 2005).
Their working hypothesis was that AMPK action inwed cytoskeleton-related
motor proteins such as kinesin which can be phastdated by AMPK and to affect
granule movement toward the cell periphery (McDdredlal. 2009). In contradiction
with their early results, AMPK activation did ndffect granule movement and did
not modify the phosphorylation state of kinesirhtighain-1 (KLC1) thought to be
involved in granule movements along microtubulesdnald et al. 2009).

To test the involvement of AMPK in metabolic amigigtion of insulin
secretion, | compared the secretory responsesntM3RCI in low vs. high glucose
in control islets and in the presence of differ&dMPK activators. As shown in
figure 24A, K30-induced insulin secretion is muaieajer in the presence of 15mM
than 3mM glucose. The difference in the secretesgponses is attributable to the
amplifying effect of glucose as detailed earlier.

In the presence of 100uM metformin (Fig. 24B), Heeretory response was
unaffected in low glucose but amplification was @betely suppressed. The
presence of 500uM AICAR, had no effect on K30-ireihsulin secretion at low or
high glucose. Finally, direct AMPK activation by 769662 (20uM) slightly
increased K30-induced insulin secretion duringstancubation experiments (Fig.
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24D). This increase was not significant in low gise but reached statistical

significance in high glucose. The difference betwé®e responses in low vs. high

glucose i.e. metabolic amplification was not aféecby the drug. In our experiments,

metformin specifically attenuated depolarizatiomiesd secretion in the presence of
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high glucose. Since this drug probably inhibits aoitondrial ATP synthesis, |
speculate that metformin affects metabolic amg@iimn by lowering cytosolic ATP
rather than by activating AMPK. ATP is indeed a onaggandidate as a mediator of
amplification as we have seen in the introductidmat the effect is not due to AMPK
activation is shown by our observation that dirembye specific activation of AMPK
by A-769662 does not decrease the secretory respons30 and does not attenuate
amplification of insulin secretion by glucose.

To understand the role of AMPK in metabolic amphfion of insulin
secretion despite the relative inconsistency aflte®btained using pharmacological
activators, | planned studying islets from AM&K and/or a,-null mice.
Unfortunately, such mice were not made availableigo | only could perform a
single series of experiments (n=1) using isletsnfane AMPKux;-null mouse. The
results showed that metabolic amplification peesisin the absence of AMPK

activity (data not shown).

3.6-Conclusions

In these preliminary and admittedly incomplete ekpents, | did not obtain
any evidence suggesting that AMPK is involved intaacontrol of insulin secretion,

particularly in metabolic amplification. This parft my project was thus stopped.
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Study 4

Role of actin microfilaments in neurohormonal amplfication of
insulin secretion: the cAMP pathway

Unpublished results

4.1-INTRODUCTION

4.1.1-Insulin secretion and cAMP

That cAMP increases insulin secretion has long bestablished by
experiments using exogenous cAMP, direct activatbdnadenylyl-cyclase with
forskolin or inhibition of phosphodiesterases by tmgxanthines (reviewed by
Malaisse and Malaisse-Lagae 1984, Henquin 1985tiRrand Matschinsky 1987).
Several isoforms of adenylyl-cyclases and phosmsbeliiases are expressed in beta-
cells (Ramos et al. 2008, Furman et al. 2010) aediate the effects of distinct
agents. Physiologically, the incretins GLP-1 ané @btentiate insulin secretion via
activation of G-protein-coupled adenylyl cyclasdiiath causes a rapid elevation of
beta-cell cAMP (Gromada et al. 1998, Ramos et QD82 Leech et al. 2011).
Incretins amplify insulin secretion induced by eltad glucose levels during meals.
Glucagon can also increase insulin secretion b@sdwot do so during fasting
periods because beta-cells are inhibited by thealmbient glucose levels.

A direct involvement of cAMP in the signaling patay of glucose-induced
insulin secretion is more controversial becauseatfalable results differ depending
on the model and the species. Thus, glucose waml fmuincrease cAMP content in
rat islets (Grill and Cerasi 1973, Sharp 1979)rmitin purified rat beta-cells (Schuit
and Pipeleers 1985) or mouse islets (Thams et282,1Henquin and Meissner
1984). When it has an effect, glucose causes yetklase cAMP rise attributed to
activation of a C4 and ATP-sensitive soluble adenylyl-cyclase.
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Recent studies succeeded in measuring cCAMP inubeembrane space of
mouse beta-cells. cCAMP was found to vary with agillagory pattern in response to
GLP-1 (Dyachok et al. 2006) and to glucose (Dyaclkokal. 2008). Moreover,
glucose-induced cAMP oscillations were closely éidko [C&’]. oscillations, both
being suppressed in the absence of extracelluldr@avhen L-type C& channels
were inhibited (Dyachok et al. 2008Jhe interplay between cAMP and [Ch
appeared to involve both Ezeffects on cAMP dynamics via regulation of adehyly
cyclase and phosphodiesterase (Landa et al. 20@#hdk et al. 2008) and cAMP
effects on the CA signal via regulation of K-ATP channels (Kang ét 2008),
voltage-dependent Eaentry (Ammala et al. 1993a) and Gianduced C4' release
(Kang et al. 2003). Such a coordination of glucimskiced oscillations of cAMP and
[Ca™]. was found to be required for optimal amplitudepafsatile insulin release

from single, isolated beta-cells (Dyachok et aD&@0

4.1.2-The effectors of CAMP in insulin secretion

CAMP increases insulin secretion through two datpathways:
- by binding to the regulatory subunit of proteimdse A (PKA), CAMP causes
dissociation of the active catalytic subunits whiphosphorylate a number of
incompletely identified target proteins (Jones Bedsaud 1998).
- by activating Epac2 (Exchange protein directlinaated by cAMP), also known as
cAMP-regulated protein guanine nucleotide exchdage®r (cCAMP-GEFII), cAMP
exerts rapid PKA-independent effects (Eliasson.€2G03, Holz et al. 2004).

The PKA pathway: Activation of PKA leads to phosphorylation of sealer
proteins in beta-cells, but how this phosphorylatiesults in an increase of insulin
secretion is not fully understood.

Glucose transporter-2 (Glut2), the Kir6.2 and SU&Ibunits of K-ATP
channels are phosphorylated by PKA (Yu dmd 2010), as well as proteins
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associated with the secretory process (Seino &08P). Among the latter, Racl, a
member of the Rho GTPase family, was found to laed by forskolin and to
translocate to the plasma membrane in INS1 cellsravtit might regulate actin
polymeriztion (Li et al. 2004). It is thus plauglthat cAMP activates Racl via PKA
to facilitate the trafficking of secretory granulesbeta-cells through formation of F-
actin. This sequence of events is invoked by tlinbition of forskolin-stimulated
insulin secretion and the disappearance of F-ddaments in cells expressing a
dominant-negative Racl (Li et al. 2004). The abde#a are in agreement with
earlier suggestions that PKA activation increases rtumber of readily releasable
granules (Renstrom et al. 1997) and of highly‘@ansitive granules (Wan et al.
2004), although some of the effects of cCAMP on glamvailability have been found
to be PKA-independent (Eliasson et al. 2003). gdtngly, the increase in size of
the pool of highly C&-sensitive granules induced by PKA is additive wikte
increase induced by glucose, suggesting that tfeetedf glucose is cCAMP/PKA-
independent. In contrast, the effects of PKA andCRHiscussed later) on pool size
are not additive, which suggests that activatiorthef two kinases converges on a
common mechanism (Yang and Gillis 2004, Wan eR@04). That such effects of
cAMP/PKA on insulin granule availability for releaould involve the cortical F-
actin network is suggested by experiments showhnag forskolin reduces F-actin
staining and increases the number of granules mtogitally located beneath the
plasma membrane, two effects mimicked by actin Yeperization with latrunculin
(Pigeau et al. 2009).

The Epac2 pathway: Implication of a PKA-independent pathway in the
potentiation of insulin secretion by CAMP was suwgjgd after observations that PKA
inhibition did not completely suppress the effeat€AMP on exocytosis (Renstrom
et al. 1997). This second pathway involves the cAbitiRling protein Epac2, a
cAMP sensor that seems to mediate the increasesiorf events elicited by the
addition of exogenous cAMP during glucose stimolat(Shibasaki et al. 2007,
Seino et al. 2009).
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The subcellular localization of Epac2 splice wvaisa determines their
involvement or not in the secretory process. Epat@zalized near the plasma
membrane thus contributes to glucose + cAMP-indunedlin secretion in MING
cells whereas Epac2B, found in the cytosol, dogg®eno et al. 2009). The small
GTPase Rapl may be the effector of this Epac2-akgpempathway by increasing the
number of restless newcomer granules particularhing the first phase of glucose-
induced insulin secretion. Utilization of Epac2-gfie analogs of CAMP in mouse
islets also resulted in increased glucose-induoedlin secretion during both first
and second phases (Kelley et al. 2009).

In addition to these effects on the final stepgm@nule exocytosis, Epac?2 is
thought to affect secretion by inhibiting K-ATP cimel activity and raising [G4.
via increased Ca influx and mobilization of intracellular €a(Kang et al. 2005,
2006, Liu et al. 2006).

4.1.3-Role of cCAMP in the metabolic amplification of insulin secretion

The proposal that cAMP mediates the amplifyingeetffof glucose is based
upon the notion that glucose increases beta-céllRALanda et al. 2005, Dyachock
et al 2008), at least in the submembrane regiod, taat CAMP can increase the
secretory response without changing {Ga The second property has been
established in permeabilized islets incubated ia phesence of a fixed [E%
(Tamagawa et al. 1985, Jones et al. 1986), androwd at the single beta-cell level,
in which insulin granule exocytosis was estimatedd changes in membrane
capacitance (Renstrom et al. 1997). In single belig- studied using two-photon
excitation imaging, cAMP was found to increase”’@aduced exocytosis in the
presence of high but not low glucose, which ledattnors to conclude that a factor
other than cAMP is also needed (Hatakeyama etCl6)2 Other observations also
argue against the exclusive role of cAMP. Thuscgée could increase KCl-induced
insulin secretion even when cAMP was raised to \egh levels (Gembal et al.
1993, Sato and Henquin 1998), and amplificatiosisegd when PKA was inhibited
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(Harris et al. 1997, Sato and Henquin 1998). Initamdd there was no correlation
between insulin secretion and total cAMP conceluingtin mouse islets (Sato and
Henquin 1998).

Our laboratory has thus favored the involvementcdMP in hormonal
amplification but not in the metabolic amplifyingatoway of glucose. However,
because recent reports suggested that glucoseechgrillations of CAMP in the
submembrane region (Dyachok et al. 2008) are irapbfor glucose-induced insulin
secretion (ldevall-Hagren et al. 2010), a re-ev@naof the role of cAMP in

metabolic amplification seems appropriate.

4.1.4- Role of microfilamentsin cAMP-mediated increase in insulin secretion

| have described above a number of observaticatsaite compatible with an
action of cAMP on the network of beta-cell micrafilents. However, the
implication of microfilaments in the increased imswsecretion produced by cAMP
was rarely tested directly. One study comparing pfeentiating actions of
cytochalasin B and theophylline (a phosphodies¢éemkibitor) in the perfused rat
pancreas found them to be additive (VanObberghermal.etl975), whereas no
additivity was observed by another laboratory ugungfied rat beta-cells (Wang et

al 1990). The question remains open.

4.2-PERSONAL RESULTS

The aim of my study was two-fold: to investigateetiter the polymerization
state of beta-cell actin microfilaments is impottdar cAMP amplification of
glucose-induced insulin secretion, and to reevalube possibility that cAMP is
involved in metabolic amplification. The experimemere performed with mouse
islets treated with latrunculin to depolymerizeimend jasplakinolide to polymerize
it. CAMP levels were increased by a combinationlefM forskolin to activate
adenylyl-cyclase and 10uM isobutyl-methylxanthindBMX) to inhibit
phosphodiesterases.

114



4.2.1-Impact of microfilament disruption and stabilization on cAM P-dependent
amplification of glucose-induced insulin secretion

In a first series of experiments, islets were egobto IBMX + forskolin
during stimulation with 15 mM glucose (Fig. 25: ween 0 and 40 min). In control
islets, this caused a ~8-fold increase in secrahah was reversible upon wash-out
of the two drugs. When similar experiments wereiedrout in the presence of 1uM
latrunculin, glucose-induced insulin secretion viasreased ~4-fold compared to
controls, as expected (Mourad et al. 2010), and BAdlevation by IBMX and
forskolin caused a further ~4-fold increase in sgan (Fig. 25). The effects of actin
depolymerization and cAMP elevation on secretionsttappear to be additive.
Disruption of microfilaments does not impair thepifiying action of cCAMP. A third
group of islets was pre-treated with 1uM jasplakdeto cause actin polymerization
prior to perifusion experiments. | have previoudiown that the effects of
jasplakinolide on actin polymerization are not msuade upon removal of the drug
(Mourad et al. 2010). Actin polymerization incredsthe secretory response to
glucose ~2-fold, and cAMP augmented it to simiéuels as in controls (Fig. 25

The involvement of actin microfilaments in cAMP-netg¢d amplification of
insulin secretion was also investigated using arogmotocol. Untreated islets were
perifused in 15 mM glucose before being acutelyosed to either latrunculin or
jasplakinolide. As shown in Figure 26A, latruncudaused a progressive but large
(~5-fold) and reversible increase in glucose-indugasulin secretion. When the
experiment was repeated in the presence of IBMX famgkolin, the secretory
response to 15mM glucose was enhanced ~6-foldabtin depolymerization by
latrunculin caused a further 2-fold increase (FA§B). Acute exposure of control
islets to jasplakinolide caused a progressive as®eof glucose-induced secretion
that persisted after washing of the drug, thusiomivig our earlier observations of
the irreversibility of jasplakinolide effects (Mad et al. 2010). Interestingly, when
jasplakinolide was added in the presence of IBMX &rskolin, the drug did not
increase secretion beyond than the increase dalpgecAMP elevation (Fig. 26B)

suggesting non-additive effects of actin polymdriaraand cAMP elevation.
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Fig. 25: Effect of actin depolymerization and polyrerization on cAMP-
dependent increase of glucose-induced insulin setiom. Islets were stimulated
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Fig. 26: Effects of actin depolymerization and polgerization on insulin secretion
induced by glucose alone or in combination with IBMNK and forskolin. A: Mouse
islets were stimulated with 15 mM glucose (G15)4& min. 1 uM latrunculin (Latr;
open circles) or 0.5 uM jasplakinolide (Jas; fill@ttles) was added between 0 and 40
min. B: Experiments similar to those shown in A g/éione in the presence of IBMX
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4.2.2-1nvolvment of CAMP in the metabolic amplification of insulin secretion

The experiments which allowed the laboratory tevpmusly conclude that
cAMP is not involved in metabolic amplification usehe approach of [GH.
clamping by high KCI in the presence of diazoxiBembal et al. 1993, Sato and
Henquin 1998). To retest the hypothesis, | chosedampare [C&]. and insulin
responses in islets stimulated with glucose ontalimide, in the presence or absence
of IBMX + forskolin.

Figure 27A shows that, again in this series, tiwdase in islet [C§. was
larger in response to 500uM tolbutamide + 3mM gégc than to 15mM glucose,
the difference being significant during first aseécond phases (Fig. 27G and H).
cAMP elevation did not affect basal [£ levels nor did it affect the response to
glucose in terms of amplitude (Fig. 27D, G, H). fehevas, however, a striking
modification in the response of [€h to glucose. The oscillations observed during
the second phase in control islets (Fig. 27B shawmepresentative trace) were
abolished when cAMP was elevated, and were replagembntinuous rapid spiking
(Fig. 27E, representative trace). IBMX + forskodiinl not affect the average [€h
response to tolbutamide during the first phasesbghtly increased it during second
phase (Fig. 27D, G, H), without significantly chamy the pattern of individual
responses (Fig. 27C and F).

Next, we studied insulin secretion under the sarperimental conditions (Fig
28). In controls, the secretory response to glucess 2-fold higher than to
tolbutamide during both the first and second phasesecretion (Fig. 28A, G, H).
Microfilament depolymerization with latrunculin @i 28B) and stabilization with
jasplakinolide (Fig. 28C) similarly increased thecietory response to both
tolbutamide and glucose, so that the amplifying@fbf glucose persisted during the
first (Fig. 28G) and second (Fig. 28H) phases, lasernved in a previous study
(Mourad et al. 2010).
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As compared with controls (Fig. 28A), IBMX and fkadin increased the
secretory response to tolbutamide ~6-fold duringt fphase and ~10-fold during
second phase (Fig 28D, note the differences oesgadinterestingly, the response to
glucose was increased only ~3-fold during the fpisase and ~9-fold during the
second (Fig. 28D, G, H). As a result of the grearaplification of the response to
tolbutamide during the first phase, metabolic afigaiion, i.e. the difference
between responses to glucose and tolbutamide, heahiduring first phase (Fig.
28G) but remained unaffected during the second epligy. 28H). Microfilament
depolymerization with latrunculin or stabilizationth jasplakinolide did not alter
cAMP amplification of insulin secretion during stiation with glucose or
tolbutamide (Fig. 28E, G, H). However, comparedhwihtreated control islets, the
amplification by cAMP was augmented by latrunculand unchanged by
jasplakinolide (Fig. 28F, G and H). Importantly,ettsuppression of metabolic
amplification by cAMP during the first phase and jtersistence during the second

phase were observed independently of the statetiof microfilaments.

4.3-DISCUSSION

The results presented above establish that actrofl@ments are not required
for cAMP to amplify glucose- or tolbutamide-inducetsulin secretion. They also
show that metabolic amplification of the first pbasf insulin secretion may involve
cAMP-dependent mechanisms whereas the second plasenot seem to require
such mechanisms.

Recordings with intracellular microelectrodes hasbown that cAMP
increases glucose- or tolbutamide-induced"@apendent electrical activity in beta-
cells within intact mouse islets (Henquin and Me&s1984, Henquin et al. 1987).
These observations prompted the suggestion thatReAkbmotes CA influx in
beta-cells, an effect that could be mediated bygka in the properties of voltage-
dependent CaA channels (Ammala et al. 1993b) or K-ATP channé&lang et al.
2008). | show here that [€% is indeed increased by cAMP during glucose or
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tolbutamide stimulation, but the effect is of snaihplitude and significant only for
the second phase. These results in intact isleieftbre support the conclusions,
obtained in permeabilized islets or single betdscéhat the large amplification of
insulin secretion by cAMP almost exclusively invedvsteps parallel or distal to the
rise in [C&"]. (Tamagawa et al. 1985, Jones et al. 1986, Rensttoal. 1997).
Increasing cAMP concentrations, however, had &istyiqualitative effect on the
C&" response to glucose: [€R oscillations were abolished, in complete agreement
with the abolition of slow waves of membrane pasnf(Henquin and Meissner
1984). This observation is not incompatible witk\pous reports on the coordinated
glucose-induced oscillations of [ER and cAMP (Dyachok et al. 2008, Idevall-
Hagren et al. 2010). The large and sustained iseraacAMP levels induced by the
combination of IBMX and forskolin likely perturb$i¢ normal interplay between
Ca&* and cAMP signaling, thus abolishing the oscillgtpattern of [C&]. changes
during the second phase of glucose stimulations linclear how this qualitative
change quantitatively impacts on insulin secretion.

Studies using TIRFM imaging techniques have idmdtifthe granules
responsible for the cAMP-dependent increase of @rtic events to be newcomers
(Shibasaki et al. 2007), which appear at the plasmmbrane upon stimulation and
undergo exocytosis without being docked (Seino 1e2@09). | show here that
amplification by cAMP is independent of actin mitl@ments. Surprisingly, | found
actin depolymerization and stabilization to intesfdifferently with cAMP-mediated
amplification of insulin secretion. Disruption ofierofilaments with latrunculin
markedly increased the secretory response to gtuand enhanced the amplifying
effect of CAMP. When latrunculin was added duridgcgse + IBMX + forskolin
stimulation, its effect was additive to the inceaaused by cAMP elevatio®n the
other hand, microfilament stabilization with jadpfeolide increased the secretory
response to glucose to a lesser extent than dightailin, but had no effect on the
increase caused by cAMP elevation. When jasplakieokas added during glucose

+ IBMX + forskolin stimulation, it failed to incre® secretion beyond the
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effect of CAMP. These observations indicate thaM&Adoes not increase
secretion by causing actin remodeling but distishes between the increases in
secretion caused by actin depolymerization andlatiion. Overall our data are in
agreement with the proposal that newcomer granuteslved in cAMP
amplification are located not further than 50-106h mway from the plasma
membrane and that their exocytosis does not reqgumieofilament-dependent
movements (Seino et al. 2009).

TIRFM studies have suggested that glucose-induosdlin secretion also
involves these newcomer granules (Shibasaki eD@r | previously showed and |
confirm here that metabolic amplification by glueos independent of beta-cell
microfilaments (Mourad et al. 2010). | also suggdsthat metabolic amplification
might correspond to accelerated priming of hight/‘Gensitive granules (Mourad
et al. 2010). A question then arises: are metalaolct CAMP amplifications one and
the same phenomenon as envisaged by others (Kaghi2910)? Previous studies
from the laboratory ruled out the participationc#&MP in metabolic amplification
(Gembal et al. 1993, Sato and Henquin 1998). Heee question was addressed by
evaluating whether the insulin response to glucasmains larger than that to
tolbutamide in low glucose in the presence of sdilnig CAMP levels. The results
show that the difference was unaffected duringsémond phase of insulin secretion
but was suppressed during the first phase, althdadih phases were amplified by
cAMP. We therefore cannot rule out the possibilihat CAMP participates in
metabolic amplification during the first minutes glucose stimulation, but it is
obvious that the major metabolic amplification takiplace during the second phase
involves cAMP-independent effects of glucose. Thesaclusions hold when

microfilaments are disrupted or stabilized.
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Study 5

Role of actin microfilaments in neurohormonal amplfication of
insulin secretion: the protein kinase C pathway

Unpublished results

5.1-INTRODUCTION

5.1.1-Insulin secretion and protein kinase C

It has been known for many years that pharmacadbgictivation of protein
kinase C (PKC) by phorbol esters increases insséicretion in a Ca-dependent
manner (Zawalich et al. 1983). The PKC family coisgs three main groups of
isoforms: conventional PKCs ¢, B and y) that are activated by &aand
diacylglycerol (DAG);novel PKCs 6, €, n and6) that are activated by DAG only;
atypical PKCs (, VA andp) that are independent of €aand DAG but activated
downstream of phosphatidylinositol (PI) 3-kinasen@entional and novel PKCs are
activated by phorbol esters (such as PMA). Pancrdetta-cells express several
isoforms of PKC of which PK& and PK@ are the most abundant (Onoda et al.
1990), but PK@, PKCe, PKCE are also present (Jones and Persaud 1998, Schmitz-
Peiffer and Biden 2008)Stimulation of the PKC pathway occurs via distinct
mechanisms and plays distinct roles during recepexdiated and glucose-mediated

insulin secretion.

5.1.2-Acetylcholine (ACh) as an activator of the PLC/PKC pathway

ACh, the main parasympathetic neurotransmitterdvito M3 muscarinic
receptors present in the beta-cell plasma meml{td@equin et al. 1988, Gautam et
al. 2007). These receptors are coupled (via Ggg #LC which, upon activation,

hydrolyzes membrane phosphoinositides, qadily phosphatidylinositol-4, 5-
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bisphosphate (PHP(Yamazaki et al. 2010). In islets as in otheis;ehis hydrolysis
results in the formation of two major products:sitol-1, 4, 5-trisphophate (}Pand
DAG (Malaisse et al. 1986, Mathias et al. 1985)e Two second messengers then
activate two distinct pathways that interémtincrease the secretory response to
glucose. It is indeed important to emphasize froendnset that the effect of ACh on
insulin secretion is extremely glucose-dependantivo, electrical stimulation of the
vagus nerve does not affect plasma insulin duriggoglycemia but increases
secretion at higher plasma glucose concentratiGitsvdrds and Bloom 1986).
Similar observations were made when ACh was testedtro using the whole
pancreas (Loubatiéres-Mariani et al. 1973) or isdlaslets (Garcia et al. 1988). This
glucose-dependency reflects better efficiency oCPaCtivation under conditions of
elevated [C#]. as well as greater effects of ACh on membranenpiateand [C&'].

in glucose-stimulated beta-cells.

ACh increases beta-cell [Eh via two main mechanisms (Gilon and Henquin
2001). IP3 produced from PIP2 binds to its specdmeptor (type Il in rat, type | in
mouse beta cells) located on the endoplasmic fetitand triggers mobilization of
intracellular C&" from the ER. Notably, this bHmediated release of ER ta
indirectly depends on the ambient glucose conceorabecause the latter
determines the filling state of the ER. The mohilian of intracellular C& by IP3
causes a marked but transient peak of [gahich is followed by an acceleration of
glucose-induced [C§. oscillations at low ACh concentrations (0.1-1uM)daa
sustained [CH]. plateau at ACh concentrations in the 10-100 uMyea(Gilon and
Henquin 2001). This increase in beta-cell {Gais caused by membrane
depolarization via Nacurrents and Caentry via VDCC (Rolland et al. 2002) and to
a lesser extent by store-operated Gantry (SOCE) (Miura et al. 1997, Liu et al.
1997).

There is no dispute that the concomitant activabdrPKC, which can be
visualized by the translocation of the enzyme frtime cytosol to the plasma

membrane (Gromada and Hughes 2006), is an edssrhaonent of the increase in
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insulin secretion brought about by ACh (Jones amddud 1998, Gilon and Henquin
2001). This increase occurs through changes insdmsitivity of the exocytotic
process to Ca as will be discussed below. Since ACh-dependeitaiion of beta-
cell PKC only occurs when [E]. is elevated, it is likely that PKC-dependent effec
of ACh on insulin secretion are mainly mediatedthy PKGx isoform (Gilon and
Henquin 2001).

5.1.3-The PKC pathway in glucose-induced insulin secretion

The role of PKC in nutrient-stimulated insulin s&®n remains controversial
(Schmitz-Peiffer and Biden, 2008). On one handrethe evidence that glucose
increases DAG in islets via de novo synthesis, thigt form of DAG is richer in
palmitic acid than arachidonic acid and only poabttivates PKC (Regazzi et al.
1990). Another, indirect, way to activate the engymvolves anaplerosis-derived
malonyl CoA which, by inhibiting CPT1, changes dipnetabolism fronfi-oxidation
toward esterification products (Schmitz-Peiffer @iden 2008). LCFA-CoAs thus
formed during glucose stimulation can activate PR@is sequence of events has
been suggested to contribute to glucose-inducedlimnssecretion, particularly
through the amplifying pathway (Yaney and Corke@20 although other effects of
LCFA-CoAs have been envisaged (Nolan et al. 2008).the other hand, several
observations cast doubt on the intervention of PR&hereas inhibition of
conventional PKCs decreases the secretory respoS€h and antagonizes that of
phorbol esters, the impact of this inhibition omase-induced insulin secretion, if
any, is very modest (Zawalich and Zawalich 2001rp€ater et al. 2004). Although
some (not all) studies demonstrated PKC transloeat the plasma membrane in
response to glucose, phosphorylation of PKC sufestiaduced by glucose has been
difficult to establish and showed very little cdaton with insulin secretion
(Carpenter et al. 2004). Activation of atypical PKRBy glucose cannot be excluded
(Jones and Persaud 1998).
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To complicate the picture, recent studies from ¢neup of Biden rather
suggested that PKCexerts an inhibitory influence on glucose-indudedulin
secretion, but this negative effect was only obs@rvnder pathological conditions,
after islets had been pre-cultured in the presaicetty-acids. Such a culture is
known to impair beta-cell function by poorly defthemechanisms sometimes
referred to as “lipotoxicity” (Schmitz-Peiffer et 2007, Cantley et al. 2009).

5.1.4-The PKC pathway in the metabolic amplification of insulin secretion

Previous studies from our laboratory have condutleat PKC does not
mediate the amplifying effect of glucose when stddiunder C#-clamped
conditions. Thus, glucose amplified the secretesponse to 30 mM KCI in islets
cultured with PMA to downregulate PKC (Gembal etZ93) as well as in islets
treated with three different PKC inhibitors (SatodaHenquin 1998). Moreover,
exogenous palmitate, which is known to facilita@HA-CoA formation in islets, did
not mimic the amplifying action of glucose on inausecretion. (Warnotte et al.
1994). The involvement of PKC in glucose-inducegb#imsation of insulin secretion
might also be different between species: the argisneollected in favor have been
obtained in rat islets, not in mouse or human ss{@ones et al. 1992, Zawalich and
Zawalich 1997, 2001). It has even been proposedthigalack of glucose-induced
activation of PKC explains the flat second phasesedretion seen in mice and

humans as compared to the ascending second pleasm sats.

5.1.5-The effectors of PKC on insulin secretion

The mechanism by which PKC activation increaseslimsecretion has not
yet been fully elucidated. In permeabilized betidsc@harmacological activation of
PKC increased insulin secretion in the presence fifed [C&'] (Tamagawa et al.
1985, Regazzi et al. 1989). The resulting conolushat PKC sensitizes exocytosis

to C&" stimulation was supported by membrane potengabndings which showed
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no effect of PKC activation on beta-cell electriaativity despite markedly increased
secretion (Bozem et al. 1987). Studies in singla-oells also showed that PKC
activation by PMA increases depolarization-evokedrstion without affecting Ga
currents (Ammala et al. 1994). These effects of PKiGgest that its target proteins
participate in the final steps of the exocytotiogess. Several SNARE proteins
possess PKC phosphorylation sites: synaptotagnapstaxin 4, VAMP-2 and
SNAP-25 (Rutter et al. 2006). Muncl8-1 has alsonbfeind to be a target for
PKGC3: both phosphorylation of the protein and insukcretion are inhibited in islets
from mice with a knock-out of PK&(Uchida et al. 2007).

5.1.6-Role of microfilamentsin the PKC-mediated increase in insulin secretion

Evidence from other cell types suggests that tgelation of actin dynamics
by PKC is a potential mechanism by which the protenase modifies granule
distribution and their availability for release (M@n-Gadais et al. 1997, Eliyahu et
al. 2005, Larsson et al. 2005). The myristoylated-€ kinase substrate (MARCKS),
which binds actin and probably influences vesicansport, is phosphorylated by
PKC inislet cells (Calle et al. 1992). MARCKS aetiion then leads to activation of
other F-actin modifying proteins such as adducid fascin as well as the Rac and
Rho cascades (Masson-Gadais et al. 1997, Larssal. €X005). It thus seems
plausible that parasympathetic stimulation of lests amplifies glucose-induced
secretion by PKC-mediated reorganization of coltle@actin and/or regulation of
some components of the SNARE excocytotic machiredirect evidence on PKC-
induced actin remodeling, particularly by the RKiSoform (Knutson and Hoenig
1996) as well as Ghdependent association of active PKC with insuliangles
(Brocklehurst et al. 1984) suggested that PKC mmes insulin secretion through
cortical actin reorganization and/or direct act@ngranules resulting in an increase
of the size of the readily releasable pool (Yand Gillis 2004).
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5.2-PERSONAL RESULTS

The aim of my study was two-fold: to investigateetiter the polymerization
state of beta-cell actin microfilaments is impottior PKC amplification of glucose-
induced insulin secretion, and to reevaluate thesipdity that PKC is involved in
metabolic amplification. The experiments were pemied with mouse islets treated
with latrunculin to depolymerize actin and jasplaiide to polymerize it. In a first
series, PKC activation was achieved indirectly wiftM ACh. Because changes in
[Ca™]. also occur in response to ACh, a second seriesstaa®d using the phorbol
ester PMA to activate PKC. These experiments alfeustierway and the available

preliminary results will only be alluded to in tdescussion.

5.2.1-Impact of microfilament disruption and stabilization on ACh-mediated
amplification of glucose-induced insulin secretion

In a first series of experiments, islets were agaoto ACh during stimulation
with 15 mM glucose. In control islets, this caused7-fold increase in secretion that
was reversible upon wash-out of the neurotransmitteg. 29). When similar
experiments were performed in the presence of latkinculin, glucose-induced
insulin secretion was increased ~4-fold comparecbtdrols as expected (Mourad er
al. 2010), and ACh caused a further ~3-fold inceems secretion (Fig. 29). The
effects of actin depolymerization and ACh on secrethus appear to be additive.
Disruption of microfilaments does not impair thepifiying action of ACh.A third
group of islets was pre-treated with 1uM jasplakdeto cause irreversible actin
polymerization prior to perifusion experiments (Mad et al. 2010). Actin
polymerization increased the secretory responggutmse ~3-fold. ACh still had an
amplifying effect but the increase caused by thaoteansmitter did not exceed that
seen in control islets (Fig. 29). The effects airapolymerization and of ACh on
secretion are thus not additive.

128



G5 | ACh (1 M) |

0.6
O + Latr
0.54 ¢ Jasp 500 o
O™\
® Control I /OOOO/ ~O\O
: O
0.44 /O 0~-0%0
7
PO %
0.3+ : o

021 0005000005375 o

Insulin secretion (% of content per min)

Roooooestd - oo
0.1 Qn““
/ % oe®
O-O' T | T T T
-20 0 20 40 60

Time (min)

Fig. 29: Effects of actin depolymerization and polserization on
ACh-dependent increase of glucose-induced insulinesretion.
Islets were stimulated with 15 mM glucose (G15)-42 min and
acetylcholine (ACh; 1 uM) was added between 0 &hdnéh. In one
group ), 1 uM latrunculin (Latr) was present throughdatanother
group @), the islets were preincubated for 90 min in thespnce of 1
UM jasplakinolide (Jasp), but the drug was not ddtte perifusion
media. Values are means * SE for 9 experiments.

The involvement of actin microfilaments in ACh-maiid amplification of
insulin secretion was also investigated using asg@rotocol. Untreated islets were
perifused in 15 mM glucose before being acutelyosgd to either latrunculin or
jasplakinolide. In agreement with the results shoimnstudy 4, both agents
progressively increased glucose-induced insulinresien, the large effect of
latrunculin being reversible in contrast to the Bemaone of jasplakinolide (Fig.
30A). When the experiments were repeated in theepiee of ACh, the secretory
response to 15mM glucose was enhanced ~4-5-foldin Atepolymerization by
latrunculin caused a further 2-fold increase (F@B) whereas jasplakinolide was

ineffective, which confirms non-additivity of théfects of actin polymerization and
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Fig. 30: Effects of actin depolymerization and polgerization on insulin secretion
induced by glucose alone or in combination with AChA: Mouse islets were
stimulated with 15 mM glucose (G15) at -40 min. M gatrunculin (Latr; open
circles) or 0.5 uM jasplakinolide (Jasp; filled atés) was added between 0 and 40
min. B: Experiments similar to those shown in A watone in the presence of
acetylcholine (ACh; 1 uM) throughout. Note the éiffince in scale between A and B
Values are means * SE for 5 (Latr) or 4 (Jasp) rxpaats.

5.2.2-1nvolvment of PKC in the metabolic amplification of insulin secretion

The experiments from our laboratory which formbd basis for concluding
that PKC is not involved in metabolic amplificatiaised the approach of [ER
clamping by high KCI in the presence of diazoxi@einbal et al. 1993, Sato and
Henquin 1998). To re-test the hypothesis, | comp&Eaf]. and insulin responses in
islets stimulated with glucose or tolbutamide,ha presence or absence of ACh.

Figure 31A shows still another series of contsdets in which the [Cd].
Increase was larger in response to 500uM tolbutami@mM glucose than to 15mM
glucose, with a significant difference during figtase only (Fig. 31G and H). ACh
slightly increased basal [E% levels, attenuated the initial lowering producaed b
15mM glucose, but did not affect the first phaseréase in [Cd]. (Fig. 31D, E, G
and H). During the second phase, the large osottistwere replaced by small rapid

ones (compare the representative traces gri3H and E), which resulted in an
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course of [C&]. changes in response to 15 mM glucose (G15) on@dQolbutamide (Tolb) in 3 mM
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min for Tolb stimulation and 3-10 min for glucoderailation) and 30 min for second phase (10-40 min
for both). *Significant difference (P < 0.05 or $@svith appropriate controls. Significant differesdP

< 0.001) between responses to Tolb in G3 and to&d5hown above pairs of columns (G and H).

131



increase in average [€& (Fig 31H). The time-course of the response toutalimide
was not modified by the presence of ACh, but avef&]. was increased during
both phases (Fig 31G and H). The difference in*{lcaluring first and second
phases of glucose and tolbutamide stimulationsneasltered by ACh (Fig 31G and
H).

Next, we studied insulin secretion under the saxgerimental conditions
(Fig. 32). In controls, the secretory responseltease was ~2-fold higher than to
tolbutamide during both the first and second phasesecretion (Fig. 32A, G, H).
Microfilament depolymerization with latrunculin @i 32B) and stabilization with
jasplakinolide (Fig. 32C) similarly increased thecietory response to both
tolbutamide and glucose, so that the amplifying@ffof glucose persisted during
first (Fig. 32G) and second (Fig. 32H) phases, laserved in a previous study
(Mourad et al. 2010).

As compared with controls (Fig. 32A), ACh increagsld secretory response
to tolbutamide ~3-fold during first phase and ~R&ifduring second phase (Fig 32D,
note the differences in scales). The responsglicose was increased ~2-fold
during first phase and ~5-fold during the seconaseh(Fig. 32D, G, H). The
amplifying effect of glucose thus persists duringthbphases of insulin secretion
when the PLC/PKC pathway is activated by ACh, lsutlearly larger during the
second phase. Microfilament depolymerization wétrunculin or stabilization with
jasplakinolide did not alter ACh amplification afsulin secretion during stimulation
with glucose or tolbutamide (Fig. 32E, G, H). Howevas compared with untreated
control islets, the amplification by ACh was inced by latrunculin and unchanged
by jasplakinolide (Fig. 32F, G and H). Overall thata show that metabolic
amplification persists in the presence of ACh, rdgss of the polymerization state
of microfilaments.
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5.3-DISCUSSION

The results presented here show that actin miaraéhts are not required for
ACh-induced amplification of insulin secretion. llsa show that metabolic
amplification of both phases of insulin secretienndependent of PKC activation in
mouse islets.

In the experiments presented above, | used AChctivate PKC via PLC
activation. PKC itself has little or no effect oata-cell electrical activity (Bozem et
al. 1987) and [Cd]. (Ammala et al. 1994). In contrast, cholinergiarstiation of
beta-cells during glucose stimulation is known tobitize ER C&" stores and
increase voltage-dependent’Cantry (Gilon and Henquin 2001). Here, | found that
ACh increased the Garesponse to both glucose and tolbutamide. Whaetitne
course of [C&]. elevation in response to tolbutamide was not &by ACh, the
neurotransmitter altered glucose-induced *[fzaoscillations. This effect can be
explained by the changes in beta-cell electriciViég caused by ACh. Thus, 1 uM
ACh transforms glucose-induced oscillations of meanb potential into continuous
spiking activity, probably due to its Radependent membrane depolarization and the
changes it triggers in voltage-dependent and sipezated C3 currents (Gilon and
Henquin 2001).

Using latrunculin to depolymerize beta-cell miclafnents, | found the effects
of ACh to persist in the absence of functional EracThe increase in secretion
produced by actin depolymerization was additivéhlite increase caused by ACh. It
thus seems unlikely that PKC-mediated amplificatiorinsulin secretion involves
disruption of the cortical actin network. In a kimg similarity to what we observed
upon PKA activation by cAMP, PKC activation by AG@bolished the increase of
glucose-induced secretion by jasplakinolide. Whke have no explanation for this
phenomenon, it is noteworthy that ACh remained d@bleamplify the response to
glucose after stabilization of actin microfilamenits fact, insulin secretion rates in
response to ACh were similar in control and jasplalide-treated islets. It has been

suggested that activation of the Rho GTPase Ragldigin kinases is important for
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secretory granule recruitment by maintaining cart&-actin structures in the
cytoplasm (Li et al. 2004). Our observations sugtes F-actin regulation is neither
sufficient nor necessary for PKA and PKC activationamplify glucose-induced
insulin secretion.

In voltage-clamped hyperpolarized beta-cells, AGbitization of C&" from
the ER evoked a large increase in membrane capeeit@eflecting exocytosis)
which was almost as rapid as that produced by depation-induced Ca entry
(Gromada et al. 1999). This observation promptesl ¢bnclusion that secretory
granules are in the immediate vicinity of both VD@@d intracellular Ca release
sites, but it is unclear whether they constitute on distinct pools. In chromaffin
cells, PMA increases the number of docked and Ieaeleasable granules (Gillis et
al. 1996, Tsuboi et al. 2001). In beta-cells, PKdfivation increases the number of
highly C&*-sensitive granules (Yang and Gillis 2004). In fau study so far has
investigated from which pool originates the largember of granules exocytosed
during combined glucose and ACh (PKC) stimulation.

My experiments show that insulin secretion in cesge to G15 + ACh is
greater than the response to G3Tolb + ACh durirth pbases of insulin secretion.
Therefore, this difference that reflects the ampig effect of glucose metabolism
cannot be ascribed to activation of the PLC/PKChyway. The observations that
glucose and PKC effects on granular pools are igddjiYang and Gillis 2004) add
further support in favor of glucose- and PKC-maeidaamplifications being two
distinct mechanisms that might however affect thmes distal steps in stimulus-
secretion coupling. However, we cannot excludevatibn by glucose of atypical
PKC isoforms (C&- and DAG-independent, and PMA insensitive) différéom
those activated upon cholinergic stimulation (Joares Persaud 1998).

One limitation of my series of experiments is thaEh affects [C&]. in
addition to stimulating PKC. This does not invatelahe general conclusions
because the changes in f3a were similar for glucose and tolbutamide

stimulations. However, experiments using PMA icedly activate PKC in mouse
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islets are underway. The results obtained so thcate persistence of the amplifying
effect of glucose when PKC is directly activated thy phorbol ester and thus

confirm the interpretation of the results obtaimath ACh.

136



VII. CONCLUSIONS

About 20 years have passed since the identificatican metabolic amplifying
pathway in the control of insulin secretion by be#dis. It is now widely accepted
that this metabolic amplification complements theAKRKP channel-dependent
production of the triggering Gasignal, but there is still no agreement on the
mechanisms by which glucose exerts such a cruffatte The second messengers
and effectors involved in this amplification thiesmain largely unidentified.

The general view is that metabolic amplificati@bestively contributes to the
second phase of insulin secretion evoked by nutsenretagogues. Previous work
from the laboratory had already cast doubt ondhisctive contribution. In my thesis
studies, performed under conditions where th&" Gmnal was allowed to change
freely, | provide evidence that amplifying signase produced and increase the
secretory response already during the first phaskecantinue to do so during the
second phase. This implies that the defects ih fingse insulin secretion occurring
at the early stages of type 2 diabetes developmeayt have more than one single
mechanism.

Other groups have proposed that metabolic amatibo is underlain by an
acceleration of microfilament- and microtubule-degent insulin granule
recruitment, to make more granules available ferttlygering of exocytosis by €a
My results do not support the hypothesis. Thus,abwic amplification persisted
during both phases of insulin secretion after eitthsruption or stabilization of
microfilaments or microtubules. | do not exclude thossibility that glucose has
effects on microfilaments and microtubules, as sstgd by others, but | show that
metabolic amplification is independent of such effe | even establish that
concomitant disruption of microtubules and micifients does not perturb the
phenomenon. While microfilaments and microtubulesy rbe necessary for long-
term replenishment of granular pools, my resulsasthat they are not required for

sustaining acute insulin secretion.
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It appears therefore that granules affected by ageaerived amplifying
signals do not have to be “recruited” via the ci@dston. They are probably located
close to the plasma membrane and undergo an aamtselefinal, glucose-dependent
“priming” step that makes them fully release-conepét From my data | cannot
determine whether this acceleration of the primm@cess affects docked or
undocked granules. However, reports using TIRFMvigualize insulin granules
beneath the plasma membrane showed that granléesed during both phases of
the response to glucose are undocked newcomersit dnad been suggested that
these newcomers originate from a pool of highly @ansitive granules. Because
metabolic amplification corresponds to the releafskarger numbers of granules for
similar or lower [C&]. in beta-cells, the laboratory previously proposieat it is
mediated by an increase in the efficacy of’Can exocytosis. | would rather
speculate that metabolic amplification augments ntbheber of release-competent
insulin granules in a highly Gasensitive pool.

| also investigated whether microfilaments areunesyl for amplification of
insulin secretion by PKA and PKC, two protein kieasinvolved in increasing
insulin secretion after stimulation by incretin hmmmes and cholinergic agonists,
respectively. The increase in secretion caused itherePKA or PKC was not
impaired by microfilament depolymerization and veagn additive to that produced
by latrunculin. Although PKA or PKC activation s$tiincreased the secretory
response to glucose after stabilization of micaofients with jasplakinolide, the
effects were not additive for reasons that arectear. | conclude that PKA and PKC
do not increase insulin secretion by causing milenmient-dependent insulin granule
recruitment. Like that of glucose, their action mayget newcomer granules. In
parallel to these studies, | reevaluated the rdléhe two kinases in metabolic
amplification by glucose and found no evidence fioe involvement of PKC.
Whereas it is clear that cCAMP and PKA are not imed| in metabolic amplification
during the second phase, some doubt persists eongetheir contribution to

amplification during the first phase.
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Two pathways control glucose-induced insulin secretion (IS) by
B-cells. The triggering pathway involves ATP-sensitive potassium
(Katp) channel-dependent depolarization, Ca®* influx, and a rise in
the cytosolic Ca®>* concentration ([Ca®™*].), which triggers exocytosis
of insulin granules. The metabolic amplifying pathway augments IS
without further increasing [Ca®*].. The underlying mechanisms are
unknown. Here, we tested the hypothesis that amplification implicates
actin microfilaments. Mouse islets were treated with latrunculin B and
cytochalasin B to depolymerize actin or jasplakinolide to polymerize
actin. They were then perifused to measure [Ca®*]. and IS. Metabolic
amplification was studied during imposed steady elevation of [Ca®™"].
by tolbutamide or KCl or by comparing the magnitude of [Ca?*]. and
IS changes produced by glucose and tolbutamide. Both actin poly-
merization and depolymerization augmented IS triggered by all stim-
uli without increasing (sometimes decreasing) [Ca®*]., which indi-
cates a predominantly inhibitory function of microfilaments in exo-
cytosis at a step distal to [Ca®>*]. increase. When [Ca®*]. was
elevated and controlled by KCI or tolbutamide, the amplifying action
of glucose was facilitated by actin depolymerization and unaffected
by polymerization. Both phases of IS were larger in response to
high-glucose than to tolbutamide in low-glucose, although triggering
[Ca®>*]. was lower. This difference in IS, due to amplification,
persisted when the IS rate was doubled by actin depolymerization or
polymerization. In conclusion, metabolic amplification is rapid and
influences the first as well as the second phase of IS. It is a late step
of stimulus-secretion coupling, which does not require functional
actin microfilaments and could correspond to acceleration of the
priming process conferring release competence to insulin granules.

biphasic insulin release; cytosolic calcium; exocytosis; insulin gran-
ules; pancreatic islets

THE RATE OF INSULIN SECRETION by pancreatic (3-cells is con-
trolled by a hierarchical interaction among circulating nutri-
ents, hormones, and neurotransmitters. The preeminent influ-
ence of glucose itself is exerted via two signaling pathways that
both require metabolism of the sugar in B-cells (1, 11, 39). In
the triggering pathway, closure of ATP-sensitive potassium
(Katp) channels by adenine nucleotides permits membrane
depolarization, which leads to Ca?* influx through voltage-
gated calcium channels and results in an increase in the
cytosolic free Ca®?* concentration ([Ca?*].) that eventually
triggers exocytosis of insulin granules. Simultaneously, glu-
cose activates a metabolic amplifying pathway that does not
involve additional action on Katp channels or further rise in
[Ca®"]. but that augments the secretory response to the trig-
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gering Ca®" signal (14). The cellular mechanisms and effectors
of this amplification have not yet been identified.

During a hyperglycemic clamp, the increase in plasma
insulin concentration is biphasic in humans (4) and rodents (13,
29). In vitro, when a perfused pancreas or perifused isolated
islets are challenged by an abrupt and steady increase in the
glucose concentration, the acceleration of insulin secretion
follows a biphasic pattern with a prominent rapid first phase
and a sustained second phase (6, 12, 13, 39, 54). The mecha-
nisms underlying the biphasic kinetics of insulin secretion are
incompletely elucidated and probably involve both the time
course of intracellular signals and the distribution of insulin
granules in distinct pools (12, 27, 30, 35, 41, 50). The first
phase is commonly attributed to Ca*>*-induced exocytosis of
insulin granules from a limited pool of docked (tethered to the
plasma membrane) and primed (release competent) granules.
In contrast, the second phase is thought to involve functional
recruitment or physical translocation of granules to the exocy-
totic sites. The characteristics and localization of this or these
reserve pool(s) are still disputed (3, 16, 19, 31, 35, 38).
However, the general view holds that the amplifying action of
glucose is necessary for the second phase but not involved in
the first phase.

Most actin microfilaments in (3-cells are organized in a dense
web beneath the plasma membrane (33). Pioneer studies by Lacy
et al. (20) and VanObberghen et al. (45) showed that cytochala-
sins, which depolymerize filamentous actin, facilitate insulin se-
cretion and prompted the suggestion that this filamentous web
actually limits access of granules to the exocytotic sites. Extend-
ing early models (24, 46), more recent work (9, 47, 50) using
single 3-cells or insulin-secreting cell lines has proposed that
granule translocation along actin filaments or remodeling of the
web of actin filaments is involved in the replenishment of releas-
able granular pools, raising the possibility that these events con-
tribute to the amplifying action of glucose.

The aim of the present study was thus to investigate whether
the metabolic amplifying pathway requires functional actin
filaments in B-cells. To this end, mouse islets were treated with
latrunculin B and cytochalasin B to depolymerize actin or with
jasplakinolide to polymerize actin. Three approaches were
used to study the effects of glucose during the first and second
phases of insulin secretion. [Ca%*]. was measured in parallel
experiments to ascertain that the observed changes in secretion
were really due to the amplifying pathway and not to changes
in the triggering Ca>" signal.

MATERIALS AND METHODS

The study was approved by, and the experiments were conducted in
accordance with, the guidelines of the University of Louvain Animal
Research Committee.
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Solutions and reagents. The control medium was a bicarbonate-
buffered solution containing 120 mM NaCl, 4.8 mM KCl, 2.5 mM
CaCl,, 1.2 mM MgCl,, 24 mM NaHCOs3, 10 mM glucose, and 1
mg/ml BSA. It was gassed with 94 O,-6 CO, to maintain a pH of 7.4.
A similar solution was used as test medium in most experiments after
adjustment of the glucose concentration and addition of the studied
substances. When the concentration of KCI was increased to 30 mM,
that of NaCl was decreased accordingly. Most reagents were from
Sigma or Merck (Darmstadt, Germany). Diazoxide (a gift from
Schering-Plough) and tolbutamide were added from fresh stock solu-
tions in 0.IN NaOH. Cytochalasin B (Sigma), latrunculin B, and
jasplakinolide (Calbiochem, San Diego, CA) were added from stock
solutions in DMSO, and an equivalent amount of solvent (1 wl/ml)
was added to control solutions.

Preparations. Islets were aseptically isolated by collagenase diges-
tion of the pancreas of female C57BL6 mice (8—10 mo) obtained from
a local colony. After hand selection, the islets were cultured for about
20 h in RPMI 1640 medium (Invitrogen, Merelbeke, Belgium) kept at
37°C in a 95% air-5% CO, atmosphere. The culture medium con-
tained 10 mM glucose, 10% heat-inactivated FBS, 100 IU/ml peni-
cillin, and 100 wg/ml streptomycin.

Measurements of insulin secretion. Cultured islets were first pre-
incubated for 90 min at 37°C in 2 ml control medium containing 10
mM glucose and supplemented or not with 10 wM cytochalasin B, 2
M latrunculin B, or 1 wM jasplakinolide. Two types of techniques
were then used to study insulin secretion. In one series, batches of
three preincubated islets were incubated in 0.8-ml test medium for 60
min at 37°C. An aliquot of the medium was then taken and diluted
before insulin assay. In most experiments, batches of 20 preincubated
islets were perifused at 37°C (13) with test solutions, the composition
of which was changed as indicated (see Figs. 1-7) . Effluent fractions
were collected at 2-min intervals and saved for insulin assay, using rat
insulin as a standard (13). At the end of the experiments, the islets
were recovered, and their insulin content was determined after extrac-
tion in acid-ethanol (26). At the start of perifusions, the islet insulin
content was (in ng/islet): controls: 95 * 3.7, cytochalasin B: 80 * 3.6,
latrunculin B: 83 * 3.4, and jasplakinolide: 96 = 4. The slightly lower
insulin content (P = 0.05) of cytochalasin- or latrunculin-treated islets
is attributed to the larger secretion during the preincubation period.
Fractional insulin secretion rate was then calculated as the percentage
of islet insulin content that was secreted per minute (26). The two
phases of insulin secretion were computed over 7 and 20 or 30 min,
respectively, as specified (see Figs. 2-7).

Measurements of islet [Ca®™ ]. and NAD(P)H. For [Ca®*]. mea-
surements, cultured islets were loaded with the Ca®>™ indicator fura-
PE3/AM (2 pM) for 2 h at 37°C in 2 ml control medium containing
10 mM glucose and supplemented or not with cytochalasin B, latrun-
culin B, or jasplakinolide. After loading, the islets were transferred
into a chamber mounted on the stage of a microscope and maintained
at 37°C. The fura-PE3 probe was excited at 340 and 380 nm, and
emission was captured at 510 nm by a Quantem 512QC camera
(Roper Scientific, Duluth, GA) and analyzed by the MetaFluor soft-
ware (Universal Imaging, Downington, PA). Stimulus-induced
[Ca®*]. changes were measured in individual islets and averaged for
presentation as mean traces. Average [Ca®"]. during the first and
second phases were computed over the same periods as for insulin
secretion. For NAD(P)H measurements, islets were preincubated for
90 min at 37°C in 2 ml control medium without probe. They were then
examined with the same system as above and excited at 360 nm with
recording of the emitted fluorescence at 470 nm.

Measurements of islet polymerized and depolymerized actin. The
ratio of polymerized (filamentous) to depolymerized (globular) actin
in control and treated islets was measured using a G-actin/F-actin
assay kit (Cytoskeleton, Denver, CO), based on separation of the two
fractions by ultracentrifugation and quantification by Western blot-
ting. Batches of 130 islets were treated exactly as for the other
experiments and then processed as described by the manufacturer,

MICROFILAMENTS AND AMPLIFICATION OF INSULIN SECRETION

with one additional step. Proteins in the supernatant fraction were
precipitated with the ProteoExtract kit (Calbiochem) because they
were too diluted for loading on the gel. The immunoblots were
visualized by the SuperSignal West Dura chemiluminescence system
(Thermo, Rockford, IL), and the ratio of G-actin to F-actin in each
sample was quantified using Quantity One software (Bio-Rad Labo-
ratories, Hercules, CA).

Presentation of results. All experiments have been performed with
islets from 3-10 preparations. Results are presented as means * SE.
The statistical significance of differences between means was assessed
by ANOVA, followed by a Dunnett’s test for comparisons of test
groups with controls or a Newman-Keuls test for comparisons be-
tween test groups. The unpaired #-test was used when only two groups
were compared.

RESULTS

Effects of drug treatment on islet actin. To study the role of
actin microfilaments in the amplification of insulin secretion by
glucose, mouse islets were preincubated for 90 min in the
presence of actin-polymerizing or -depolymerizing drugs. We
first ascertained their effects on the polymerization state of islet
actin. In control islets, 24% of actin was present in filamentous
form (Fig. 1). This proportion was decreased to 6 and 10%
after treatment with latrunculin B and cytochalasin B, respec-
tively. In contrast, 95% of islet actin was in filamentous form
after treatment with jasplakinolide, and this effect was not
reversed (92%) by 60 min of washing without drug (Fig. 1).

Impact of actin depolymerization on metabolic amplification
of insulin secretion during elevation of islet [Ca®™]. by KCL
The amplifying action of glucose is classically studied under
conditions where [Ca®*]. is stably elevated by a nonglucose
stimulus and minimally affected by glucose itself (11). A first
approach consists in holding Krp channels open with diazox-
ide and depolarizing islet cells with KCl in the presence of low
or high glucose (Fig. 2). The resulting increase in [Ca®™]. is
shown in Fig. 2A, inset. It was similar in the presence of 1 and
15 mM glucose, during both the first and second phases (Fig.
2C). However, insulin secretion was larger in the presence of
high glucose (Fig. 2A). The difference, which corresponds to
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Fig. 1. Proportion of polymerized [filamentous (F)] to depolymerized [globular
(G)] actin in control mouse islets and in islets treated with 2 uM latrunculin B
(Latr B), 10 pM cytochalasin B (Cyto B), and 1 uM jasplakinolide (Jasp).
Islets were incubated for 90 min in control medium containing 10 mM glucose
and supplemented or not with the drugs, before being lysed and submitted to
ultracentrifugation to separate the 2 actin fractions. Extracts were then sub-
jected to Western blotting for actin. Bars show the percentages of G and F actin
in 3-5 experiments, of which 1 representative blot is shown at fop. In the group
Jasp/wash, the islets were treated with jasplakinolide and then washed without
drug for 60 min before lysis. The representative blot was not obtained in the
same experiment as the other 4. Values are means = SE.
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Fig. 2. Effects of actin depolymerization and polymerization on glucose amplification of insulin secretion during clamping of the cytosolic Ca?* concentration
([Ca?*].) in islets with KCI. Islets were first preincubated for 90 min with or without 2 wM latrunculin B, 10 wM cytochalasin B, or 1 wM jasplakinolide. They
were then used to measure insulin secretion (A, B, and D) or [Ca®"]. (C and in A, inser). Experiments were performed in the presence of 100 uM diazoxide to
prevent any effect of glucose on ATP-sensitive potassium (Katp) channels and either 1 or 15 mM glucose (G1 or G15). Islets were stimulated by a rise of the
KCI concentration from 4.8 to 30 mM (K30) at 0 min. Latrunculin B and cytochalasin B were present during the experiments but jasplakinolide was present
during the preincubation period only. A and B: time course of insulin and [Ca?*]. changes induced by KCI. C and D: [Ca®"]. and insulin responses integrated
over 7 min for first phase (2-9 min) and 30 min for second phase (10—40 min). *P < 0.05 or less, significant difference with controls (C). Significant differences
between responses in G1 and G15 are shown above pairs of columns, together with the fold difference in insulin secretion (D). Values are means * SE for 9
experiments of insulin secretion and 30—40 islets from 5-7 preparations for [Ca®*]..

the amplification, was significant for both the first phase
(1.7-fold) and second phase (2.1-fold) of KCl-induced insulin
secretion (Fig. 2D).

Similar experiments were then performed after depolymer-
ization of actin microfilaments with latrunculin B or cytocha-
lasin B, which were present during the preincubation period
and during [Ca®"]. and insulin measurements. Latrunculin B
(2 uM) augmented KCl-induced insulin secretion in low and
high glucose (compare Fig. 2, A and B) without affecting the
increase in [Ca®*]. (Fig. 2C). Notably, only the first phase of
KCl-induced insulin secretion was significantly augmented in 1
mM glucose (Fig. 2D), whereas the two phases were markedly
and significantly larger in the presence of high glucose. As a
consequence, the amplifying action of glucose (ratio of the
responses in low and high glucose) was increased by latrun-
culin B, compared with controls (Fig. 2D).

Treatment of the islets with cytochalasin B produced similar
results. KCl-induced [Ca®"]. rise was unaffected (Fig. 2C), but
KCl-induced insulin secretion was augmented, and more so in
high than low glucose (Fig. 2D), so that the amplifying action

of glucose was larger than in control islets. This first series of
experiments suggests that depolymerization of actin microfila-
ments might facilitate metabolic amplification of insulin secre-
tion.

Impact of actin depolymerization on metabolic amplification
of insulin secretion during elevation of islet [Ca’™]. by
tolbutamide. A second approach to study the amplifying action
of glucose consists in raising the concentration of glucose
when all Katp channels have been closed by a high concen-
tration of sulfonylurea (11). Addition of 500 wM tolbutamide
to a medium containing 3 mM glucose markedly increased islet
[Ca%*]. (Fig. 3A) and induced insulin secretion (Fig. 3B).
Subsequently, raising the concentration of glucose to 15 mM
caused a rapid drop in [Ca"]. followed by a return to levels
slightly higher than before glucose stimulation (37) (Fig. 3A).
Simultaneously with the [Ca®*]. reascension, insulin secretion
increased well above initial levels (Fig. 3B). The difference in
secretory rate between steady-state periods in tolbutamide +
high glucose (40—60 min) and tolbutamide + low glucose
(10-30 min) averaged 3.9-fold (Fig. 3D) for only a minor,
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although significant, increase in [Ca®"]. (Fig. 3C). It is thus
largely attributable to amplification (37).

Cytochalasin B treatment did not affect the [Ca rise (Fig.
3A) but strongly potentiated insulin secretion (Fig. 3B) induced
by tolbutamide in 3 mM glucose. When the concentration of
glucose was then raised to 15 mM, [Ca%"]. and insulin secre-
tion transiently decreased before increasing to prestimulatory
levels for [Ca?™]. (Fig. 3, A and C) and much higher for insulin
secretion rate (Fig. 3, B and D). Similar results were obtained
in islets treated with latrunculin B. As a result, the amplifying
effect of glucose after actin depolymerization was of a similar
relative magnitude (3.2- and 4.1-fold) as in control islets (3.9-fold;
Fig. 3D). Note, however, that these similar relative changes
correspond to larger absolute amounts of insulin (Fig. 3B).

The transient decrease in [Ca®']. that occurs when the
concentration of glucose is increased in the presence of a high
concentration of tolbutamide reflects Ca?* uptake by the en-
doplasmic reticulum and transient [3-cell membrane repolariza-
tion (8). This decrease in [Ca%*]. was of longer duration in
islets treated with cytochalasin B than in controls (Fig. 3A),
which delayed the secondary increase in insulin secretion (Fig.
3B). Measurements of islet NAD(P)H showed that this delay
cannot be attributed to an inhibition or slowing of glucose
metabolism by the drug (Fig. 3B, inset). Other studies (18)
have shown that the inhibition of glucose transport and oxida-
tion that cytochalasin B causes in rat islets occurs in non-[3-
cells. We tentatively suggest that the longer fall in [Ca®*],,

2+]
c
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20 30 40 50 60 Cc Latr Cyto Jasp
Time (min)

also observed with latrunculin B (not shown), could reflect an
influence of actin microfilaments on Ca>* sequestration by the
endoplasmic reticulum or on store-operated currents in 3-cells
as in other cells (21, 25, 36).

Impact of actin depolymerization on metabolic amplification
of insulin secretion studied without clamping of islet [Ca*™]..
The amplifying action of glucose can also be studied by
comparing the changes in [Ca®*]. and insulin secretion pro-
duced by separate stimulation of islets with either glucose or
tolbutamide. As shown in Fig. 4A, the increase in [Ca®™].
produced by 15 mM glucose was delayed compared with that
produced by 500 puM tolbutamide in 3 mM glucose, and its
magnitude was slightly smaller during both first and second
phases (Fig. 4B). The onset of insulin secretion was also slower
after stimulation with high glucose than tolbutamide (Fig. 4C),
but the magnitude of the response was larger (~2-fold), during
both the first and second phases (Fig. 4D).

Islet pretreatment with latrunculin B or cytochalasin B did
not significantly affect tolbutamide-induced [Ca®*]. rise dur-
ing either phase (Fig. 4B), but increased tolbutamide-induced
insulin secretion three- to fourfold during both phases (Fig.
4D). Both agents also strongly augmented glucose-induced
insulin secretion and more so during the second phase (~6-
fold) than the first phase (~3-fold; Fig. 4D). This increase in
secretion occurred while glucose-induced [Ca®*]. rise was
unaffected or slightly attenuated (Fig. 4B).
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Fig. 4. Comparison of the effects of actin depolymerization or polymerization on glucose- and tolbutamide-induced insulin secretion. Islets were first preincubated
for 90 min with or without 2 uM latrunculin B, 10 wM cytochalasin B, or 1 uM jasplakinolide. They were then used to measure [Ca®*]. (A and B) or insulin
secretion (C and D). Islets were stimulated with 500 M tolbutamide (Tolb, thin line or O) in the presence of 3 mM glucose (G3), or by an increase in the glucose
concentration from 1 to 15 mM (G1-G15, thick line or @). Latrunculin B and cytochalasin B were present during the whole experiments, whereas jasplakinolide
was present during the preincubation period only. Experiments with tolbutamide are the same as those of Fig 3. A and C: time course of [Ca®>*]. and insulin
changes in control islets. B and D: [Ca?*]. and insulin responses integrated over 7 min for first phase (2-9 min for tobutamide stimulation and 3-10 min for
glucose stimulation) and 20 min for second phase (10—30 min for both). *P < 0.01, significant difference with controls. Significant differences (P < 0.01)
between responses to Tolb (open columns) and G15 (filled columns) are shown above pairs of columns, together with the fold difference in insulin secretion (B
and D). Values are means + SE for 8—10 experiments of insulin secretion and 3038 islets from 5-7 preparations for [Ca®*]..

Comparison of the responses of control islets to the two
stimuli shows that glucose induced larger first and second
phase insulin secretion than tolbutamide in the face of a smaller
[Ca?*]. rise in control islets. The amplifying action of glucose
therefore is a rapid and sustained phenomenon. The greater
effect of glucose on insulin secretion in spite of a lesser
increase in [Ca®*]. persisted in test islets when the secretion
rate had been augmented severalfold by depolymerization of
actin microfilaments (Fig. 4D). Compared with controls, the
difference was even larger during the second phase.

We next investigated whether this amplifying action of
glucose during first phase insulin secretion persists when sev-
eral first phases are triggered consecutively. Control islets were
thus stimulated with 15 mM glucose or with 500 uM tolbut-
amide in low glucose during four periods of 8 min separated by
10-min periods of rest. Each stimulation by glucose induced an
increase in [Ca®"]. that was delayed and smaller (first one) or
similar (last three) to those triggered by tolbutamide (Fig. 5A).
In contrast, insulin secretion was consistently three- to fourfold
larger with glucose than tolbutamide (Fig. 5B). Similar exper-
iments were then performed with latrunculin B-treated islets.

Compared with control islets, the increases in [Ca%™]. were
unaffected, whereas insulin secretion triggered by either glu-
cose or tolbutamide was similarly augmented (Fig. 5D; note
the difference in scale with Fig. 5B). These results show that
the amplifying action of glucose is manifest during at least four
successive first phases, even after depolymerization of actin
microfilaments.

Impact of actin polymerization on metabolic amplification of
insulin secretion. Polymerization of actin was achieved by islet
treatment with 1 pM jasplakinolide (Fig. 1). However, in
contrast to latrunculin B and cytochalasin B, jasplakinolide
was present only during the preincubation period because its
addition to perifusion solutions was prohibitively expensive.
Nonetheless, Fig. 1 shows that actin polymerization by jas-
plakinolide was not reversible after 1 h in the absence of drug.

Jasplakinolide slightly inhibited the rise in [Ca®"]. evoked
by 30 mM KCl in low or high glucose (Fig. 2C) but did not
influence KCl-induced insulin secretion except for a slight
increase of first phase response in the presence of high
glucose (Fig. 2D). As a result, glucose amplification of
KCl-induced insulin secretion remained unchanged (2.0- vs.
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Fig. 5. Amplifying action of glucose during repetitive triggering of first phase of insulin secretion. Islet [Ca?*]. (A and C) and insulin secretion (B and D) were
measured in control islets (A and B) and in islets preincubated (90 min) and perifused with 1 pM latrunculin B (C and D). Islets were stimulated by addition of 500
1M tolbutamide to 3 mM glucose (G) or by increasing the glucose concentration from 1 to 15 mM. Stimulation was applied 4 times during periods of 8 min (black
boxes) separated by 10-min periods of rest. Values are means * SE for 3032 islets from 4 preparations for [Ca?*]. and 5 experiments of insulin secretion.

1.7-fold for first phase and 1.8- vs. 2.0-fold for second
phase; Fig. 2D).

Pretreatment with jasplakinolide had no effect on tolbut-
amide-induced [Ca?*]. rise (Fig. 3C) but slightly increased
tolbutamide-induced insulin secretion in low glucose. The
amplification of secretion produced by high glucose under
these conditions was unaffected (3.6-fold in test vs. 3.9-fold in
controls; Fig. 3D).

Pretreatment with jasplakinolide slightly decreased glucose-
evoked [Ca®"]. rise (Fig. 4B) but augmented the two phases of
insulin secretion by 1.7- and 2.2-fold (Fig. 4D), so that the
difference between secretory responses to glucose and tolbut-
amide was unaltered (Fig. 4D). The increase of the two phases
of glucose-induced insulin secretion produced by pretreatment
of the islets with jasplakinolide is illustrated in Fig. 6, left (until
30 min). Jasplakinolide pretreatment also similarly augmented
insulin responses to glucose and tolbutamide during successive
brief stimulations like those in Fig. 5, so that the difference
between effects of the two agents persisted during repetitive
first phases (not shown). The amplifying action of glucose on
the first phase can thus manifest itself when actin microfila-
ments are kept polymerized.

Figure 6, right (after 30 min), shows that the acceleration of
insulin secretion, which followed acute addition of latrunculin
B to control islets, did not occur in islets preincubated with
jasplakinolide. Although these and above results establish that
the effects of a pretreatment with jasplakinolide persist during
perifusions subsequently performed in the absence of the drug,

a final series of experiments was carried out in its presence.
Islets were preincubated with 1 wM jasplakinolide (as in other
experiments) and incubated (rather than perifused) also in its
presence. As shown in Table 1, jasplakinolide increased insulin
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Fig. 6. Preincubation with jasplakinolide prevents the acute effects of latrun-
culin B on insulin secretion. One group of islets (®) was preincubated for 90
min in the presence of 1 wM jasplakinolide, while the other group (O) was
preincubated without drug before being used to study insulin secretion.
Latrunculin B (2 wM) was added and the concentration of glucose changed as
indicated. Values are means = SE for 4 experiments.
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Table 1. Effects of Jasplakinolide on insulin secretion by
incubated mouse islets

Insulin Secretion, ng/islet/h

Incubation Conditions, mM Controls +Jasplakinolide, 1 pM
Experiment 1 (n = 30)

Glucose 1 0.33 + 0.05* 0.51 * 0.04°

Glucose 15 4.95 + 0.45%¢4 9.90 + 0.46b-c*

Experiment 2 (n = 20)

G3 + Tolbutamide 2.67 * 0.2345k 438 *+ (.33e8k

G15 + Tolbutamide 9.32 + (0.74h 13.2 + 0.88=h
Experiment 3 (n = 25)

G1 + Diazoxide+KCl 6.35 + 0.37 7.28 +0.731

G15 + Diazoxide+KCl 18.6 = 1.10! 17.7 = 0.841

Values are means * SE for n batches of islets studied in 4-6 experiments.
Islets were preincubated (90 min) and then incubated (60 min) without or with
jasplakinolide. Insulin secretion was measured at the end of the incubation
period performed in the presence of the indicated concentration of glucose (G)
alone, with 500 uM tolbutamide, or with 100 uM diazoxide + 30 mM KCI.
Statistical by ANOVA followed by a Newman-Keuls test: #b-<--f&hiip < 0,001
and 9P < 0.05, comparing groups with the same letters. The effect of
jasplakinolide in the presence of tolbutamide and low glucose was not
significant by ANOVA but reached *P < 0.0001 by r-test.

secretion when the islets were stimulated by glucose or tolbu-
tamide but not by KCI. The drug did not alter the amplifying
action of 15 mM glucose in the presence of tolbutamide or
KCI. The effect of 15 mM glucose alone remained larger than
that of tolbutamide in 3 mM glucose when jasplakinolide was
present. These results obtained with islets incubated in the
presence of jasplakinolide are thus similar to those obtained
with islets preincubated with and perifused without jasplakino-
lide.

Number of insulin granules released during glucose and
tolbutamide stimulations. From the measurements of the rate of
insulin secretion and the insulin content of the islets, we
estimated the number of insulin granules released by each
B-cell during the two phases of secretion. These calculations
are based on a total of 10,000 granules in control (3-cells (7, 32,
41) and 9,000 granules in latrunculin or cytochalasin-treated
B-cells (owing to the 10% difference in insulin content of the
islets after preincubation with test substance). The results
obtained in control and latrunculin-treated islets are shown in
Fig. 7. In cytochalasin-treated islets, 120 and 360 granules
were released by each 3-cell during first and second phases of
the response to high glucose, compared with 65 and 100
granules during the two phases of the response to tolbutamide.
In jasplakinolide-treated islets, the estimated numbers of se-
creted granules were 80 and 150 compared with 40 and 60 for
each of the two phases of glucose and tolbutamide stimulation,
respectively.

DISCUSSION

Our results show that amplification of insulin secretion by
glucose is a rapid and sustained phenomenon that influences
the magnitude of both first and second phases of the secretory
response, without the requirement of functional actin micro-
filaments in B-cells. We suggest that metabolic amplification is
a late event in stimulus-secretion coupling, possibly corre-
sponding to an acceleration of the priming process that confers
release competence to insulin granules.

Effects of test agents on actin polymerization. Early electron
microscopic studies (45) have shown that cytochalasin B (20
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wM) disrupts the web of microfilaments underneath the plasma
membrane in rat -cells. More recent morphological and bio-
chemical approaches have established that latrunculin B (10
wM) decreases actin polymerization (17, 43, 44), whereas
jasplakinolide (5 wM) increases actin polymerization (28) in
MING6 insulin-secreting cells. We now show that, in mouse
islets, lower concentrations of cytochalasin B (10 pM) and
latrunculin B (2 wM) decrease the proportion of polymerized
actin to <10%, whereas jasplakinolide (1 wM) causes virtually
complete polymerization of actin.

Influence of actin (de)polymerization on insulin secretion.
Cytochalasin B has long been known to increase the two
phases of insulin secretion induced by high glucose or by a
sulfonylurea at nonstimulatory (1.7-5.5 mM) glucose (20, 45).
More recently, latrunculin B was found to increase KCI-
induced and glucose-induced insulin secretion in MING6 cells
(22, 42, 43). In our study, both cytochalasin B and latrunculin
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Fig. 7. Estimation of the number of granules released per individual B-cell
during the 2 phases of insulin secretion stimulated by tolbutamide (A) or
glucose (B) in control islets and islets treated with latrunculin B. Calculations
are based on actual rates of secretion and insulin contents of the islets (see
MATERIALS AND METHODS). For facility, we used the numbers of 10,000
granules per [3-cell in control islets and 9,000 per B-cell in islets treated with
latrunculin B (because the islet content was ~10% lower). First phase was
integrated over 7 min (2-9 min for tolbutamide and 3—10 min for glucose), and
second phase was integrated over 20 min (10-30 min for both).
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B augmented the rapid first phase of insulin secretion induced
by high glucose or by tolbutamide and KCl in low glucose. The
sustained second phase was also augmented except during
stimulation with KCI in low glucose. There is thus agreement
that drugs depolymerizing actin filaments in (3-cells augment
insulin secretion.

In contrast, there is no consensus concerning the impact of
actin polymerization by jasplakinolide. The drug was reported
to inhibit KCl-induced insulin secretion in RIN cells (51) and
MING cells (22) and to block glucose-induced vesicle release
in MING cells (44). These inhibitory effects of jasplakinolide in
cell lines contrast with the potentiation of glucose-induced
insulin secretion observed in incubated mouse islets (28). We
confirm the latter observation and further show that jasplakino-
lide augments both phases of the secretory response to glucose
and tolbutamide but does not significantly change the response
to KCI. We have no explanation for this selective stimulation
that cannot be attributed to distinct effects on [Ca®™"]..

It is thus clear that the peripheral network of actin micro-
filaments functions as a brake of insulin secretion in primary
B-cells (20, 33, 46), and our results show that this brake can be
lifted by either polymerization or depolymerization of actin.
Other actin microfilaments, localized more deeply in the cyto-
plasm of B-cells (10), have been suggested to play a positive
role in the translocation of insulin granules achieved by motor
proteins such as kinesins or myosin 5A (15, 47, 48). How-
ever, these experiments have been performed with insulin-
secreting cell lines that contain much fewer (<5%) insulin
granules than primary 3-cells and thus rely more heavily on
physical translocation of granules to sustain high insulin
secretion rates. This may explain differences in the re-
sponses of cell lines and islets to actin depolymerization
(23) or polymerization (22, 28, 44, 51).

Influence of actin (de)polymerization on the triggering [Ca®™ ],
signal. The possible impact of actin depolymerization on (3-cell
[Ca"]. has been evaluated previously in only one study using
HIT cells. Cytochalasin B did not impair the rise in [Ca®"].
produced by mixed nutrients while paradoxically inhibiting
insulin secretion (23). The general idea that the stimulatory
effects of the drug on insulin secretion are independent of
changes in [Ca®"]. therefore rests on other approaches. Cy-
tochalasin B was found to increase insulin release induced by
a fixed Ca®* concentration in permeabilized rat islets (53), and
latrunculin B was found to have a similar effect in MING cells
(42). Similar observations were made when exocytosis was
evaluated by capacitance recordings in dialyzed INS-1 cells
(15). Our experiments in intact islets show that the increase in
insulin secretion produced by actin depolymerizing or poly-
merizing drugs was never accompanied by an increase in
[Ca% '], regardless of the stimulus, and sometimes even oc-
curred in the face of a small decrease in [Ca®*].. We can thus
safely conclude that actin remodeling affects insulin secretion
by mechanisms distal to the rise in [Ca®>*].. Moreover, and
most importantly for the present study, the small changes in
B-cell [Ca®"]. that the drugs sometimes produced have no
impact on our main question concerning the role of actin
filaments in the amplifying action of glucose. Indeed, this
action of glucose on insulin secretion was never attributable to
a further rise in [Ca®>*]..

Influence of actin (de)polymerization on metabolic amplification.
We used three experimental paradigms to study amplification

MICROFILAMENTS AND AMPLIFICATION OF INSULIN SECRETION

of insulin secretion by glucose and never found it to be
impaired by disruption of actin microfilaments. Persistence and
even augmentation of amplification after islet treatment with
latrunculin B or cytochalasin B do not support the hypothesis
that amplification corresponds to glucose-mediated depolymer-
ization of actin. The hypothesis also seems to be ruled out by
the preservation of amplification after complete polymerization
of actin. It is obvious that metabolic amplification does not
require functional actin microfilaments to augment insulin
secretion. If granule movements to the exocytotic sites take
place during amplification, actin-independent mechanisms
must be involved (15, 48, 50). We do not exclude, however,
that subtle remodeling of the actin network under the influence
of glucose, rather than major shifts in the actin polymerization
state, plays a role in stimulus-secretion coupling (50).

Metabolic amplification and pools of insulin granules. Ro-
dent B-cells contain 9,000—13,000 insulin granules (7, 32, 41)
distributed into geographically and/or functionally distinct
pools. For the sake of facility, we will base our discussion on
a total of 10,000 granules. About 50—100 granules are thought
to constitute the readily releasable pool, a subset of the ~700
granules that are docked with the plasma membrane. The
remaining ~9,000 granules form the reserve pool, of which
~1,500 are near, but not attached to, the plasma membrane
(almost docked; Refs. 32, 41). Current models ascribe the rapid
first phase of insulin secretion to release of granules from the
readily releasable pool, whereas the sustained second phase is
thought to require recruitment of granules from a reserve pool
(3, 35). It is still debated whether this recruitment involves
physical mobilization of granules or a mere change in their
properties (priming). The idea that granules must be docked
before entering the releasable pool is also challenged (16, 19,
31, 38).

In our control islets, we estimate that ~25 insulin granules
were released per B-cell during the first phase (7 min) of
tolbutamide-induced insulin secretion and ~35 granules dur-
ing the second phase (computed over 20 min; Fig. 7A). During
glucose-induced secretion, while [Ca®*]. is lower than during
tolbutamide stimulation, the numbers are 50 and 70 granules,
respectively (Fig. 7B). Although these numbers are smaller
than the size of the readily releasable pool, the amplifying
action of glucose (2-fold) is thus already evident during the
first phase. This remains true when the first phase is repeti-
tively triggered by four short pulses of high glucose (Fig. 5B).
Such observations refute the idea that the first phase is deter-
mined only by the amplitude of the triggering Ca®* signal. We
(13) previously reached a similar conclusion by comparing the
changes in [Ca®*]. and insulin secretion in response to differ-
ent glucose concentrations.

Disruption of the web of actin microfilaments by cytocha-
lasin B or latrunculin B increases the number of insulin
granules underneath the plasma membrane (17, 45) and, thus,
presumably, the size of the readily releasable pool as in
chromaffin cells (49). This can explain how ~100 granules can
be released during first phase of tolbutamide-induced secretion
(Fig. 7A). Yet, the amplifying action of glucose on first phase
persists after latrunculin treatment (~155 granules) and does
not fade out during triggering of several first phases (Fig. 5D).
Obviously new granules can gain release competence within
just a few minutes of glucose stimulation. We therefore pro-
pose that the amplifying effect of glucose during the first phase
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involves either a rapid action on the readily releasable pool or
facilitation of the release of granules that come from another
pool, both actions being independent of the operation of actin
filaments.

The difference between granule numbers released per B-cell
in response to glucose or tolbutamide is even larger during the
second phase (Fig. 7). It even becomes impressive during
stimulation with KCI in low and high glucose. Thus, in latrun-
culin-treated islets, high glucose augments the immediate se-
cretory response (7 min) to KCI from 130 to 300 granules and
the second sustained response (20 min) from 300 to 1,000
granules per -cell.

Straub and Sharp (40) have proposed a model in which the
releasable pool itself contains a smaller pool of immediately
releasable granules (with full competence) and suggested that
the rate-limiting step of secretion is the entry into that smaller
pool. In their model, amplification corresponds to the conver-
sion of docked granules into immediately releasable granules.
Our results are compatible with their proposal that amplifica-
tion corresponds to acquisition of full release competence by
the granules. However, we cannot distinguish between two
possibilities: acceleration of the priming process of previously
docked granules or facilitation of exocytosis of previously
undocked granules. Straub and Sharp (40) also proposed that
the size of the first phase is dependent on the size of the
immediately releasable pool, which can be influenced by the
“history of exposure to glucose,” i.e., a time-dependent poten-
tiation mediated by the amplifying pathway. Our interpreta-
tion is slightly different. Thus we show that metabolic
amplification is a rapid phenomenon that is turned on almost
as rapidly as the production of the triggering signal and
thereby controls the amplitude of first phase. Our observa-
tions also call for amendments to mathematical models of
the amplifying pathway (2, 5).

Several recent studies using total internal reflection fluores-
cence microscopy to visualize exocytotic events indicate that
newcomer granules (i.e., granules that belong to neither the
readily releasable nor the docked pool) are being released
during both the first and second phases (16, 19, 38) or prefer-
entially during the second phase (31) of glucose-induced insu-
lin secretion. An interesting model (34) has proposed that these
newcomer granules correspond to a functional pool of highly
Ca®*-sensitive granules, which can be increased by glucose
(52). In the light of these results and of the current study, we
would like to speculate that amplification corresponds to facil-
itation of release of these newcomer granules.

Conclusions. Amplification of insulin secretion by glucose is
rapid and, contrary to current models, influences the first as
well as the second phase through actin-independent mecha-
nisms. Because the process corresponds to release of larger
numbers of granules for similar or lower [Ca®*]. in B-cells
(11), we previously suggested that it is underlain by an increase
in the efficacy of Ca?>* on exocytosis. We would now rather
suggest that metabolic amplification augments the number of
release-competent insulin granules, possibly in a highly Ca?™-
sensitive pool.
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Mourad NI, Nenquin M, Henquin JC. Metabolic amplification of
insulin secretion by glucose is independent of 3-cell microtubules. Am
J Physiol Cell Physiol 300: C697—-C706, 2011. First published De-
cember 22, 2010; doi:10.1152/ajpcell.00329.2010.—Glucose-induced
insulin secretion (IS) by (-cells is controlled by two pathways. The
triggering pathway involves ATP-sensitive potassium (Karp) chan-
nel-dependent depolarization, Ca®* influx, and rise in the cytosolic
Ca?* concentration ([Ca®"].), which triggers exocytosis of insulin
granules. The metabolic amplifying pathway augments IS without
further increasing [Ca®* .. After exclusion of the contribution of actin
microfilaments, we here tested whether amplification implicates mi-
crotubule-dependent granule mobilization. Mouse islets were treated
with nocodazole or taxol, which completely depolymerized and po-
lymerized tubulin. They were then perifused to measure [Ca®*]. and
IS. Metabolic amplification was studied during imposed steady ele-
vation of [Ca>*]. by tolbutamide or KCl or by comparing [Ca?"]. and
IS responses to glucose and tolbutamide. Nocodazole did not alter
[Ca*]. or IS changes induced by the three secretagogues, whereas
taxol caused a small inhibition of IS that is partly ascribed to a
decrease in [Ca®"].. When [Ca®*]. was elevated and controlled by
KCl or tolbutamide, the amplifying action of glucose was unaffected
by microtubule disruption or stabilization. Both phases of IS were
larger in response to glucose than tolbutamide, although triggering
[Ca®*]. was lower. This difference, due to amplification, persisted in
nocodazole- or taxol-treated islets, even when IS was augmented
fourfold by microfilament disruption with cytochalasin B or latrun-
culin B. In conclusion, metabolic amplification rapidly augments first
and second phases of IS independently of insulin granule translocation
along microtubules. We therefore extend our previous proposal that it
does not implicate the cytoskeleton but corresponds to acceleration of
the priming process conferring release competence to insulin granules.

biphasic insulin release; cytosolic calcium; exocytosis; insulin gran-
ules; pancreatic islets

PRECISE INSULIN SECRETION by the endocrine pancreas is essential
for normal glucose homeostasis. At the -cell level, glucose
exerts its temporal control and amplitude regulation through a
dual mechanism. Glucose metabolism turns on two distinct
complementary sequences of events known as the triggering
pathway and the metabolic amplifying pathway (reviewed in
Ref. 22). The triggering pathway begins with the closure of
ATP-sensitive potassium (Karp) channels, which permits de-
polarization of the plasma membrane, leading to Ca*>* influx
via voltage-dependent calcium channels and resulting in an
increase in the cytosolic free Ca?" concentration ([Ca®"].) that
triggers exocytosis of insulin-containing granules (10, 13, 16,
22). The metabolic amplifying pathway does not directly
implicate Karp channels (1, 21, 53) or any further rise in
cytosolic global or subplasmalemmal [Ca2*]. (21, 46) but
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augments the secretory response to the triggering Ca>* signal
by as yet unresolved mechanisms.

When the concentration of glucose is abruptly and steadily
increased, in vitro or in vivo, insulin secretion displays a
biphasic time course characterized by a prominent rapid first
phase and a sustained second phase (reviewed in Refs. 18, 23,
41, 47, 61). Impairment of the first phase is one of the earliest
signs of B-cell dysfunction in type 2 diabetic patients (5, 15).
Understanding the cellular mechanisms of this peculiar kinetics
has thus aroused much interest but remains a challenging
problem for cell physiologists. The picture that emerges from
numerous proposed models is that distribution of insulin gran-
ules in distinct pools and changes in the triggering Ca?" signal
are both involved (4, 13, 18, 23, 41, 47, 53, 60). The first phase
is ascribed to Ca®*-induced exocytosis of a small pool of
readily releasable insulin granules. The second phase is
thought to require functional recruitment and physical mobili-
zation of reserve granules to replenish the releasable pool near
exocytotic sites. Several laboratories have suggested that met-
abolic amplification only contributes to second phase and
corresponds to acceleration of the recruitment process through
actions on the cytoskeleton of microfilaments and microtubules
(4, 13, 47, 58, 60).

Pharmacological disruption of the web of actin microfila-
ments beneath the plasma membrane of B-cells facilitates
insulin secretion (57), and remodeling of this web might play
a role in the secretory response to glucose (60). However, we
recently reported that metabolic amplification influences the
first as well as the second phase independently of functional
actin microfilaments (39).

The proposition that (3-cell microtubules are active players
in insulin secretion originates from experiments by Lacy et al.
(33) and Malaisse et al. (8, 34, 51), who showed that drugs
known to interfere with tubulin polymerization (vinblastine,
vincristine, and colchicine) generally inhibited insulin secre-
tion from pieces of rat pancreas, isolated islets, or the perfused
pancreas. The changes in secretion were, however, variable,
dependent on the duration of drug application and the type of
stimulus (56), and sometimes small (38) or even absent (17).
Nonetheless, the bulk of results supported models in which the
second phase of glucose-induced insulin secretion is dependent
on mobilization of secretory granules along microtubules (26,
35). This interpretation was supported by cinematographic
evidence that vinblastine and colchicine inhibited glucose-
induced granular movements in B-cells (30, 32, 50). More
recently, conventional kinesin, which provides ATP-dependent
motor activity to transport secretory vesicles along microtu-
bules, has been identified in insulin-secreting cells lines and in
islets (2, 37). It was then proposed that one consequence of the
rise in B-cell [Ca®"]. produced by glucose is a dephosphory-
lation of kinesin, with increase of its motor activity and
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acceleration of insulin granule movements along microtubules
(9). This scenario was compatible with observations that inac-
tivation of kinesin by antisense nucleotides or dominant-neg-
ative mutants inhibits insulin granule movement and insulin
secretion (37, 58, 59). Glucose-induced granular movement
along microtubules is thus a plausible mechanism of metabolic
amplification.

The aim of the present study therefore was to investigate
whether the metabolic amplifying pathway requires functional
microtubules in (-cells. To this end, mouse islets were treated
with nocodazole to depolymerize tubulin and disrupt microtu-
bules or treated with taxol to polymerize tubulin and stabilize
microtubules (28, 29). Insulin secretion and islet [Ca®"]. were
measured in dynamic perifusion systems to distinguish be-
tween the two phases of secretion and ascertain that the
observed changes in secretion were really due to the amplify-
ing pathway and not to alterations of the triggering Ca®*
signal.

MATERIALS AND METHODS

The study was approved by, and the experiments were conducted in
accordance with, the guidelines of the University of Louvain Animal
Research Committee.

Solutions and reagents. The control medium was a bicarbonate-
buffered solution containing 120 mM NaCl, 4.8 mM KCI, 2.5 mM
CaCl,, 1.2 mM MgCl,, 24 mM NaHCOs, 10 mM glucose, and 1
mg/ml bovine serum albumin. The solution was gassed with 94%
0,-6% CO» to maintain a pH of 7.4. A similar solution was used as
test medium in most experiments after adjustment of the glucose
concentration and addition of the studied substances. When the
concentration of KCl was increased to 30 mM, that of NaCl was
decreased accordingly. Most reagents were from Sigma or Merck
(Darmstadt, Germany). Diazoxide (a gift from Schering-Plough, Brus-
sels) and tolbutamide were added from fresh stock solutions in 0.1 N
NaOH. Nocodazole, taxol, cytochalasin B (Sigma), and latrunculin B
(Calbiochem, San Diego, CA) were added from stock solutions in
DMSO, and an equivalent amount of solvent (1 wl/ml) was added to
control solutions. A few experiments were also performed with
vinblastine (Calbiochem) added from a stock solution in water.

Preparations. Islets were aseptically isolated by collagenase diges-
tion of the pancreas of female C57BL6 mice (8—10 mo) obtained from
a local colony. After hand selection, the islets were cultured for about
20 h in RPMI 1640 medium (Invitrogen, Merelbeke, Belgium) kept at
37°C in a 95% air-5% CO, atmosphere. The culture medium con-
tained 10 mM glucose, 10% heat-inactivated fetal bovine serum, 100
IU/ml penicillin, and 100 pg/ml streptomycin.

Measurements of insulin secretion. Cultured islets were first pre-
incubated for 90 min at 37°C in 2 ml control medium containing 10
mM glucose and supplemented or not with 10 wuM nocodazole or 5
pM taxol. Batches of 20 preincubated islets were then perifused at
37°C (24) with test solutions, the composition of which was changed
as indicated at the top of the figures. Effluent fractions were collected
at 2-min intervals and saved for insulin assay, using rat insulin as a
standard (24). At the end of the experiments, the islets were recovered,
and their insulin content was determined after extraction in acid-
ethanol (40). At the start of perifusions, the islet insulin content was
(ng per islet) the following: controls, 102 * 4.1; nocodazole, 98 =
4.3; and taxol, 103 = 5.7. Fractional insulin secretion rate was then
calculated as the percentage of islet insulin content that was secreted
per minute (40). The two phases of insulin secretion were computed
over 7 and 20 or 30 min, respectively, as specified in the legend of the
appropriate figures.

Measurements of islet [Ca®™"].. Cultured islets were loaded with
the Ca®?" indicator fura-PE3/AM (2 pM) for 2 h at 37°C, in 2 ml
control medium containing 10 mM glucose, and supplemented or not

MICROTUBULES AND AMPLIFICATION OF INSULIN SECRETION

with nocodazole, vinblastine, or taxol. After loading was completed,
the islets were transferred into a chamber mounted on the stage of a
microscope and maintained at 37°C. The fura-PE3 probe was excited
at 340 and 380 nm, and emission was captured at 510 nm by a
Quantem 512QC camera (Roper Scientific, Duluth, GA) and analyzed
by the MetaFluor software (Universal Imaging, Downington, PA).
Stimulus-induced [Ca®*]. changes were measured in individual islets
and averaged for presentation as mean traces. Average [Ca®*]. during
first and second phases were computed over the same periods as for
insulin secretion.

Measurements of islet polymerized and depolymerized tubulin. The
ratio of polymerized tubulin (microtubules) to unpolymerized (free)
tubulin in control and treated islets was measured using a microtu-
bules/tubulin assay kit (Cytoskeleton, Denver, CO), based on separa-
tion of the two fractions by ultracentrifugation and quantification by
Western blot analysis. Batches of 130 islets were treated exactly as for
the other experiments and then processed as described by the manu-
facturer with one additional step. Proteins in the supernatant fraction
were precipitated with the ProteoExtract kit (Calbiochem, San Diego,
CA) because they were too diluted for loading on the gel. The
immunoblots were visualized by the SuperSignal West Dura chemi-
luminescence system (Thermo, Rockford, IL), and the ratio of micro-
tubles to tubulin in each sample was quantified using the Quantity One
software (Bio-Rad Laboratories, Hercules, CA).

Measurements of islet polymerized and depolymerized actin. These
experiments were performed to assess possible effects of taxol and
nocodazole on islet microfilaments. The ratio of polymerized (fila-
mentous) to depolymerized (globular) actin was measured exactly as
in our previous study (39).

Presentation of results. All experiments have been performed with
islets from 3 to 10 preparations. Results are presented as means * SE
or SD as indicated. The statistical significance of differences between
means was assessed by ANOVA, followed by a Dunnett’s test for
comparisons of test groups with controls, or a Newman-Keuls test for
comparisons between test groups.

RESULTS

Effects of drug treatment on islet tubulin. The role of 3-cell
microtubules in metabolic amplification of insulin secretion was
studied by treating mouse islets with tubulin-polymerizing or
-depolymerizing agents (28, 29). We first ascertained their effects
on the polymerization state of islet tubulin. In control islets, 34%
of tubulin was present in the form of microtubules (polymerized)
and 66% in free (unpolymerized) form (Fig. 1). This proportion is
similar to that previously found in rat islets (36, 44). After 90 min
of preincubation with vinblastine or nocodazole (two microtubule
disrupters), islet tubulin was almost completely depolymerized.
Preincubation with taxol, a microtubule stabilizer, produced the
opposite effect, causing virtually complete polymerization of islet
tubulin (Fig. 1, leff). These biochemical results in islets agree with
the morphological disappearance and stabilization of microtu-
bules in insulin-secreting HIT-cells treated with nocodazole and
taxol, respectively (14). Figure 1 (right) also shows that latruncu-
lin B and cytochalasin B, two drugs causing depolymerization of
actin microfilaments (39), did not influence tubulin polymeriza-
tion and did not interfere with the decrease and increase in tubulin
polymerization produced by nocodazole and taxol, respectively.

Inhibition of islet [Ca?"]. by vinblastine. Islet treatment
with 10 wM vinblastine inhibited glucose-induced insulin se-
cretion by about 30%, as previously reported (33), but unex-
pectedly caused a similar decrease in [Ca®"].. Vinblastine also
inhibited KCl-induced [Ca®"]. rise by 25-30%. Because these
changes in [Ca®"]. complicate the interpretation of secretion
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Fig. 1. Proportion of unpolymerized tubulin [free tubu-
lin (FT)] to polymerized tubulin [microtubular (MT)] in
mouse islets. Left: control islets and islets treated with
10 uM vinblastine (Vnb), 10 uM nocodazole (Noco), or
5 uM taxol. Right: islets treated with 1 wM latrunculin
B (Latr) or 10 uM cytochalasin B (Cyto) alone or
combined with Noco or taxol. Islets were incubated for
90 min in control medium containing 10 mM glucose
and supplemented or not with the drugs. They were then
lysed and submitted to ultracentrifugation to separate
the two tubulin fractions. Extracts were later subjected
to Western blot analysis for tubulin. Bars show the
percentages of FT and MT in 6 control and 3-5 test
experiments, of which one representative blot is shown
at top. Not all blots were obtained in the same experi-
ment. Values are means *= SD.

Control Vnb Noco Taxol Latr  Noco
+Latr

changes, the drug was not further used, and microtubules were
depolymerized by nocodazole (Fig. 1) that had little effect on
[Ca*" ..

Impact of microtubule disruption and stabilization on met-
abolic amplification of insulin secretion during elevation of
islet [Ca®?"]. by KCI. Amplification of insulin secretion by
glucose is classically studied under conditions where the trig-
gering [Ca®"]. signal is stably elevated by a nonglucose
stimulus and minimally affected by glucose itself (21).
While Katp channels were held open with diazoxide, islet
cells were depolarized with KCI in the presence of low or
high glucose (Fig. 2). The resulting increase in [Ca®>*]. was
similar in the presence of 1 and 15 mM glucose (Fig. 2B),
but insulin secretion was larger in the presence of high
glucose (Fig. 2A). The approximately twofold difference in
secretion (Fig. 2F) for a similar [Ca?"]. (Fig. 2C) corre-
sponds to the metabolic amplification.

Similar experiments were then performed after depolymer-
ization of tubulin with 10 pM nocodazole that was present
during the preincubation period and during [Ca?*]. and insulin
measurements (Fig. 2D). Nocodazole slightly (15%, P < 0.05)
attenuated KCl-induced [Ca®*]. rise in 1 mM glucose but not
in 15 mM glucose (Fig. 2C). When compared with controls,
insulin secretion was not significantly affected, so that the
amplifying action of high glucose (2.1-fold) was unaltered
(Fig. 2, D and F).

We then tested the effects of 5 wM taxol, a microtubule-
stabilizer (Fig. 2E). The time course of KCl-induced [Ca®*].
increase was unaffected (Fig. 2E, insef), but its magnitude was
reduced by ~20% in low and high glucose (Fig. 2C). This may
contribute to the ~50% inhibition of KCl-induced insulin
secretion that taxol produced at both glucose concentrations
(Fig. 2F). Importantly, the secretory response induced by a
similar [Ca®*]. (Fig. 2C) was doubled by high glucose as in
controls (Fig. 2F). Metabolic amplification was thus unaltered
by microtubule disruption or stabilization under these condi-
tions of depolarization with KCL.

Impact of microtubule disruption and stabilization on met-
abolic amplification of insulin secretion during elevation of
islet [Ca®™ ] by tolbutamide. The amplifying action of glucose
can also be studied during forced closure of all Karp channels

Cyto Taxol
+Cyto

with a high concentration of sulfonylurea (21). The experi-
ments illustrated in Fig. 3 (A and B) start 10 min after addition
of 500 wM tolbutamide to a medium containing 3 mM glucose.
In control islets, [Ca®>"]. was markedly elevated and insulin
secretion was stimulated (Figure 3, compare with dotted lines
labeled G3 and showing control data in the absence of tolbu-
tamide). Subsequently raising the concentration of glucose to
15 mM caused a rapid but transient drop in [Ca®"]., which
reflects Ca®>" uptake by the endoplasmic reticulum and tran-
sient (3-cell membrane repolarization (11, 12). Concomitantly,
with the reascension of [Ca®>*]. to levels slightly higher than
before glucose stimulation (48), insulin secretion increased
markedly (Fig. 3B). The difference in [Ca®>"]. between steady-
state periods in tolbutamide + high glucose (10-30 min) and
tolbutamide + low glucose (—20—0 min) was small, though
significant (Fig. 3C), whereas the difference in secretory rate
averaged 4.2-fold (Fig. 3D) and is thus largely attributable to
amplification (48).

Islet treatment with nocodazole did not affect [Ca®>*]. or
insulin secretion in the presence of tolbutamide and 3 or 15
mM glucose (Fig. 3). The amplification of secretion (4.3-fold
difference between responses in low and high glucose) was
thus similar to that in control islets (Fig. 3D). Islet treatment
with taxol slightly lowered [Ca®*]. (Fig. 3, A and C) and
similarly inhibited (40%) insulin secretion (Fig. 3, B and D) in
the presence of tolbutamide and low or high glucose. The
amplifying action of glucose on secretion therefore remained
unaltered (4.2-fold) (Fig. 3D).

Impact of microtubule disruption and stabilization on met-
abolic amplification of insulin secretion studied without clamp-
ing of islet [Ca®™].. The amplifying action of glucose was
next studied by comparing the changes in [Ca®*]. and
insulin secretion produced by separate stimulation of islets
with either 15 mM glucose or 500 wM tolbutamide in 3 mM
glucose (Fig. 4). In control islets, tolbutamide produced a
rapid increase in [Ca®"]. characterized by an initial peak
followed by a steady but slowly declining elevation (Fig. 4A,
trace C) and triggered biphasic insulin secretion (Fig. 4D, filled
circles). Glucose also produced a biphasic increase in [Ca®*].
that was slightly delayed when compared with the response to
tolbutamide (Fig. 4B, trace C), because of a small initial
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Fig. 2. Effects of tubulin depolymerization and polymerization on glucose amplification of insulin secretion during clamping of the cytosolic Ca>* concentration
([Ca®*].) in islets with KCI. Islets were first preincubated for 90 min with or without 10 uM Noco or 5 uM taxol. They were then used to measure insulin
secretion (A, D, E, and F) or [Ca?>*]. (B, C, and insets in D and E). Experiments were performed in the presence of 100 pM diazoxide (Dz) to prevent any effect
of glucose on ATP-sensitive potassium (Katp) channels and either 1 or 15 mM glucose (G1 or G15). Islets were stimulated by a rise of the KCI concentration
from 4.8 to 30 mM (K30) at 0 min. Noco and taxol were present throughout the experiments. A, B, D, and E (and insets): time course of insulin and [Ca?*].
changes induced by KCI. C and F: [Ca?*]. and insulin responses integrated over the 40 min of stimulation. *Significant difference (P < 0.05 or less) with
controls. Significant differences (P < 0.001) between responses in G1 and G15 are shown above pairs of columns, together with the fold-difference in insulin
secretion (F). Values are means = SE for 10 experiments of insulin secretion and 36—45 islets from 6 to 7 preparations for [Ca>*]..

decrease due to uptake of Ca>* in the endoplasmic reticulum
(12, 19). In response to this rise in [Ca®*]., biphasic insulin
secretion occurred (Fig. 4F, filled circles), which was also
delayed compared with the response to tolbutamide. Impor-
tantly, the effect of glucose on [Ca®*]. was smaller than that of
tolbutamide during both first and second phases (Fig. 4C,
compare filled with open columns), whereas its effect on
insulin secretion was more than twofold larger, also during
both phases (Fig. 4F). This confirms that the amplifying action
of glucose is a rapid and sustained phenomenon (39).

Islet treatment with nocodazole affected neither time course
nor amplitude of tolbutamide- and glucose-induced [Ca®"].
and insulin responses (Fig. 4), so that the amplifying action of
glucose on insulin secretion remained unaltered (Fig. 4F). Islet
treatment with taxol slightly attenuated the rise in [Ca®*]. (Fig.
4, A-C) and the insulin secretion response (Fig. 4, D-F)
produced by the two secretagogues. The effect on [Ca®*]. was

smaller (~10%) than that on insulin (~30%). However, de-
spite this partial inhibition, the amplifying action of glucose on
secretion was not altered (Fig. 4F). Altogether these results
show that metabolic amplification does not depend on func-
tional microtubules.

Impact of concomitant perturbation of microtubule and
microfilament functions on metabolic amplification of insulin
secretion. We recently reported that, while increasing insulin
secretion, depolymerization of actin microfilaments did not
impair metabolic amplification (39). We now investigated the
impact of a concomitant inactivation of microtubules and
microfilaments (Fig. 5). Islet microfilaments were disrupted by
treatment with either cytochalasin B or latrunculin B (39). The
lack of effect of these two drugs on tubulin polymerization has
been described above (Fig. 1). We also ascertained that taxol
and nocodazole had no effect on microfilaments. The propor-
tion of depolymerized to polymerized actin (76%/24% in
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control islets) was unaffected by taxol (78%/22%) or nocoda-
zole (75%/25%) alone. Neither drug impaired the depolymer-
izing action of cytochalasin B (96%/4%) or latrunculin B
(99%/1%).

In a first series, we tested the impact of a concomitant
interference with microtubules and microfilaments. Islets were
preincubated and then perifused with 10 uM cytochalasin B
and 5 pM taxol, whereas controls were preincubated and
perifused without drug or with only one of the two drugs (Fig.
5, A-D). When tested alone, cytochalasin B increased tolbut-
amide- and glucose-induced insulin secretion approximately
fourfold (Fig. 5, A~C), despite a slight inhibition of [Ca**]. in
the presence of glucose (Fig. 5D). When compared with
untreated controls, the effect of cytochalasin B on insulin
secretion induced by both secretagogues was slightly attenu-
ated by taxol (increase by 3-fold only) (Fig. 5, A and B),
probably because of an inhibition of the [Ca®"]. rise (Fig. 5D).
However, when the combined effects of taxol + cytochalasin
B were compared with the inhibited response of islets treated
with taxol alone, the difference was fourfold again.

In a second series, we interfered with microtubules before
depolymerizing microfilaments. Islets were preincubated with-
out drug or with 10 wM nocodazole to disrupt microtubules
and then perifused with nocodazole, 1 wM latrunculin B, or
both (Fig. 5, E-H). In islets preincubated without drug, latrun-
culin B alone increased tolbutamide- and glucose-induced
insulin secretion approximately fourfold (Fig. 5, E-G) without

Cc

Insulin secretion (% of content)

c

[Ca”™] (nM)

C701

4004 [ Tolb G3

M Tolb G15

* *

Fig. 3. Effects of tubulin depolymerization

and polymerization on glucose amplification
of insulin secretion during islet [Ca®*]. ele-
vation by tolbutamide (Tolb). Islets were
first preincubated for 90 min with or without
10 M Noco or 5 uM taxol. They were then
used to measure [Ca®"]. (A and C) or insulin
secretion (B and D). Islets were stimulated
with 500 uM Tolb in the presence of 3 mM
glucose (G3) from —30 min, but only the last
20 min of this period are shown. The con-
centration of glucose was then raised to 15
mM (G15) at O min. Noco and taxol were
present throughout the experiments. A and
B: time course of [Ca?*]. and insulin secre-
tion changes in control islets and islets
treated with Noco or taxol. The dotted line
labeled G3 shows [Ca?™]. and insulin secre-
tion in the absence of Tolb. C and D: [Ca?*].
and insulin responses integrated over the last
20 min in G3 + Tolb (—20-0 min) and in
G15 + Tolb (10-30 min). *Significant dif-
ference (P < 0.01) with controls. Significant
differences (P < 0.01 or less) between val-
% ues in G3 and G15 are shown above pairs of
columns, together with the fold-change in
insulin secretion induced by high glucose
(D). Values are means *= SE for §-10 ex-
periments of insulin secretion and 30-40
* islets from 5 to 7 preparations for [Ca>*]..

300

* %

2001

100+

C Noco Taxol

2.0

1.0

0.51

C Noco Taxol

affecting [Ca®"]. (Fig. 5H). Similar increases in insulin secre-

tion by latrunculin B were observed in islets pretreated with
nocodazole. When islets were preincubated with taxol alone
and then perifused with taxol and cytochalasin B, results
were similar to those shown in Fig. 5, A—C, when both drugs
were present during the preincubation period (data not
shown). We can thus conclude that microtubules are unneces-
sary to sustain the high rates of insulin secretion occurring
when the brake exerted by actin microfilaments is lifted.

As to the specific question addressed in the study, these
results clearly establish that amplification of insulin secretion,
estimated by the ratio of the responses to glucose versus
tolbutamide, is neither augmented nor impaired by concomi-
tant inactivation of microfilaments and microtubules in (-cells
(Fig. 5, C and G). The same conclusion can also be reached
from experiments similar to those shown in Fig. 3. Raising the
concentration of glucose from 3 to 15 mM in the presence of
tolbutamide augmented insulin secretion more than fourfold
in islets treated with cytochalasin B + taxol or with latrun-
culin B + nocodazole (not illustrated).

DISCUSSION

Our results show that $-cell microtubules play little role
in short-term control of insulin secretion in mouse islets
and, more specifically, are not implicated in metabolic
amplification. They also provide further support to our
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Fig. 4. Effects of tubulin depolymerization and polymerization on glucose- and Tolb-induced insulin secretion. Islets were first preincubated for 90 min with or
without 10 WM Noco or 5 uM taxol. They were then used to measure [Ca>*]. (A-C) or insulin secretion (D—F). Noco or taxol was present throughout the
indicated experiments. A and D: islets were stimulated with 500 uM Tolb in the presence of G3. B and E: islets were stimulated by an increase in the glucose
concentration from 1 to 15 mM. A, B, D, and E: time course of [Ca?>*]. and insulin changes. C and F: [Ca®"]. and insulin responses integrated over 7 min for
first phase (2—9 min for Tolb stimulation and 3—10 min for glucose stimulation) and 20 min for second phase (10—30 min for both). *Significant difference
(P < 0.01) with controls. Significant differences (P < 0.01) between responses to Tolb in G3 (open bars) and to G15 (filled bars) are shown above pairs of
columns, together with the fold-difference in insulin secretion (C and F).Values are means * SE for 8—11 experiments of insulin secretion and 33—45 islets from

5 to 7 preparations for [Ca?*]..

recent conclusions that amplification is a late event in
stimulus-secretion coupling and influences both phases of
secretion (39).

Experimental tools. Vinca alkaloids, such as vincristine
and vinblastine, have previously been used to disrupt mi-
crotubules in B-cells and generally found to inhibit insulin
secretion (8, 33, 34, 38). Except for the report that vincris-
tine reduced the synchrony of [Ca®"]. changes in clusters of
MING6 cells stimulated by tolbutamide or glucose (52),
possible effects of this and related drugs on B-cell [Ca®"].
have not been looked for. We found that vinblastine depo-
lymerized tubulin and inhibited insulin secretion in mouse
islets as expected, but also that it inhibited glucose- and
KCl-induced [Ca®"]. increases. We therefore elected to use
another established tubulin-depolymerizing agent (28) no-
codazole, which also completely disrupted islet microtu-
bules but had virtually no effect on [Ca®*].. Unlike vinblas-
tine, nocodazole did not inhibit insulin secretion induced by
three secretagogues, which suggests that previously ob-

served inhibitions were at least partly secondary to changes
in [Ca?"].. We acknowledge, however, that nocodazole was
reported to inhibit glucose-induced insulin secretion in rat
islets (26) and HIT cells (14).

Although taxol is the most widely used agent to stabilize
microtubules (29), its effects on B-cell function have only
rarely been studied. Addition of taxol simultaneously with
high glucose did not affect insulin secretion in HIT cells
(14), but pretreatment with the drug inhibited glucose-
induced insulin secretion in rat islets (26). Here, we found
that pretreatment with taxol completely stabilized microtu-
bules in mouse islets, inhibited insulin secretion induced by
KCl, tolbutamide, or glucose, but also attenuated the rise in
[Ca%*]. produced by the three secretagogues. Microtubule-
independent effects of taxol on Ca®* release from the
endoplasmic reticulum have been described in neural cells
and cardiomyocytes (3, 62), but we are not aware of effects
on voltage-dependent calcium channels. Whatever the un-
derlying mechanism, the small decrease of [Ca®"]. pro-
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Fig. 5. Effects of combined inactivation of microtubules and microfilaments on glucose- and Tolb-induced insulin secretion. A—D: islets were first preincubated
for 90 min with or without 10 wM Cyto and 5 wM taxol. They were then perifused in the presence of the drugs to measure insulin secretion or [Ca®>*].. A and
B: time course of insulin secretion changes induced by Tolb in G3 or by an increase in the glucose concentration from 1 to 15 mM (G15). C: insulin responses
integrated over 30 min. D: [Ca?*]. responses integrated over 30 min. For clarity, the effect of taxol alone is shown only as integrated changes; its time course
was similar to that shown in Fig. 4. E and F: similar experiments using the combination of 10 M Noco and 1 uM Latr. The only difference was that Latr was
not present during the preincubation period with or without Noco but added only 40 min before stimulation with Tolb or glucose. *Significant difference (P <
0.01) with controls. Significant differences (P < 0.01) between responses to Tolb in G3 (open bars) and to G15 (filled bars) are shown above pairs of columns,
together with the fold-difference in insulin secretion (C and G). Values are means * SE for 7-8 experiments of insulin secretion and 30—45 islets from 5 to

7 preparations (D) or 20-22 islets from 3 preparations (H) for [Ca®*]..

duced by taxol probably contributed to the partial inhibition
of secretion.

Microtubules and metabolic amplification. The major aim of
the present study was to test the possibility that metabolic
amplification of insulin secretion involves the microtubular
system of (-cells. Our results refute the tested hypothesis.
Amplification, defined as a larger secretion rate in face of a
similar or lower islet [Ca®>*]., was not impaired by disruption
or stabilization of microtubules. Importantly, neither the mag-
nitude nor the rapidity of onset of amplification was altered by
interference with microtubule function. Even when absolute
levels of secretion were slightly reduced by taxol (an effect that
we partly ascribe to inhibition of [Ca®*].), the relative change
caused by amplification was unaffected. Metabolic amplifica-
tion has long been regarded as a process that specifically
contributes to sustain second phase of insulin secretion (4, 47,
53, 59), but our recent data have shown that it is a rapid
phenomenon that expresses itself within just a few minutes of

exposure to high glucose (22, 24, 39). This can be appreciated
under control conditions (Fig. 4) where first-phase insulin
secretion is larger in response to glucose than to tolbutamide in
face of a lower triggering [Ca"]. signal. This can also be seen
when the concentration of glucose is increased in the presence
of a saturating concentration of tolbutamide (Fig. 3). Preser-
vation of both rapidity and magnitude of amplification after
islet treatment with nocodazole and taxol implies that the
process neither involves an acute action of glucose on micro-
tubules nor is conditioned by a microtubule-mediated particu-
lar organization of pools of insulin granules.

Metabolic amplification, microtubules, and pools of insulin
granules. The ~10,000 granules present in rodent -cells (7,
43, 55) are functionally and/or geographically distributed into
pools: a small pool of 50—-100 readily releasable granules, a
pool of ~700 granules docked (tethered) to the plasma mem-
brane, a pool of ~1,500 almost docked granules (near but not
attached to the plasma membrane), and a large reserve pool of

AJP-Cell Physiol - VOL 300 « MARCH 2011 - www.ajpcell.org

TTOZ ‘ST JaquwanoN uo Bio AbBojoisAyd-|j@odle woiy papeojumoq




C704

~8,000 granules. Recent studies, using the total internal re-
flection fluorescence (TIRF) technique, have discovered that,
contrary to classic theories (47), granules must not necessarily
dock before entering the releasable pool and undergoing exo-
cytosis (“newcomer granules”) (31, 42, 49).

Models implicating microtubules in metabolic amplification
view the amplification process as an accelerated refilling of the
pool of readily releasable granules through mobilization of
insulin granules along microtubules (13, 58). Early cinemato-
graphic studies of primary B-cells in monolayer cultures
showed that glucose increased saltatory movements of insulin
granules and that these movements were inhibited by vinblas-
tine, vincristine, or colchicine (30, 32, 50). More recent studies
imaged cell lines in which insulin granules were tagged with a
targeted fluorescent protein (20, 27, 59). This improved tech-
nique more clearly distinguished between slow random move-
ments of the majority of granules and fast directed movements
of a small population of granules. Stimulation of Ca*>* influx
by either glucose or KCI selectively augmented directed gran-
ular movements, an effect that was suppressed by disruption of
microtubules with nocodazole (20) or by inhibition of the
microtubule-associated kinesin (58, 59). These observations
prompted the proposal that these fast, microtubule-dependent
movements serve to replenish the readily releasable pool of
granules (20) and that their acceleration by glucose corre-
sponds to the amplification process (58).

From our measurements of insulin secretion rates and insulin
content of the islets, we can calculate, on the basis of 10,000
granules per cell, the number of granules released by each
B-cell (39). We estimate that, over 30 min of stimulation, each
B-cell released about 50 granules in response to tolbutamide in
low glucose and released about 115 granules in response to
high glucose. These numbers are similar to those of granules in
the readily releasable pool but much smaller than those in the
pools (be they docked or almost docked) that serve to refill the
releasable pool. After disruption of the web of actin microfila-
ments with either cytochalasin B or latrunculin B, the numbers
of released granules markedly increased to about 185 (tolbut-
amide) and 420 (high glucose). Importantly, these three- to
fourfold increases also occurred in the absence of functional
microtubules. Altogether, our results obtained in whole islets
indicate that intact microtubules are not required for acute
refilling of the releasable pool and for short-term control of
insulin secretion. Interestingly, estimations of exocytosis by
capacitance measurements in mouse [3-cells treated with col-
cemid (45) or INS1 cells treated with vindesin (27) also
suggested that microtubules are not necessary for replenish-
ment of the readily releasable pool of insulin granules after its
emptying by trains of depolarizations. Moreover, we can ex-
clude that the microtubule-dependent acceleration of fast gran-
ular movements by glucose (20, 58) underlies metabolic am-
plification for a simple reason. Unlike insulin secretion (Fig. 2)
(21), this acceleration of granular movements was not aug-
mented further by high glucose in the presence of KCI (20).
Kinesin-driven translocation of insulin granules along micro-
tubules (9, 37, 58) probably contributes to maintenance of
long-term (-cell secretory function but is unlikely to play an
active role in acute regulation of insulin secretion, except
perhaps in pathological degranulated (3-cells or in inherently
poorly granulated cell lines. Other functions of kinesin-1 are
also possible. Thus targeted inactivation of kinesin-1 in 3-cells

MICROTUBULES AND AMPLIFICATION OF INSULIN SECRETION

led to inhibition of both phases of glucose-induced insulin
secretion in vivo, independently of any alteration of the sub-
cellular localization of insulin granules (6).

In conclusion, in sharp contrast with the increase in insulin
secretion observed after disruption or stabilization of actin
microfilaments (39, 57, 60), no acute secretory changes follow
alterations of microtubule function in primary mouse 3-cells.
Together, our previous (39) and the present study show that
metabolic amplification does not involve recruitment of reserve
granules by the cytoskeleton. In agreement with a previously
proposed model (54), we reinforce our recent conclusion that
metabolic amplification corresponds to acceleration of the
priming process conferring release competence to insulin gran-
ules (39). This should now help identifying the molecular
mechanisms and cellular effectors of a quantitatively important
(22) regulatory step of stimulus-secretion coupling in [3-cells.
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Role of the beta-cell cytoskeleton in metabolic and neurohor monal amplification
of insulin secretion

Nizar MOURAD

Background: Glucose-induced insulin secretion is controlled by two pathways that depend
on beta-cell metabolism. The triggering pathway starts by arise in the cytosolic ATP/ADP
ratio and closure of ATP-sensitive K™ channels in the plasma membrane, which leads to
depolarization, opening of voltage-gated Ca®* channels, influx of Ca?* and an increase of
cytosolic [Ca?*]. which induces exocytosis of insulin granules. In paralel a metabolic
amplifying pathway augments the secretory response to Ca”* via messengers and effectors
that remain undetermined. Insulin secretion is also regulated by neura and hormonal
signals which also mainly act as amplifying factors, i.e., they increase the secretory
response triggered by glucose or another stimulus without affecting [Ca?'].. | first
investigated the involvement of beta-cell microfilaments and microtubules in metabolic
amplification during the two phases of insulin secretion. | then evaluated whether beta-cell
microfilaments are required for neurohormonal amplification and, simultaneously
reevaluated the involvement of cCAMP and PKC in metabolic amplification.

Methods. Isolated mouse islets were cultured overnight before being treated with
cytoskel eton-disrupting drugs and then perifused to measure insulin secretion and monitor
[Ca®"].. changes. The proportions of free and polymerized actin and tubulin were determined
in islet protein extracts. Metabolic amplification was mainly studied by comparing the Ca®*
and secretory responses to glucose and tolbutamide, a drug that mimics the triggering but
not the amplifying effect of glucose.

Results: | first established that metabolic amplification isinvolved in both phases of insulin
secretion and not only in the second phase as suggested in most current models. | also found
that both microfilament depolymerization and stabilization increased the secretory response,
and that metabolic amplification persisted in the absence of functional microfilaments. My
results then showed that disruption of microtubules does not affect insulin secretion
whereas their stabilization sightly inhibits it partly because of a decrease in [Ca®].. Most
importantly, functional microtubules proved unnecessary for metabolic amplification even
during simultaneous disruption of microfilaments. In a third study, | established that
amplification of insulin secretion by cAMP does not require actin microfilaments and that
metabolic amplification is not mediated by cAMP. My fourth study showed that
microfilaments are dispensable for amplification of insulin secretion by protein kinase C
activation and | confirmed that the kinase is not involved in metabolic amplification.
Conclusions: Metabolic amplification of insulin secretion is a rapid phenomenon involved
in both phases of glucose-induced insulin secretion. It does not involve facilitation of
insulin granule mobilization from reserve pools by the beta-cell cytoskeleton but affects a
very distal step which | speculate to be acceleration of the priming of insulin granules
possibly belonging to a highly Ca®*-sensitive pool. Neurohormonal amplification of insulin
secretion is distinct from metabolic amplification (CAMP and PKC are not the mediators of
the amplifying effect of glucose), but probably affects the same steps of insulin granule
exocytosis independently of beta-cell microfilaments.





