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Rapid glucose sensing by protein kinase A for insulin exocytosisin mouse pancreatic islets

Glucose is the most important physiological regulator of insulin secretion from 3 cells of islets
of Langerhans. Islet § cells rapidly take up and metabolize glucose, resulting in an increase in the
cytosolic concentration of ATP within 1 min. Such increases in ATP concentration induce the
closure of ATP-sensitive K" (Karp) channelsand consequent depolarization of the cell membrane,
again within a few minutes of glucose application. Depolarization of the cell membrane to a
voltage of > —=50 mV results in activation of voltage-dependent Ca®* channels and an increase in
[Ca2+]i that triggers insulin exocytosis. The Karp channels and Ca’**-dependent mechanism are
thought to play a central role in glucose sensing for insulin exocytosis. Although additional
mechanisms of glucose sensing have been proposed to coexist, their relative importance has
remained unclear.

Exocytosis in many secretory cell types and neurons is regulated by both C4* and cAMP.
Their research group has previously shown that cytosolic cAMP potentiates Ca®*-dependent insulin
exocytosis (CIE) in B cells (Takahashi N. et al. Proc. Natl. Acad. Sci. U.S.A. 96, 960, 1999). In
these studies, individual  cells were subjected to whole-cell gatch clamping and stimulated with
large increases in [Ca2+]i induced by photolysis of a caged-Ca”* compound, thereby bypassing the
Karp channel-dependent mechanism. They found that CIE was augmented by cAMP in a manner
dependent on protein kinase A (PKA) and cytosolic ATP. It was not possible to study the action of
extracellular glucose under the whole-cell clamp conditions, however, and it has remained unknown
whether PKA contributes to glucoseinduced insulin exocytosis (GIE). Inhibitors of PKA have
been shown to have relatively small inhibitory effects on GIE in previous studies, in which
exocytosis was measured over a long period without separation into the first and second phases.

They therefore subsequently developed an approach based on twephoton excitation imaging
to quantify insulin exocytosis in intact pancreatic islets (Takahashi N et al. Science 297, 1349,
2002). This approach has been designated TEP (twophoton extracellular polar-tracer) imaging
and TEPIQ (TEP imagingbased quantification) analysis (Kasai H. et al. J. Physiol. 568, 891, 2005).
TEP imaging is able to monitor reliably and with a relatively high time resolution (<1 s) individual
insulin exocytic events in intact islet preparations and also allows analysis of the dynamics of the
fusion pore that mediates exocytosis.

He first examined the participation of PKA in GIE with the use of TEP imaging, in which
insulin exocytic events were visualized by twophoton imaging of islets immersed in an
extracellular solution containing the polar fluorescent tracersulforhodamine B (SRB). He detected
exocytic events as discrete spots of fluorescence, which reflected diffusion of SRB into individual
insulin granules via the fusion pore. The intensities of the spots of SRB fluorescence were
consistent with them reflecting exocytosis of large dense-core vesicles. Moreover, he could detect
all the exocytic events in the region of interest by this approach, becausethe measured rate of GIE
was similar to the value obtained for mouse islets by radioimmunoassay.

When he pretreated the cells with various inhibitors of PKA and then stimulated with 20 mM
glucose, he found that the PKA inhibitors markedly and selectively inhibited the initial period (~250
s) of the first phase (< 7 min) of GIE. In contrast, forskolin, which increases the cytosolic
concentration of CAMP by activating adenylyl cyclase, increased the extent of secretion both during
the first phase of GIE and during the second phase, consistent withtheir previous observations.
These results thus provided the notion that PKA is required for the initial period of the first phase of
GIE.

He also measured the possible effects of PKA inhibitors and forskolin on glucose-induced
increases in [Ca®]; in islets. Increases in [Ca™*]; were measured with either the high-affinity Ca™
indicator fura-2 (K4 = 0.18 pM) or the low-affinity Ca®* indicator fura-4F (K4 = 1.16 uM); the latter
was used in case fura-2 became saturated during the physiological increases in [Cﬁ’”]i. He found
that neither the onset nor the maximal value apparent within 250 s of the glucoseinduced increases
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n [Ca™*]; was affected by PKA inhbitors.

Thus, he next examined whether glucose and PKAmight directly potentiate CIE. For these
experiments, Ca® —dependent mechanisms were saturated by large increases m[Ca *]i generated by
photolysis of the caged-Ca** compound o-nitropheny-EGTA (NPE). He confirmed that irradiation
with UV light induced an abrupt increase in [Ca% Ji of >20 uM. The latency histogram for the
discrete exocytic events was fitted by a probability density function with two exponential
components, consistent with the characteristics of CIE studied by amperometry.

When islets were exposed to a high glucose concentation (20 mM) for only 1 min before
uncaging of NPE, during which time glucose alone did not increase [Cﬁ ]i» the extent of CIE was
markedly increased. Also, the glucose action was not mimicked by 2deoxy-D-glucose (20 mM),
indicating that it required a metabolite of glucose. The effect of glucose on CIE was abolished by
pretreatment of islets with inhibitors of PKA. Furthermore, forskolin did not significantly affect
CIE at the low glucose concentration of 2.8 mMbut potentiated the effect of 20 mM glucose on CIE.
These results suggested that cAMP is necessary but not sufficient for the rapid effect of glucose on
CIE, and that a metabolite of glucose, such as ATP, is required for this actiomf glucose.

Finally, he probed the dynamics of the exocytic fusion pore by simultaneous imaging of two
fluorescent tracers with different molecular sizes, SRB (~1.4 nm) and 10-kDa fluorescein dextran
(~6 nm). Transient opening of the initial small pore was detected in 6.5% of events. The frequency
of such transient opening was reduced to 3.8% in the presence of forskolin and increased tcabout
10% in the presence of PKA inhibitors. These results suggested that PKA affects the fusion pore
when its diameter is < 6 nm, and that the action of PKA is mediated, at least in part, at the level of
the fusion reaction.

In conclusion, with the use of TEP imaging, he has now shown that a PKA-dependent
mechanism, operative at the basal level of PKA activity, is important for the initial period of the first
phase of GIE in mouse pancreatic islets. Furthermore, he found that PKA mediates rapid
enhancement of CIE in islets only in the presence of high glucose concentration, indicating that
PKA plays a glucose sensing role, specitically in the first phase of GIE. Given that the first phase
of GIE is reduced in many individuals with type 2 diabetes mellitus from an early stage of the
disease, impairment of this mechanism may contribute to the pathogenesis of this condition
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PNVa—2&k, SNV REGHEDPSDA VA U awEBRRET S, TV
O— 2%, in vivoO AR S THEMEIIEWTH ZHED A VR ) VAW ESIEEI L,
ZOEAICIEK T ¥ 2VOBSIC L 2RIV D LBED ERPEREEZIOSNT
W3, —F. BEEEIZBWCcAPHEEN 7054 > FF—+ (Protein kinase A, PKA)
BIEMTAE, PNV —IFEIC L B4 R VAW EBRLSRET S I EHREINT
W3 D, PRAOEFMIEIE T TH oz HFEEIEL. RIZEICBNWT, PKAD VI —XRIZ
Y24 20 vARMENOBRBEOMBICEBRASERZ2EATH DR, XTI
B EAWTHS PIC Lz HEE. ERAPESE & LTI OMEEOHIEICSSE L,
TYRMBBEICBIT LD, R UowBEROROKREE. BEATY VS A A
IR BB TA I LICHI. COREERHWS Z LIZX > TPKAOFEHER 25 b
N Oy <

PN a—ZREIc LB A 2V VEOBEIZPKAD D L 5 RAFERAZEATWS
BFHLDICT R0, FEZFEET. B LY AEEZ AW TPKARER O R Z2H
ATz o ZORER, KBEMOBEWPKAHZERD, 7))V a—ZRIE (20mM) #250F AR
254 VAV Y ORMBIOMM EBIRMICINBIT 22 2RWE Lz, FKIC. BEED
BEUWVWPKAPHER S 4 > 2 v ORMBOMH 2K T2 2 &2 108HERE OKEMED
BB OMERER VTR LR, SICHBEEL. 7Ty - REHET
Zforskolin ., 250 ICIEZ 54 > AV VY OBRHBOKHE 2HICRET S 2R L.

WIZHEHIZ. V)V —AREEOMBEN AV D LEE FRIZ. PKADED X 5 7RH
SEAEZEGP BTN, ZOHE. PKAFHEI Y forskolinld, 7 )Va—XIZXBH)VY
Y AEE FRICHEERIFI R oR. FITHEEZ. AP RANVS D LAREEZAN
T2 uMBL ED AN I A EE EREBEDFE L. ThICK > TR 54 Y R ) V0 WBFRK
OBOBHEIC T LTIV I — X RUPKAD ED X 5 BRiFATGER 2 RIETHEHETZ. ZD
SR 20mM OV )NV — X BRI, 19BIET AP RANVS D LAREIILK>THNVT D
LEER TRXEZL ANY Y AMEE FRICEERZRADRWVWICHED S 9. BOMKE»2
M T 522 RWE L. FEPKAMRERZZ 0 V)0 — s R % 5221 il
L. forskolinit Z O EZ M I U Tz — . FEMRBME V)V 2 — X FFEAK (2-deoxyglucose,
20mM) T ZOLD MR ZRD R oz UMEDERER» S, VIV —XE,
MIER ALY D L EES FRIBEET TR, AV OLBE EREBOA VR VEHO
B HBEE5 T2l ER 2. LPBPKAK, ZNVa— G & OREMER I
b, COANYILAEEFEREBOA V) VEOBHICREERZ RIET I EHHBL
7z

SBBICHEZIZ. A VR U WBER Y MK OBE KIGICPKAD & O X 5 i
EREBATNED RN, ZORKE. PKAD, 1 VRV V2 WEKIE S MDD pe&
UCHIFLZTERR LB BRICE S, ML KEREZRETEI L Z2RVWE Lz,

ZO&DICEMERERIZ. A VR VAW RIZFTPKAOFESEAICOWTCERERMRAZ
BT 25 DTH B, A, PKAOEABEEZS T L IV THEETHICEE>TNRN
OO MEFHBE A FREREGEZAVRINERRTERP S EHFLVWHMRTH D,
WA BIT AMEOERICKE B, Lo THESORXITEMH XL LT+
BEIDLLVWHARTH D L BEBZEROZELE-RTHEL o
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