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Abstract. Isolated canine islets of Langerhans differ 
from isolated islets of other species (including rodents 
and man) in that elevated glucose concentrations are un- 
able to stimulate insulin secretion. Here we demonstrate 
that addition to the perifusate of isobutylmethylxan- 
thine (IBMX), forskolin or 8-CPT-cAMP, all of which 
enhance cytosolic cAMP, permits insulin secretion in re- 
sponse to glucose, leucine or tolbutamide. These cAMP 
enhancers increase secretogogue-induced electrical ac- 
tivity in 13-cells and restore depolarization-induced, 
Ca2+-dependent granule exocytosis measured as step- 
wise increases in membrane capacitance. We propose 
that the primary permissive action of cAMP is to tight- 
ly link Ca 2+ entry to insulin granule release, while a sec- 
ondary action is to tighten the link between glucose 
metabolism and cell depolarization. 

Key Words: Cyclic AMP - -  Insulin secretion - -  Elec- 
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Introduction 

The role of cyclic adenosine-5'-monophosphate (cAMP) 
in glucose-induced insulin release by ~-cells of pan- 
creatic islets of Langerhans is complex. In whole ro- 
dent islets, where these effects have been investigated 
most intensively, cAMP levels rise during glucose stim- 
ulation (Grill & Cerasi, 1974), but inhibition of adeny- 
late cyclase or cAMP-dependent protein kinase does not 
affect insulin secretion in a consistent manner (Per- 
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saud, Jones & Howell, 1990). However, addition to the 
bath of agents which raise cAMP concentration great- 
ly enhances electrical activity and insulin secretion in- 
duced by glucose or other secretogogues (see Henquin, 
1985, for review). On the other hand, in isolated rodent 
~-cells, glucose often fails to induce membrane depo- 
larization, elevation of cytosolic Ca 2§ and insulin se- 
cretion in the absence of a cAMP-enhancing agent (e.g., 
Pipeleers et al., 1985; and Holz, Ktihntrieber & Haben- 
er, 1993; Wang et al., 1993). 

Recently, Scharp et al. (1989) reported that newly 
harvested dog islets failed to secrete insulin in response 
to stimulation by glucose or leucine. Secretion was re- 
stored by addition to the perifusion solution of a phos- 
phodiesterase inhibitor isobutylmethylxanthine (IBMX) 
at 1 mM and carbamylcholine. Here we report that 
IBMX is sufficient to permit glucose- or tolbutamide- 
induced insulin secretion in whole islets. The effect of 
IBMX is mimicked by a direct activator of adenylate cy- 
clase (forskolin) and a membrane permeant cAMP ana- 
logue (8-CPT cAMP), suggesting that all of these agents 
permit secretion by enhancing cytosolic cAMP. In the 
absence of cAMP enhancers, I]-cells responded to 20-40 
~M tolbutamide with vigorous electrical activity and 
increments in cytosolic Ca a+ but often failed to respond 
to 15 mM glucose until a cAMP enhancer was present. 
Additionally, in the absence of a cAMP enhancer, a 
majority of islet cells failed to show depolarization-in- 
duced increases in membrane capacitance (AC m) asso- 
ciated with ~-cell granule exocytosis, despite having 
sizeable Ca 2+ currents. ACre's were restored after addi- 
tion of forskolin and/or IBMX. These results suggest 
that Ca 2+ enhancers primarily serve to restore insulin 
secretion by tightly linking Ca 2+ entry to the process of 
insulin granule release, and secondarily to enhance se- 
cretion by tightening the link between glucose metab- 
olism and depolarization. 
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Materials and Methods 

1. ISLET PREPARATION AND CHARACTERIZATION 

The islets used in this study were prepared by the Islet Transplanta- 
tion Laboratory, Washington University. Briefly, pancreata were 
harvested from mongrel dogs. Islets were isolated using an automated 
protocol (Olack et al., 1992) nearly identical to that previously de- 
scribed for human cadaver pancreases (Ricordi et al., 1988). 

The following pilot experiments were carried out to investigate 
the structural and metabolic integrity of freshly isolated canine islets. 
(1) Aliquots of islets from three different preparations were fixed with 
formaldehyde and stained with osmium tetraoxide, and later thin-sec- 
tioned for electron microscopy. Many sections revealed cells with 
dense core granules, typical of A and D cells, adjacent to cells with 
crystalline-filled granules, typical of IS-cells. In rare sections, capil- 
lary endothelial cells were disceruable (S. Misler, D. Pressel and R. 
Henry, unpublished data). (2) Aliquots of islets from two different 
preparations were exposed to 14C-labeled glucose. These islets 
demonstrated a threefold increase in 14CO2 production in the presence 
of 16.8 vs. 3 mM glucose. The presence of IBMX did not alter base- 
line or stimulated 14CO2 production (D. Pressel and S. Misler, un- 
published data). (3) Lastly, aliquots of islets from two preparations 
were exposed to elevated K" and assayed for glucagon secretion by 
radioimmunoassay. In the presence of 1 mM IBMX, raising the K-- 
concentration of the bath from 5.5 to 30 mM increased glucagon se- 
cretion by fourfold (D. Barnett and S. Misler, unpublished data). 

2. MEASUREMENT OF INSULIN SECRETION 

Insulin secretion from isolated perifused islets was measured by ra- 
dioimmunoassay, as previously described (Pressel & Misler, 1991). 
After isolation and purification, islets were cultured for 1-3 days at 
37~ Equal aliquots of the islet cell suspensions usually containing 
75-100 islets were loaded into paired chambers containing a cellulose 
acetate filter (8 I.tm) (Millipore, Bedford, MA). The chambers, in- 
cubated in a 370C water bath, were perifused with an oxygenated so- 
lution (95% 02/5% CO2) containing (in mM): 115 NaC1, 24 NaHCO 3, 
5 KC1, 2.0 CaC12, 1.0 MgC12, and 0.5% RIA grade albumin. The flow 
rate of the perifusate was ~ 1 ml/min and effluent from each islet-con- 
taining chamber was collected manually at intervals from 1-5 min. 
The samples were frozen and, subsequently, insulin was measured by 
the Diabetes Research and Training Center Radioimmunoassay Core 
Facility at our institution. Data on time course of insulin secretion 
presented in Fig. 1 are representative of those obtained from dupli- 
cate perifusion experiments performed on at least three different islet 
isolates. 

3. RECORDING OF ELECTRICAL ACTIVITY AND 

MEMBRANE CONDUCTANCE OF ISLET CELLS 

The methods used to record these parameters from islets were near- 
ly identical to those described in a prior study of canine IS-cells (Pres- 
sel & Misler, 1991). Islet clumps were bathed in a standard extra- 
cellular solution containing (in mM): 144 NaCI, 5.5 KC1, 2.0 CaC12, 
1 MgC12, and 20 HEPES titrated to pH 7.3 with NaOH. Individual islet 
cells or ceils in small clumps were recorded from using the perforat- 
ed patch variant of whole cell recording. Glass micropipettes were 
filled by immersion of the tip in a high K § buffer solution which con- 
tained (in mM): 67.5 KC1, 28.4 K2SO 4, 11.8 NaCI, 1 MgCI 2, 0.5 
EGTA, 47.2 sucrose, and 20 HEPES titrated to pH 7.3 with KOH. 
They were then backfilled with a high K + buffer solution which con- 

tained, in addition, 150-300 p,g/ml nystatin (Sigma, St. Louis, MO). 
Action potential activity was recorded in the current clamp mode us- 
ing either the EPC-7 or the EPC-9 patch clamp amplifier (Heka, 
Darmstadt, Germany), at room temperature (21-230C), to enhance the 
mechanical stability of the patches. Background membrane K + con- 
ductance was assessed by applying voltage clamp pulses which hy- 
perpolarized the membrane by 20-30 mV from rest and then mea- 
suring the evoked current. Data collection was begun once the access 
resistance (Ra) from the pipette and the cell interior fell to less than 
100 M~.  Cells were identified physiologically as Is-cells by the 
presence of ATP-sensitive K + channels in the cell-attached patch 
prior to patch perforation or whole cell ATP-sensitive K § currents af- 
ter patch perforation (see Figs. 3 and 4, Pressel & Misler, 1991). 

4. MICROSPECTROFLUORIMETRY FOR CYTOSOLIC 

C a  2+ DETERMINATION 

The methods used for these determinations were nearly identical to 
those we previously adopted for human islets (Misler et al., 1992). 
Glass coverslips dotted with islets were incubated for ~60 min at 
room temperature in the dark in culture medium containing 2 laM Fu- 
ra 2-AM (Molecular Probes, Junction City, OR) previously dissolved 
in dimethylsulfoxide (DMSO). The coverslips were rinsed and mount- 
ed in a recording chamber on the stage of an inverted microscope in 
the light path of a Spex Fluorolog Cation Measurement System. Uni- 
formly fluorescent islet cell clumps, viewed at 400 or 1,000• were 
chosen for monitoring at 30-32~ Fluorescence emission (F) at 505 
nm was measured in response to rapid alternate excitation of the 
trapped intracellular Fura 2-AM at 340 and 380 nm, and was displayed 
as a running fluorescence ratio R (F340/F3s0). These experiments 
proved difficult with only 40% (6/16) of cell clumps responding to 
secretogogues, even under optimal conditions. The amount of Fura 
2-AM used optimized the dye loading while minimizing the visual ev- 
idence of cell injury (i.e., the development of membrane blebbing) 
during 20-30 min of light exposure. 

5. DEPOLARIZATION-INDUCED CHANGES IN 

MEMBRANE CAPACITANCE 

Methods used for these determinations were nearly identical to those 
we previously described for rat I$-cells (Gillis & Misler, 1992, 1993). 
Single islet cells (> 10 ktm in diameter and membrane capacitance >4 
pF) were selected for perforated patch recording in the voltage clamp 
mode at 30-32~ The tip of the pipette was filled with a high Cs § 
solution containing (in mM): 28 Cs2SO4; 64 CsC1; 12 NaC1; 0.5 
EGTA; 1 MgC12; and 20 HEPES titrated to 7.3 pH with TEAOH. The 
pipette was then backfilled with the high Cs + solution containing 
500-1,000 txg/ml nystatin and 0.05-0.2% DMSO. The bath solution 
(TEA and TTX-modified extracellular solution) contained (in mM): 
85 NaCl; 50 tetraethylammonium (TEA) chloride; 5.5 KC1; 2 CaCI2; 
1 MgC12; 5 glucose; 5-10 • 10 -4 tetrodotoxin (TTX); and 20 
HEPES titrated to pH 7.3-7.4 with NaOH. To enhance Ca 2+ currents 
and Ca2§ release, in some experiments, the Ca 2+ con- 
centration of the bath was raised to 11.8 mM and BAYK 8644 (2.5 
ktM) was added. Stimulus-evoked changes in A C  were measured us- 
ing a two phase lock-in amplifier (LIA) custom designed by K.D. 
Gillis in conjunction with an EPC-9 patch-clamp amplifier (PCA). Af- 
ter capacity transient neutralization, a 30 mV peak-to-peak sine wave 
(977 kHz), riding on a - 7 0  mV offset, was applied as a stimulus. The 
output of the LIA was monitored at a phase angle (ct) sensitive to C 
and at a phase angle orthogonal to ~ (i.e., ~-90 ~ to track G, a com- 
posite of the R and membrane conductance, o~ was determined by 
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adjusting the phase control of the LIA until the G output was insen- 
sitive to offsetting the Cslow compensation of the PCA by 0.1 pF. The 
displacement of the C output of the LIA was used to calibrate the mag- 
nitude of depolarization-induced ACre'S. Slow changes in patch per- 
meabilization necessitated periodic updating of capacity transient 
compensation as well as redetermination of c~. Due to the data ac- 
quisition algorithm used, the C trace is blanked out for one sec after 
imposition of the depolarizing pulse. 

Results 

This study was prompted by a previous finding that 
perifused canine islets, which do not secrete measurable 
amounts of insulin in response to glucose (6-20 mM) or 
an alternative metabolite secretogogue leucine, show 
rapid onset of biphasic secretion following addition of 
1 mM IBMX and 10 ~tM carbachol (Scharp et al., 1989). 
Figure la demonstrates that addition of 1 mM IBMX is 
sufficient to restore insulin secretion in response to 15 
mM glucose. Similarly, IBMX restored insulin secretion 
in response to 40 ~I.M tolbutamide (b). The permissive 
action of IBMX on glucose-induced insulin secretion 
can be mimicked either by (i) forskolin, but not by its 
inactive derivative dideoxyforskolin, which lacks cy- 
clase-activating activity (c), or (ii) the membrane per- 
meant of cAMP analogue 8-CPT cAMP (d). In two pi- 
lot experiments, addition of 50 ~M Rp-cAMP, an opti- 
cal isomer of cAMP, which binds, but does not activate, 
protein kinase A, reduced glucose-induced insulin se- 
cretion in the presence of 10 ~I.M forskolin by >50%. 
These results strongly suggest that IBMX, forskolin 
and 8-CPT-cAMP all affect insulin secretion by their 
abilities to raise cAMP. In the presence of a cAMP en- 
hancer, glucose-induced insulin secretion from canine 
islets was dependent on adequate extracellular Ca 2+ 
concentration and intact oxidative metabolism. Glu- 
cose-stimulated insulin secretion was reversibly abol- 
ished by reducing the extracellular Ca 2+ concentration 
from 2 to 0.05-0.1 mM or by adding 3 mM sodium azide 
to the bath (data not shown). 

In rat and mouse islets, where cAMP enhancers 
augment but are not obligatory for nutrient- or tolbu- 
tamide-induced secretion, cAMP enhancers have been 
reported to increase secretogogue-induced electrical ac- 
tivity, Ca 2+ entry, and depolarization-induced insulin 
granule exocytosis. To define potential loci of action 
of cAMP in dog islets, we performed patch clamp elec- 
trophysiology to evaluate single cell electrical activity 
and exocytosis as well as microspectrofluorimetry to 
evaluate cytosolic Ca 2+ concentration. 

In perforated patch experiments performed under 
current clamp conditions >85% of all islet cells tested 
depolarized in response to the application of 20-40 ktM 
tolbutamide in 3 mM glucose. Figure 2 presents the 
range of glucose-stimulated electrical activity in tolbu- 
tamide-sensitive cells. Panel A depicts a 13-cell, typical 

of 7/18, which maintained a resting potential of nearly 
- 6 0  mV in the presence of 15 mM glucose and showed 
no electrical activity until shortly after the addition of 
1 mM IBMX. Thereafter, cells depolarized to - 4 0  mV 
and conducted a train of large amplitude action poten- 
tials which then degenerated to a plateau-like depolar- 
ization at - 2 5  mV. Panels B and C display cells typi- 
cal of the remaining 11 cells, which slowly depolarized 
and developed spiking activity on increasing glucose 
from 3 to 15 raM. However, the cell's rate of depolar- 
ization and intensity of spiking activity was greatly en- 
hanced on re-exposure to 15 mM glucose in the presence 
of either 1 mM IBMX or 10 ~[M forskolin. Visual in- 
spection of the morphology of the earliest individual ac- 
tion potentials provoked in the presence and absence of 
a cAMP-enhancing agent revealed no obvious change 
in action potential threshold, upstroke velocity or over- 
shoot, or duration parameters which would be indicative 
of gross changes in Na + channel activation or inacti- 
vation, or K § channel activation. 

In companion voltage clamp experiments (see Fig. 
3), we demonstrated clearly that IBMX (0.1-1.5 mM) or 
forskolin (10-30 ~tM), in a concentration-dependent 
manner, reducing resting membrane conductance cal- 
culated from the current flow ( / )  evoked by hyperpo- 
larizing the membrane from a holding potential of - 6 0  
mV to a clamping potential of - 8 0  mV at a constant 
glucose concentration (2 mM). The bath concentration 
of IBMX needed to reduce/m by half is --300 ktM (see 
Fig. 3). We have previously shown that this current is 
increased by bath application of sodium azide but is 
rapidly reduced by tolbutamide (20-40 p.M), even in the 
absence of IBMX or forskolin (see Fig. 4, Pressel and 
Misler, 1991). These features suggest that this current 
is carried by metabolically regulated, sulfonylurea-in- 
hibited K § (ATP) channels. 

Panels a and b of Fig. 4, which depict two of the 
set of six successful experiments, demonstrate that ex- 
posure to 20-40 ~tM of tolbutamide consistently in- 
creases cytosolic Ca 2+, even in the absence of cAMP- 
enhancing maneuvers, while 15 mM glucose did so on- 
ly inconsistently (i.e., in 2/6 cell clumps) unless 1 mM 
IBMX is present. Note that in the presence of IBMX, 
cytosolic Ca 2+ is enhanced by the dihydropyridine Ca 2§ 
channel agonist BAYK 8644 and depressed by reduc- 
ing extracellular Ca 2+, confirming the dependence of the 
increase in cytosolic Ca 2§ on Ca 2§ entry. 

The ability of a cAMP enhancer to effectively cou- 
ple depolarization and Ca 2+ entry to secretion was fur- 
ther tested by combining phase detection techniques 
with perforated patch recording in the voltage clamp 
mode. In this approach, exocytosis of cell granules is 
measured as the increase in AC m in response to cell de- 
polarization and evoked Ca 2+ current (Gillis & Misler, 
1992, 1993, Amm~il~i, Ashcroft & Rorsman, 1993). In 
rodent [3-cells, depolarization-induced ACre's resemble 
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Fig. 1. IBMX, forskolin and 8-CPT-cAMP 
permit secretogogue-induced insulin secretion. 
(a) Duplicate experiment, out of six, 
demonstrating that 1 mM IBMX restores glucose- 
induced insulin secretion. Asterisk over values 
<25 pM indicates that values were below the 
lower limits of the assay. (b) Duplicate 
experiment, out of four, demonstrating that 1 mM 
IBMX permits tolbutamide-induced secretion. 
(c) Paired experiment, out of three, 
demonstrating that forskolin (10 ~M), but not 
dideoxyforskolin, permits glucose-induced 
insulin release. (d) Paired experiment, out of 
three, demonstrating that 1 mM 8-CPT-cAMP 
permits glucose-induced insulin release as well 
as 1 mM IBMX (unbroken line). 

secretogogue-induced insulin release: both are highly 
dependent on Ca 2+ entry, being blocked by reduced 
extracellular Ca 2+ or addition of a heavy metal Ca 2+ 
channel blocker such as cadmium; and both show sim- 
ilar temperature dependence, being blocked at <27~ 
Furthermore, depolarization-induced increases in ACm 
show similar voltage dependence as the immediately 
preceding Ca 2+ currents. The smallest ACre'S detected 
( -1 . 5  fF) are very nearly the size predicted for a 250 
nm diameter spherical granule (K. Gillis and S. Misler, 
unpublished data). These findings suggest that depo- 
larization-induced AC,~'s may adequately reflect insulin 
granule exocytosis. 

In 9/12 canine ~-cells tested, voltage clamp pulses 
from - 8 0  mV to 0 or + 10 mV, V/s which approach 
the value of the overshoot of the action potential and 
evoke peak Ca 2+ currents, produced no discernable in- 
creases in membrane capacitance, until forskolin (10 
~tM) was added to the bath. The depolarization-induced 
increases in membrane capacitance seen after addition 
of forskolin occurred in the absence of consistent in- 
creases in peak Ca 2+ current or the total charge carried 
by Ca 2+ current evoked at a given V c, or a shift in the 
voltage dependence of the current (see Fig. 5). 

Discussion 

Early studies with isolated canine islets of Langerhans 
presented an interesting quandary. While isolated islets 
failed to secrete insulin in response to in vitro perifu- 
sion with even massively elevated levels of glucose 
(Scharp et al., 1989), they appeared to be structurally 
and metabolically intact, and they secreted quite well in 
vivo. When injected into the circulation of the spleen 
or liver of pancreatectomized dogs (Kneteman, Alder- 
son & Scharp, 1987), freshly isolated islets served to 
normalize serum glucose levels measured in response to 
mixed meal-oral glucose tolerance tests and prevent ke- 
toacidosis. Here we demonstrate that agents augment- 
ing cytosolic cAMP suffice to restore, in vitro, glucose 
or tolbutamide-regulated insulin secretion and present 
evidence implicating two regions in the cascade of stim- 
ulus-secretion coupling which are targets of cAMP ac- 
tion. Since many hormones such as glucagon and 
glucagon-like intestinal peptide increase cAMP, they 
may be the source of cAMP enhancement in the intact 
organism or the transplant recipient. 

Our most revealing new observation is that while 
exposure to tolbutamide or glyburide, in the absence of 
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Fig. 2. Effects of IBMX and forskolin on glucose-induced [3-cell de- 
polarization and electrical activity. (A) Current clamp recording from 
a cell which maintained a resting potential near - 6 0  mV despite pro- 
longed exposure to 15 m s  glucose, but rapidly depolarized and fired 
action potentials which deteriorated to plateau depolarization after ad- 
dition of 1 mM IBMX. After washout of IBMX, and return of mem- 
brane potential to near - 6 0  mV, addition of 30 pM tolbutamide, 
now in 3 mM glucose, again resulted in rapid depolarization and the 
onset of spiking activity. (B) Current clamp recording from a cell in 
which an increase in glucose from 3 to 15 mM resulted in an initial 
slow depolarization at the onset of spiking activity (Trace B1). Elec- 
trical activity subsided with a return to 3 mM glucose. Subsequent re- 
exposure to 15 mM glucose in the presence of 1 mM IBMX resulted 
in at least a twofold higher rate of depolarization (Trace B2). Note 
the time scale change between these two traces. (C) Sample traces 
from a cell in which the change from 3 to 15 mM glucose resulted in 
a slow depolarization with rare spiking activity, in the absence of 
forskolin, but impressive spiking in its presence. 

cAMP-enhancing agents, invariably results in cell de- 
polarization, electrical activity and a rise in cytosolic 
Ca 2+, it does not result in insulin secretion. Instead, the 
addition of a cAMP-enhancing agent is critical for the 
consistent onset of sulfonylurea-induced insulin secre- 
tion. The simplest interpretation of these observations 
is that, on a population basis, the permissive effect of 
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Fig. 3. Dose-dependent decrement of background K § conductance 
(G/Gmax) in [3-cells resulting from bath-applied IBMX. The four dif- 
ferent symbols indicate results obtained in separate experiments. The 
inset depicts sample current traces in response to repetitive voltage 
clamp pulses from - 6 0  to - 8 0  mV. 

cAMP-enhancing agents primarily results from the abil- 
ity of these agents to link electrical activity and a rise 
in cytosolic Ca 2§ to insulin secretion, which is otherwise 
largely dissociated. This interpretation is bolstered by 
the finding that only a minority of isolated I~-cells dis- 
plays depolarization-induced increases in membrane 
capacitance, attributable to insulin granule exocytosis, 
unless a cAMP-enhancing agent is present. However, 
the ability of these agents to enhance glucose-induced 
depolarization and electrical activity suggest that cAMP 
enhancers exert a secondary effect in coupling cell me- 
tabolism to depolarization. 

Our results complement previously published stud- 
ies in isolated rat [~-cells on the requirement for en- 
hanced cytosolic cAMP in restoring glucose-induced 
insulin secretion and extend the range of possible mech- 
anisms of action of cAMP in restoring secretogogue-in- 
duced insulin release. Studies on isolated rat I~-cells 
suggest that, in the native state, [~-cells require some 
background activation of cAMP-dependent protein ki- 
nase A. Using single [~-cells purified by fluorescence- 
activated cell sorting, Wang et al. (1993) correlated the 
failure of glucose-induced insulin release with the of- 
ten poor increase in cytosolic Ca 2§ in I~-cells in the ab- 
sence of cAMP enhancers. Noting that theophylline or 
glucagon restored insulin secretion as much as it en- 
hanced Ca 2+ response on poorly responsive ceils, they 
suggested that cAMP enhancement might restore or en- 
hance Ca 2§ currents in these cells. Holz et al. (1993) 
correlated the previously reported poor insulin release 
from single islet cells with poor glucose-induced depo- 
larization and electrical activity, and also found that 
addition of cAMP enhancers increased closure of K § 
(ATP) channels. Neither of the earlier studies focused 
on the possibility that a cAMP-enhancer might act to re- 
store secretion, largely by enhancing a Ca2+-dependent 
feature of the secretory process. Recent studies mea- 
suring increases in membrane capacitance in patch- 
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Fig, 4. Glucose- and tolbutamide-induced rises 
in cytosolic Ca 2+ in Fura 2-AM loaded canine 
islet fragments. The increasing value of the 
running fluorescence ratio R (F340/F380) indicates 
rising cytosolic Ca 2+ levels. Note that in the islet 
fragments depicted in panels a and b, addition of 
30 ~tM tolbutamide to 3 mM glucose produced a 
sizable rise in fluorescence ratio, while 
increasing glucose to 15 mM produced little or no 
effect until 1 mM IBMX was added. Note in 
panel a that in the presence of IBMX, cytosolic 
Ca 2§ rose dramatically with further addition of 2 
~tM BAYK, a Ca 2+ channel opener, and 
reversibly dropped to baseline levels on reducing 
extracellular Ca 2+ to 0.1 mM. Trace in panel b 
was darkened for emphasis. 

clamped rodent islet cells or insulin secretion from per- 
meabilized islets (Jones, Fyles and Howell, 1986) point 
towards direct enhancement of the secretory process 
by cAMP. It is worth noting that, in our experience 
(Gillis & Misler, 1993), rodent islet cells, prepared and 
cultured in a fashion similar to the canine cells, are 
more likely to exhibit depolarization-induced exocyto- 
sis in the absence of a cAMP enhancer (i.e., 8/9 rat cells 
vs. 2/10 canine cells), despite comparable Ca 2+ cur- 
rents. 

Our data do not address two important questions. 
(i) Why is insulin secretion by isolated dog islets so un- 
responsive to glucose unless enhancers of cAMP are uti- 
lized? (ii) Does cAMP enhancement actually permit 
stimulus-secretion coupling in vivo and, if so, what 
agent is responsible for cAMP enhancement? Put oth- 
erwise, do canine 13-cells have a higher turnover rate of 
cAMP or require higher levels of cAMP for secretory 
competence from those of other species? Is the cAMP 
content of canine [3-cells more dependent on long-range 
endocrine interactions (e.g., intestinal secretion of 

glucagon-like peptide) than on short range paracrine 
interactions (e.g., local secretion of glucagon or cell-cell 
coupling) thought to play a crucial role in cAMP en- 
hancement in rodent I~-cells (e.g., Pipeleers et al., 1985)? 
More direct answers to these questions will require 
cAMP measurements as well as assessment of the in- 
tactness of cell-to-cell communication in dog islets in 
vitro. Several lines of evidence, however, argue against 
wholesale disruption of islet function or loss of cell 
surface receptors during isolation as a cause for their un- 
usual physiology. These include: (i) structural and 
functional evidence for intactness of islets presented 
above in Section 1 of Materials and Methods; (ii) the ra- 
pidity of restoration of stimulus-secretion coupling on 
exposure to cAMP enhancers; and (iii) preliminary ev- 
idence that glucagon (50-100 riM) also permits glucose- 
induced secretion (D. Barnett and S. Misler, unpub- 
lished data). It is unclear whether the cAMP require- 
ment extends to other secretogogues. For example, 
there is evidence that some batches of islets which fail 
to respond to glucose or tolbutamide in the absence of 
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Fig, 5, Forskolin "permits" Ca2+-dependent 
depolarization-induced increases in cell 
membrane capacitance in islet cells. Note that 
step changes in membrane capacitance in 
response to repetitive 100 msec depolarizations 
to 0 mV (applied at arrows) are discernable only 
after addition of 10 ~M forskolin to a TEA and 
TTX-modified extracellular bath solution. Pulses 
1-3 and pulse 5 each evoked sustained changes in 
membrane capacitance of at least 40 fF (assumed 
to correspond to the exocytosis of at least 20-25 
granules). Note the absence of augmentation of 
inward membrane current after the addition of 
forskolin. The transient component is a residual 
Na § current not blocked by TTX and partial Na § 
replacement, while the more slowly inactivating 
component is the high voltage activated (or 
HVA) Ca 2§ current. The inset shows that the 
current/voltage relationship of whole cell Ca 2§ 
currents is not significantly altered by the 
addition of 1 mM IBMX to the bath (N = 3). 

IBMX secrete insulin during exposure to 20-30 mM 
KC1 (D. Pressel and S. Misler, unpublished data). How- 
ever, in rodent islets, prolonged entry of Ca 2+ during 
KC1 stimulation raises cAMP levels (Wang et al., 1993). 

Our experiments pose several interesting questions 
which shall be the subject of further studies. (i) How 
do cAMP-enhancing maneuvers serve to strengthen the 
link between the rise in Ca 2+ and insulin granule exo- 
cytosis? In many secretory systems, it has been proposed 
that some degree of cAMP-dependent phosphorylation 
of plasma membrane or vesicle membrane protein may 
be needed to permit Ca2+-mediated fusion of the gran- 
ule with the plasma membrane, either through the re- 
lease of granules from restraining microfilaments or 
depolymerization of a cortical actin barrier interposed 
between the granule and the plasma membrane (Bur- 
goyne, 1991). Some direct support for this hypothesis 
is provided by membrane capacitance measurements 
which demonstrate that exocytosis can be increased by 
cAMP, even in the absence of enhanced Ca 2+ entry or 
rise in average cytosolic Ca 2+ (,~mmiilii et al., 1993; 
Gillis & Misler, 1993). 

(ii) How do cAMP-enhancing agents enhance glu- 
cose-induced depolarization ? Our experiments support 
the hypothesis that the enhancement of glucose-induced 
depolarization is accompanied by a decrease in mem- 
brane conductance, likely due to the closure of K + 
(ATP) channels. In preliminary cell-attached patch ex- 
periments, performed on 13-cells exposed to a low glu- 
cose bath, addition of IBMX produced rapid and re- 

versible closure of single K § (ATP) channels (D. Pres- 
sel and S. Misler, unpublished data). As yet, it is not 
clear whether cAMP directly affects channel gating or 
whether it alters 13-cell intermediary metabolism, for 
example by stimulating glycolysis or even glycogenol- 
ysis. As noted in Section 1 of Materials and Methods, 
the 14CO2 production from laC-labeled glucose is not en- 
hanced by 1 mM IBMX. However, stimulation of 
glycogenolysis might not enhance 14CO2 production. 

In conclusion, in our early experiments with iso- 
lated canine islets, we noted two features not seen with 
rodent islets typically used in in vitro studies of stimu- 
lus-secretion coupling in 13-cells. First, whole peri- 
fused canine islets, despite apparently intact islet struc- 
ture, failed to secrete insulin in response to even su- 
praphysiological glucose concentrations unless other 
permissive factors (e.g., IBMX or IBMX and car- 
bamylcholine) were present (Scharp et al., 1989). Sec- 
ond, canine 13-cells displayed a unique electrical activ- 
ity pattern (Pressel & Misler, 1990): a rise in ambient 
glucose (to 10-15 mM) provoked, within 1-3 min, a 
train of extracellular Na§ action potentials 
which rapidly gave way to a plateau depolarization. 
(Rodent islets, despite expressing voltage-dependent 
Na + currents, display prolonged rhythmic bursting elec- 
trical activity consisting of Ca 2+ action potentials which 
give rise to plateau depolarizations only at glucose con- 
centrations greater than 20 mM.) In a previous publica- 
tion (Pressel & Misler, 1991), we presented evidence 
which strongly suggested that this novel electrical ac- 
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tivity, just like the more classical electrical activity of 
rodent ~-cells, is central to stimulus-secretion coupling. 
Electrical activity is initiated by the closure of ATP-sen- 
sitive K + channels and, subsequently, triggers Ca 2+ en- 
try which can support biphasic secretion. Here we pre- 
sent data suggesting that a prominent permissive effect 
of cAMP-enhancing agents on secretogogue-induced 
insulin secretion is exerted at the link between Ca 2+ en- 
try and insulin granule exocytosis, a step where these 
agents exert a substantial enhancing effect in islet 
species which secrete in response to fuel metabolites 
alone. Taken together, our observations suggest that the 
cellular cascade of stimulus-secretion coupling in canine 
[3-cells is essentially similar to that in rodents. The 
seemingly unusual features of the cascade may help to 
more finely tune canine insulin secretion to its specific 
needs. 
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