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Leptln-deflclent LepOb/LepOb mice hypersecrete Insulin In re-
sponse to acetylcholine stimulation of the phospholipase C·
protein kinase C (PLC-PKC)pathway, and leptln constrains this
hypersecretion. Leptln has been reported to activate phospha-
tldyllnosltol 3-klnase (PI 3-K) and subsequently phosphodies-
terase (POE) to Impair protein kinase A (PKA)-Induced Insulin
secretion from cultured Islets of neonatal rats. We determined If
PKA-Induced Insulin secretion was also hyperresponslve In Is-
lets from LepOblLepOb mice, and If leptln Impaired this pathway
In Islets from these mice. Additionally, the possible role for PI
3-K and POEIn leptln-Induced control of acetylcholine-Induced
Insulin secretion was examined. Stimulation of Insulin secre-
tion with GLP-1, forskolln (an activator of adenylyl cyclase), or
IBMX (an Inhibitor of POE)did not cause hypersecretion of In-
sulin from Islets of young LepOblLepOb mice, and leptln did not
Inhibit GLP·1-lnduced Insulin secretion from Islets of these
mice. Inhibition of POE with IBMX also did not block leptin-
Induced Inhibition of acetylcholine-mediated Insulin secretion
from Islets of LepOblLepOb mice. But, preincubation of Islets with
wortmannln, an Inhibitor of PI3-K activity, blocked the ability of
leptln to constrain acetylcholine-Induced Insulin secretion from
Islets of LepOb/LepOb mice. We conclude that the capacity of the
PKA pathway to stimulate Insulin secretion Is not Increased In
Islets from young LepOblLepOb mice, and that leptln does not
regulate this pathway In islets from mice. Leptln may stimulate
PI 3-K to constrain PLC-PKC-Induced Insulin secretion from Is-
lets of LepOb/LepOb mice. Exp Bioi Mad 228:175--182,2003
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A mutation in the Lepob gene disrupts leptin synthesis
and causes profound obesity in Lepob/Lepob mice
(I). These animals are hyperinsulinemic early in

development, before they exhibit elevated food intake (2),
decreased metabolic rates (3, 4), or insulin resistance (5).
This suggests that leptin might directly regulate insulin syn-
thesis or secretion. Several reports have shown that leptin
decreases insulin mRNA abundance in islets and cell lines
(6, 7). Other studies have focused on insulin secretion. Lep-
tin inhibits insulin secretion from islets and insulin-
secreting cell lines, although there are conflicting reports
(reviewed in Ref. 8).

Insulin secretion is stimulated by a variety of signals
including nutrients, neurotransmitters, and hormones that
interact within the pancreatic islets (9). Lepob/Lepob mice
have elevated plasma insulin concentrations by 2 weeks of
age, but their pancreatic islets secrete insulin normally in
response to glucose at this age (10; II). This suggests that
neurotransmitters and/or hormones might he responsible for
the initial hypersecretion of insulin in young Lepob/Lepob
mice. Glucose-induced insulin secretion is potentiated by
stimulation of the phospholipase C-protein kinase C (PLC-
PKC) and protein kinase A (PKA) signal transduction path-
ways (12). Acetylcholine and cholecystokinin activate the
PLC-PKC signaling pathway to stimulate insulin secretion
(13). Enhanced sensitivity of islets from Lepob/Lepob mice
to this pathway has been suggested as a possible mechanism
for their initial development of hyperinsulinemia (10, II).
Islets from 2-week-old, as well as adult, Lepob/Lepob mice
hypersecrete insulin in response to acetylcholine and cho-
lecystokinin, and this hypersecretion of insulin is suppress-
ible by leptin (10, 14). The inhibitory effect of leptin was
still present when insulin secretion was stimulated by a PKC
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agonist, phorbol-12-myristate-13-acetate (14, 15), suggest-
ing that this pathway is a possible target for leptin to regu-
late Insulin secretion.

The possibility that the PKA pathway might also be
activated to cause hypersecretion of insulin from islets of
young Lepob/Lepob mice has not been as extensively inves-
tigated as the PLC-PKC pathway in these mice. Leptin was
shown to activate phosphodiesterase (PDE) 3B in cultured
islets from neonatal rats, to suppress cAMP content of the
islets, and to inhibit glucagon-like peptide-I (GLP-I)-
stimulated insulin secretion from these islets (16). This
raises the possibility that islets from leptin-deficient mice
might exhibit an enhanced rate of insulin secretion when
exposed to GLP-l to activate adenylyl cyclase. The obser-
vation that leptin activates PDE in islets from neonatal rats
(16) also raises the possibility that the leptin-induced inhi-
bition of PLC-PKC-mediated insulin secretion observed in
islets from Lepob/Lepob mice might occur via cross-talk be-
tween the PKA and PLC-PKC pathways (11, 17).

Zhao et al. (16) showed that the leptin-induced activa-
tion of PDE in islets from neonatal rats was mediated by
activation of phosphatidylinositol 3-kinase (PI 3-K). Inhi-
bition of PI 3-K activity by wortmannin blocked the ability
of leptin to inhibit GLP-I-induced insulin secretion. Other
reports have linked the inhibitory effects of leptin on insulin
secretion to activation of K+ATP channels via activation of
PI 3-K activity (18, 19). Leptin also functions in other tis-
sues to stimulate PI 3-K and affect glucose transport and
glycogen synthesis (20, 21). The possibility that the en-
hanced acetylcholine potentiation of insulin secretion from
Lepob/Lepob mice is linked to PI 3-K activity has, to our
knowledge, not been investigated.

The present study was undertaken first to determine if
islets from neonatal leptin-deficient Lepob/Lepob mice hy-
persecrete insulin in response to activation of the PKA sig-
naling pathway, as is observed when the PLC-PKC signal-
ing pathway is stimulated in islets from these mice (10).
Next, the effects of leptin on insulin secretion mediated by
the PKA signaling pathway in islets from mice were exam-
ined. Finally, wortmannin, an inhibitor of PI 3-K (22), was
used to investigate the possible role for PI 3-K in the en-
hanced acetylcholine-induced insulin secretion characteris-
tic of islets from young Lepob/Lepob mice.

Materials and Methods
Animals. Lepob/Lepob and lean mice were obtained

frpm our breeding colony (C57BU6J-Lepob/+). Care and
treatment of the mice was according to the Guide for the
Care and Use of Laboratory Animals (National Research
Council, 1985) and local institutional guidelines. Mice were
housed in solid-bottom cages with wood shavings for bed-
ding and were maintained at 25°C with a 12:12-hr light-
dark cycle (lights on at 0700 hr). They were fed a nonpu-
rified diet (Harlan Teklad Rodent Diet 8640; Madison, WI).
Litters were adjusted to 6 pups per litter within a few days
after birth. Mice were weaned at 3 weeks of age. Approxi-
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mately equal numbers of male and female mice were used at
2 and 4 to 5 weeks of age. Lep'"/Lep'" and lean mice were
identified by visual examination of body shape. Phenotype
was further confirmed by visualization of abdominal fat
pads when pancreatic islets were obtained. Even at 2 weeks
of age, Lepob/Lepob mice have approximately three times as
much abdominal fat as lean mice (10). Littermate mice were
used in selected trials as 'noted in the table footnotes and
figure legends.

Islet Isolation, Insulin Secretion, and Insulin
Assay. Pancreatic islets were isolated with collagenase
type V (Sigma Chemical, St. Louis, MO) as described pre-
viously (10, 23). Isolated islets were selected with the aid of
a pipette under a stereoscopic microscope. Similar-sized
islets from individual mice (10 islets/dish) were distributed
into small (35-mm) black-bottom petri dishes. One dish per
animal was assigned to each treatment. In Experiments 3
and 4, islets from two mice were pooled and then aliquoted
(10 islets/dish) into each offour petri dishes to be assigned
to the four experimental treatments.

Islets were preincubated at 37°C for 30 min under a
95% Oi5% CO2 atmosphere in 1 ml Krebs-Ringer bicar-
bonate buffer (KRB, pH 7.4) containing 0.5 mM glucose
and 0.1% bovine serum albumin (BSA, Amoresco, Solon,
OH). Islets secreting more than 1 fmole insulin-isletl-min"
in 0.5 mM glucose were considered damaged during isola-
tion. Data from these islets were excluded. Islets were then
incubated in KRB containing 10 mM glucose (or 10 mM
glucose + 20 nM wortmannin [Sigma Chemical, St. Louis,
MOl, as indicated in the legend to Fig. 6) during a second
30-min period. This concentration of glucose (i.e., 10 mM)
was selected because the PKA and PLC-PKC signaling
pathways function to potentiate glucose-induced insulin se-.
cretion (12). Various treatments, as indicated in the figure
legends, were then added, and the incubation of the islets in
10 mM glucose continued for 30 min. We demonstrated
earlier that insulin secretion from islets of mice remains
constant when exposed to 10-20 mM glucose for 60 min
(10).

To measure insulin secretion, 0.5 ml of incubation me-
dia was collected. Insulin was quantified by an enzyme-
linked immunosorbent assay (24).

Experimental Design. Experiment 1. Islets from
2-week-old leptin-deficient Lepob/Lepob pups respond nor-
mally to glucose but increase insulin secretion more in re-
sponse to activation of the PLC-PKC pathway than islets
from lean littermates (10, 11). This experiment utilized
GLP-I (Sigma Chemical, St. Louis, MO), a peptide that
activates adenylyl cyclase via a receptor-mediated process
(25, 26); forskolin (Sigma Chemical, St. Louis, MO), a
direct activator of adenylyl cyclase (27); and 3-isobutyl-l-
methylxanthine (IBMX) (Sigma Chemical, St. Louis, MO),
an inhibitor of PDE (28), to determine if insulin secretion
mediated by the PKA signal transduction pathway was al-
tered in islets from 2-week-old Lepob/Lepob mice. The con-
centrations of GLP-l, forskolin, and IBMX utilized are pre-
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isoform in islets from mice, as it is in rat islets (16). The
similar insulin secretion responses of islets from 2-week-old
lean mice and Lepob/Lepob littermates to stimulators of the
PKA signaling pathway (i.e., GLP-l, forskolin, and IBMX)
(Fig. 1) suggest that the increased plasma insulin concen-
trations observed in these young Lepob/Lepob mice (11) are
not caused by an increase in PKA-induced insulin secretion.

GLP-1-Potentiated Insulin Secretion Was Not
Inhibited by Leptin. Addition of 20 nM leptin to islets
from 4-week-old lean mice did not inhibit GLP-l (1 JJ.M)-
induced insulin secretion (data not shown). The concentra-
tion of GLP-l (1 JJ.M) used in this trial may have been too
high for leptin to exert an inhibitory action, as noted by
Zhao et al. (16). Because 0.1 JJ.M GLP-I failed to stimulate
insulin secretion from islets of mice (Fig. I), a subsequent

Figure 1. Stimulation of Insulin secretion by the protein kinase A
signaling pathway in islets from 2-week-old lean mice and Lep"bl
LepOb Iittermates. Islets from individual mice were incubated In 10
mM glucose for 30 min and then in 10 mM glucose plus 0.1 IJM
GLp·1 for an additional 30 min. Isletsfromadditional micewerealso
Incubated in 10 mMglucose for 30 min andthen In 1 IlM GLP-1. 2.5
IlM forskolin (43) (anactivator of adenylyl cyclase), or 0.2 mM IBMX
(43)(anantagonist of phosphodiesterase) for 30min.Datarepresent
means± SE for 7-8 mice.• indicates significant (P < 0.05)effectsof
1.0 \-1M GLP-1.2.51JM forskolin, and 0.2 mM IBMXon insulinsecre-
tion,as determined by two-way ANOVA in conjunction withLSDtest.
Phenotype did not influence insulin secretion.

Results
Similar Rates of PKA-Potentiated Insulin

Secretion from Islets of Lean and LepOb/LepOb
Mice. Islets from 2-week-old lean mice and Lepob/Lepob
littermates secreted similar amounts of insulin in the pres-
ence of 10 mM glucose alone (Fig. 1), consistent with pre-
vious studies (10, 11, 30). Addition of 1 JJ.M GLP-l, but not
0.1 JJ.M GLP-I, significantly (P < 0.05) potentiated glucose-
induced insulin secretion similarly from islets of 2-week-old
lean mice and Lepob/Lepob littermates (Fig. I). Stimulation
of adenylyl cyclase with 2.5 JJ.M forskolin markedly in-
creased insulin secretion from islets oflean and Lepob/Lepob
littermates (Fig. 1). Addition of IBMX, an inhibitor of POE,
also increased insulin secretion from islets of both groups of
mice (Fig. I). Milrinone (9 JJ.M), an inhibitor of POE 3B
(29), increased insulin secretion during the 30-min incuba-
tion period as much as IBMX did from islets of 4-week-old
lean mice (0.64 ± 0.09, 3.40 ±1.l2, and 3.77 ± 0.65
fmole-islet -1·min-1 in response to 10 mM glucose, glucose
plus milrinone, and glucose plus IBMX, respectively, n =
8). Thus, it appears that POE 3B may be the major PDE

sented in the Figure 1 legend. In a follow-up trial, 9 nM
milrinone (Sigma Chemical, S1. Louis, MO), an inhibitor of
POE 3B (29), was used to further characterize the influence
of POE on insulin secretion.

Experiment 2. Leptin has been reported to suppress
GLP-l-induced insulin secretion from islets of neonatal rats
(16). The ability of murine leptin (PeproTech Inc., Rocky
Hill, NJ) to suppress GLP-I-induced insulin secretion from
islets of 4-week-old lean mice was therefore examined. See
the legend to Figure 2 for concentrations of leptin and
GLP-l used.

Experiment 3. Acetylcholine, via activation of the
PLC-PKC signaling pathway, causes hypersecretion of in-
sulin from islets of Lepob/Lepob mice, and leptin suppresses
this hypersecretion (10,14). Leptin suppresses PKA activity
in neonatal rat pancreatic islets by activating POE (16). To
determine if POE might, via cross-talk between the PKA
and PLC-PKC signal transduction systems (11, 17), influ-
ence acetylcholine-induced insulin secretion, we measured
acetylcholine-induced insulin secretion in the presence and
absence of leptin and IBMX, an antagonist of POE. Con-
centrations of acetylcholine, leptin, and IBMX used are pre-
sented in the legend to Figure 3.

Experiment 4. Wortmannin, an inhibitor of PI 3-K
activity (22), was used to examine the role of PI 3-K activity
in acetylcholine-induced insulin secretion from islets of 4-
to 5-week-old lean and Lepob/Lepob mice. Concentrations of
acetylcholine, leptin and wortmannin used are presented in
the legends to Figures 4-6.

Statistical Analysis. Data are presented as means ±
SE. Data from Experiment 1 and Experiments 2-4 were
analyzed by two-way ANOVA and one-way ANOVA, re-
spectively, in conjunction with LSD adjustment. Differ-
ences were considered statistically significant at P < 0.05.
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trial used an intermediate GLP-l concentration (i.e., 0.5 J-LM
GLP.I). Insulin secretion was elevated by 0.5 J-LM GLP-I,
but leptin failed to inhibit secretion (Fig. 2). These results,
when considered with the observation that leptin deficiency
does not enhance PKA-induced insulin secretion (Fig. I),
suggest that the PKA signaling pathway may not be a direct
target for leptin action in islets from mice.

Leptin Inhibits Acetylcholine-Potentiated Insu-
lin Secretion in the Presence of IBMX. The possibil-
ity that leptin may act via a PDE-dependent signaling path-
way (16) to regulate acetylcholine-induced insulin secretion
was investigated. As shown previously (10, 14), 1eptin sup-
pressed 10 J-LM acetylcholine-potentiated, glucose-induced
insulin secretion from islets of 4- to 5-week-old Lepob/Lepob
mice but not from islets of lean mice (Fig. 3). In the pres-
ence of 0.2 mM IBMX, a PDE inhibitor, acetylcholine-
induced insulin secretion was further increased in islets
from both lean and Lepob/Lepob mice. Addition of 0.2 mM
IBMX did not affect the ability of 20 nM leptin to suppress
acetylcholine-induced insulin secretion from islets of Lep'"!
Lepob mice (Fig. 3). This suggests that the leptin-induced
reduction of acetylcholine-potentiated insulin secretion by
islets from Lepob/Lepob mice is independent of PDE

activity.
Inhibition of PI 3-K and Insulin Secretion. To

determine if PI 3-K activity affects insulin secretion from
islets of mice, we examined insulin secretion in the presence
of wortmannin, an inhibitor of PI 3-K. Wortmannin tended
(P = 0.059, Student's t-test) to increase 10 mM glucose-
induced insulin secretion (1.12 ± 0.22 and 1.96 ± 0.32 fmole
insulin released· islet -I·min- I in the absence and presence of
wortmannin, respectively, n = 6) from islets of 4-week-old
lean mice. Wortmannin significantly increased acetylcho-
line potentiation of insulin secretion from islets of 4-week-
old lean mice (Fig. 4).

Figure 2. Leptin did not affect GLP-1-induced insulin secretion. Is-
lets from 4-week-old lean mice (two dishes of 10 islets/dish per
mouse) were incubated in 10 mM glucose for 30 min followed by 10
mM glucose + 0.5 IJM GLP-1 ± 20 nM leptin (8) for 30 min. Data
represent means ± SE for 7 mice.• indicates that 0.5 IJM GLP-1
significantly (P < 0.05) increased insulin secretion, as determined by
one-way ANOVA in conjunction with LSD. Leptin did not influence
GLP-1-induced insulin secretion.
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Figure 3. Leptin inhibited acetylcholine-induced insulin secretion
from islets of LepOb/LepOb mice, but not from islets of lean mice, in the
absence or presence of IBMX. Islets from 4- to 5-week-old lean and
LepOb/LepOb mice (four dishes of 10 islets/dish obtained from two
mice) were incubated in 10 mM glucose for 30 min. Insulin secretion
averaged 0.74 ± 0.17 and 4.93 ± 0.42 fmole·isler1·min-1 in lean and
Lepob/LepOb mice, respectively. All islets were then exposed to 10
mM glucose plus 10 IJM acetylcholine ± 20 nM leptin and ± 0.2 mM
IBMX for 30 min as indicated in the figure. Data represent means ±
SE for 5-7 observations (each observation contained islets pooled
from two mice).• indicates a significant effect of leptin on acetylcho-
line-induced insulin secretion in the absence or in the presence of
IBMX, and # indicates a significant stimulatory effect of IBMX on
insulin secretion, as determined by one-way ANOVA in conjunction
with LSD test (P < 0.05).

In another trial, 20 nM wortmannin was again shown to
stimulate acetylcholine-induced insulin secretion from islets
of lean mice (Fig. 5). In contrast, wortmannin did not stimu-
late acetylcholine-induced insulin secretion from islets of
Lepob/Lepob mice (Fig. 5).

Consistent with the finding in Figure 3, leptin sup-
pressed acetylcholine-potentiated insulin secretion from is-
lets of Lepob/Lepob mice but not from islets of lean mice
(Fig. 5). However, in the concurrent presence of wortman-
nin, leptin suppressed acetylcholine-potentiated insulin se-
cretion from islets of both Lepob/Lepob and lean mice (Fig.
5).

Wortmannin inhibits PI 3-K in pancreatic islets with a
time lag of as long as 20 min (31, 32), whereas leptin
inhibits acetylcholine-induced insulin secretion within 3
min (14). Thus, the more rapid-onset actions of leptin to
block insulin secretion may have prevented the stimulatory
effects of wortmannin on insulin secretion (Fig. 5).

To determine if leptin would inhibit acetylcholine-
induced insulin secretion from islets of Lepob/Lepob mice
when PI 3-K was first inhibited, islets were preincubated



Figure 4. Inhibition of PI3-Kwith20 nMwortmannin (20,32,41,42)
increased acetylcholine-induced insulin secretion. Islets from 4- to
5-week-old lean mice (twodishesof 10 islets/dish per mouse) were
incubated in 10 mM glucose for 30 min and then in 10 mM glucose
plus 10 IJM acetylcholine ± 20 nM wortmannin for 30 min. Data
represent means ± SE for six mice. Significant (P < 0.05) effect of
wortmannin on acetylcholine-induced insulin secretion, indicated
with an asterisk, as determined by one-way ANOVA in conjunction
with post-hocLSD test.

with wortmannin for 30 min before incubation with acetyl-
choline ± leptin. Under these conditions, wortmannin com-
pletely blocked the ability of leptin to inhibit acetylcholine-
induced insulin secretion (Fig. 6).

Discussion

The present study was undertaken to further examine
the basis for hypersecretion of insulin from islets of leptin-
deficient LepoblLepob mice. We conclude that the capacity
for PKA-induced insulin secretion is not elevated in islets of
young LepoblLepob mice, but insulin secretion associated
with modulation of the PI 3-K signal transduction pathway
is altered in these mice. Wortmannin, an inhibitor of PI 3-K,
stimulated acetylcholine-induced insulin secretion from is-
lets of lean mice but not from islets of LepoblLepob mice.
This suggests that PI 3-K might be inactive in islets from
LepoblLepOb mice and that this low PI 3-K activity might
contribute to their hypersecretion of insulin. Leptin, an ac-
tivator of PI 3-K (16), inhibited the acetylcholine-induced
hypersecretion of insulin from islets of LepoblLepob mice,
and this effect of leptin was blocked in islets preincubated
with wortmannin.

Several approaches were used to determine if PKA-
induced insulin secretion was abnormally elevated in islets
from leptin-deficient LepoblLepob mice. First, we observed
that the GLP-I concentrations required to stimulate insulin
secretion from islets of mice (i.e., 0.5-1.0 j.LM GLP-I, Figs.
I and 2) was higher than reported concentrations of GLP-I
required to stimulate insulin secretion from islets of rats
[i.e., 0.1 nM GLP-I (16)]. These results agree with earlier
reports that mouse islets are less responsive to forskolin or
IBMX than rat islets (33) and that mouse islets do not ex-
hibit a rising second-phase insulin secretion response to

Figure 5. Wortmannin stimulated acetylcholine-induced insulinse-
cretion from isletsof lean,but not LepOb/LepOb, mice,and acetylcho-
line-induced insulin secretion was lowerin isletssimultaneously co-
exposed to leptinandwortmannin than in isletsexposed to wortman-
nin alone. Islets from 4- to 5-week-old lean and Lep"b/Lep"b mice
(fourdishesof 10 islets/dish obtained fromtwomice)wereincubated
in 10 mM glucose for 30 min. Glucose-induced insulin secretion
averaged 2.02 ± 0.40and 6.40± 0.83fmole·isler'·min-' for leanand
LepOb/LepOb mice, respectively. All islets were then simultaneously
exposed to 10 mM glucose plus 10 IJM acetylcholine ± 20 nM leptin
and ± 20 nM wortmannin for 30 min,as indicated in the figure. Data
represent means± SE for 5-6 observations (eachobservation con-
tainedisletspooled fromtwomice).# indicates significant (P< 0.05)
effectof wortmannin on acetylcholine-induced insulin secretion, and
• indicates significant (P < 0.05) inhibitoryeffect of leptin on insulin
secretion, as determined by one-way ANOVA in conjunction with
post-hocLSD test.

GLP-l (34). Islets from leptin-deficient LepoblLepob mice
were not more responsive to GLP-I than islets from lean
mice. Likewise, forskolin and IBMX failed to induced
greater insulin secretion from islets of L§pOblLepob mice
than from islets of lean mice (Fig. 1). These data suggests
that PKA-induced insulin secretion is not altered in islets
from young LepoblLepob mice, even though islets from older
LepoblLepob mice do hypersecrete insulin in response to
forskolin (35). Likewise, islets from young LepoblLepOb
mice do not hypersecrete insulin in response to glucose (Fig.
1), whereas islets from older LepoblLepob mice are very
hyperresponsive to glucose (10, 14). We conclude that lep-
tin deficiency does not directly target glucose- and PKA-
induced fnsulin secretion pathways in mouse islets but
rather targets a pathway associated with the PLC-PKC sig-
naling pathway, which is altered very early in the develop-
ment of LepoblLepob mice (10, I I). The hyperelevations in
glucose-induced and PKA-induced insulin secretion noted
in adult LepoblLepob mice appear to be secondary compen-
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Figure 7. PI 3-K is proposed to inhibit PLC·PKC induced insulin
secretion (32; Figs. 4 and 5). The high PLC·PKC-induced insulin
secretion characteristic of LepOb/LepOb mice may be associated with
low PI 3-K activity in their islets. Wortmannin, an inhibitor of PI 3-K,
would thus not be expected to increase insulin secretion from islets
of LepOb/LepOb mice, and leptin, an activator of PI 3-K, would be
expected to constrain PLC-PKC-induced insulin secretion from islets
of LepOb/LepOb mice. Data from islets of LepOb/LepOb mice are con-
sistent with this prediction (Figs. 5 and 6). Conversely, wortmannin
would be expected to increase PLC-PKC-induced insulin secretion
from islets of lean mice, and leptin would be expected to be ineffec-
tive because PI 3-K activity in islets from lean mice is predicted to be
high.

Leptin activates PI 3-K in a number of tissues including
pancreatic islets (16, 18, 19). We used wortmannin, an in-
hibitor of PI 3-K, to determine if inhibitory effects of leptin
on acetylcholine-induced insulin secretion were mediated
by a PI 3-K-linked pathway. First, we determined if wort-
mannin-induced inhibition of PI 3-K would stimulate ace-
tylcholine-induced insulin secretion from mouse islets
(Figs. 4 and 5). Zawalich and Zawalich (32) had earlier
shown that wortmannin increased carbachol-induced insulin
secretion from islets of rats, although conflicting reports
have been published (38). Wortmannin stimulated acetyl-
choline-induced insulin secretion from islets of lean mice
but not from islets of LepoblLepob mice (Fig. 5). These find-
ings parallel the report of Zawalich and Zawalich (32),
where wortmannin stimulated carbachol-induced insulin se-
cretion from islets of Sprague-Dawley or lean Zucker rats
but not from islets of leptin- and insulin-resistant Zucker
fatty rats. The failure of wortmannin treatment to increase
insulin secretion from islets of LepoblLepob mice suggests
that PI 3-K activity might be inherently low in these islets.
This low PI 3-K activity might possibly explain why islets
from LepoblLepob mice hypersecrete insulin in response to
acetylcholine (Fig. 7).

The observation that leptin suppresses acetylcholine-
induced insulin secretion from islets of LepoblLepob mice
but not from islets of lean mice (10, 14; Fig. 5) is consistent
with the noted effects of wortmannin on insulin secretion
from these islets (Fig. 5). That is, leptin would be predicted
to lower insulin secretion from islets of LepoblLepob mice,
where PI 3-K activity is predicted to be low, and would be
expected to be less effective in islets from lean mice, where
PI 3-K activity is predicted to be high based on the insulin
secretion responsiveness to wortmannin (Fig. 5).

When we simultaneously coadministered wortmannin
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Figure 6. Preincubation of islets from LepOb/LepOb mice with wort-
mannin blocked the ability of leptin to inhibit ace~lcholine-induced
insulin secretion. Islets from 4- to 5-week-old Lepo nepObmice (two
dishes of 10 islets/dish per mouse) were incubated in 10 mM glucose
plus 20 nM wortmannin for 30 min and then incubated in 10 mM
glucose + 10 IJMacetylcholine + 20 nM wortmannin ± 20 nM leplin
for an additional 30 min, as indicated in the figure. Data represent
means ± SE for six mice." indicates a significant (P < 0.05) stimu-
latory effect of acetylcholine on insulin secretion in the presence of
wortmannin, as determined by one-way ANOVA in conjunction with
post-hoc LSD test, Leptin failed to influence insulin secretion.

satory responses to prolonged hyperphagia and other con-
sequences of leptin deficiency in these mice.

In contrast to the observation in cultured islets from
neonatal rats, where leptin inhibited GLP-I-induced insulin
secretion (16), leptin did not influence GLP-I-induced in-
sulin secretion from islets of mice (Fig. 2). This failure of
leptin to inhibit GLP-I-induced insulin secretion from islets
of mice is consistent with our observation that GLP-I-
induced insulin secretion is not elevated in islets from
young leptin-deficient LepoblLepob mice. If this pathway
was a primary target for leptin action, leptin deficiency
would be expected to enhance GLP-I-induced insulin se-
cretion. Leptin activates PI 3-K, which leads to activation of
PDE 3B and inhibition of GLP-I-induced insulin secretion
from islets of neonatal rats (16). Although we were unable
to demonstrate a similar linkage in islets from mice, it is
possible that leptin-induced activation of PDE 3B might
lead to inhibition of acetylcholine-induced insulin secretion
via cross-talk between PKA and PLC-PKC signal transduc-
tion pathways (11, 17). We thus used IBMX to inhibit PDE
3B and then determined whether leptin would inhibit ace-
tylcholine-induced insulin secretion from islets of Lepobl
t:epob mice (Fig. 3). Leptin was as effective in inhibiting
acetylcholine-induced insulin secretion in the presence of
IBMX as in its absence. It appears that leptin functions to
inhibit PLC-PKC-induced insulin secretion independent of
PDE regulation. Others have also reported inhibitory effects
of leptin on glucose-induced insulin secretion in the pres-
ence of IBMX or milrinone, a specific PDE 3B inhibitor
(36, 37). These observations further support our conclusion
that leptin does not act via the PKA pathway to inhibit
insulin secretion from islets of mice.
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and leptin to islets from Lepob/Lepob and lean mice, insulin
secretion was lower than when wortmannin alone was ad-
ministered (Fig. 5). These results might be explained by the
time frame of wortmannin and leptin actions. It takes 10-20
min for wortmannin to fully inactivate PI 3-K (31, 32),
whereas leptin acts rapidly (14,39). Presumably leptin rap-
idly activated PI 3-K in islets from Lepob/Lepob mice and
initially maintained a high level of activity of PI 3-K in
islets from lean mice (Figs. 5 and 7). As a result of this,
insulin secretion from islets of Lepob/Lepob and lean mice
exposed simultaneously to leptin and wortmannin was
lower than insulin secretion from islets exposed to wort-
mannin alone (Fig. 5). But when islets from Lepob/Lepob
mice were first preincubated with wortmannin to inhibit PI
3-K, subsequent addition of leptin failed to suppress ace-
tylcholine-induced insulin secretion (Fig. 6). This finding
supports our conclusion that leptin deficiency might elevate
insulin secretion secondary to lowered stimulation of PI3-K
activity (Fig. 7). Studies are now needed to directly evaluate
PI 3-K activity in islets from Lepob/Lepob mice and to de-
termine the mechanism whereby activation of PI 3-K might
target components of the PLC-PKC signal transduction
pathway to regulate insulin secretion.

I. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM.
Positional cloning of the mouse obese gene and its human homologue.
Nature 372:425-431, 1994.

2. Lin P-Y, Romsos DR, Leveille GA. Food intake, !X>dy weight gain,
and body composition of the young obese (ob/ob) mouse. J Nutr
107:1715-1723, 1977.

3. Boissonneault GA, Homshuh MJ, Simons JW, Romsos DR, Leveille
GA. Oxygen consumption and body fat content of young lean and
obese (ob/ob) mice. Proc Soc Exp Bioi Med 157:402-406, 1978.

4. Trayhum P, Thurlby P, James WPT. Thermogenic defect in pre-obese
ob/ob mice. Nature 266:60-62, 1977.

5. Dubuc PU. The development of obesity. hyperinsulinemia, and hyper-
glycemia in ob/ob mice. Metabolism 25:1567-1574, 1976.

6. Kulkarni RN, Wang Z-L, Wang R-M, Hurley JD. Smith OM, Ghatei
MA, Withers OJ, Gardiner JV, Bailey CJ, Bloom SR. Leptin rapidly
suppresses insulin release from insulinoma cells, rat and human islets
and, in vivo. in mice. J Clin Invest 100:2729-2736, 1997.

7. Seufert J, Kieffer TJ, Habener JF. Leptin inhibits insulin gene tran-
scription and reverses hyperinsulinemia in leptin-deficient ob/ob mice.
Proc Natl Acad Sci USA 96:674-679, 1999.

8. Kieffer TJ. Habener JF. The adipoinsular axis: Effects of leptin on
pancreatic cells. Am J Physiol 278:EI-EI4, 2000.

9. Zawalich WS, Rasmussen H. Control of insulin secretion: A model
involving Ca2+, cAMP and diacylglycerol. Mol Cell Endocrinol
70:119-137, 1990.

10. Lee J-W, Romsos DR. Leptin-deficient mice commence hypersecret-
ing insulin in response to acetylcholine between I and 2 weeks of age.
Exp BioI Med 226:906-911, 2001.

II. Chen N-G, Romsos DR. Enhanced sensitivity of pancreatic islets from
preobese 2 week old ob/ob mice to neurohormonal stimulation of
insulin secretion. Endocrinology 136:505-511, 1995.

12. Prentki M, Matschinsky FM. Ca2+, cAMP, and phospholipid-derived
messengers in coupling mechanisms of insulin secretion. Physiol Rev
67:1185-1248, 1987.

13. Zawalich WS, Zawalich KC, Rasmussen H. Interaction between cho-
linergic agonists and enteric factors in the regulation of insulin. Acta
EndocrinoI120:702-707, 1989.

14. Chen N-G, Swick AG, Romsos DR. Leptin constrains acetylcholine-
induced insulin secretion from pancreatic islets of ob/ob mice. J Clin
Invest 100:1174-1179, 1997.

15. Ookuma M, Ookuma K, York DA. Effects of leptin on insulin secre-
tion from isolated rat pancreatic islets. Diabetes 47:219-223, 1998.

16. Zhao AZ, Bomfeldt KE. Beavo JA. Leptin inhibits insulin secretion by
activation of phosphodiesterase 3B. J Clin Invest 102:869-873, 1998.

17. Garrel G. McArdle CA, Hemmings BA, Counis R. Gonadotropin-
releasing hormone and pituitary adenylate cyclase-activating polypep-
tide affect levels of cyclic adenosine 3' ,5' -rnonophosphate-dependent
protein kinase A (PKA) subunits in the clonal gonadotrope aT3-1
cells: Evidence for cross-talk between PKA and protein kinase C path-
ways. Endocrinology 138:2259-2266, 1997.

18. Harvey J, Ashford MU. Role of tyrosine phosphorylation in leptin
activation of ATP- sensitive K+channels in the rat insulinoma cell line
CRI-GI. J Physiol 510:47-61, 1998.

19. Harvey J, Mckay NG, Walker KS, Van der Kaay J, Downes CP,
Ashford MU. Essential role of phosphoinositide 3-kinase in leptin-
induced K+ ATP channel activation in the rat CRI-GI insulinoma cell
line. J Bioi Chern 275:4660-4669, 2000.

20. Berti L, Kellerer M, Capp E, Haring HU. Leptin stimulates glucose
transport and glycogen synthesis in C2C I2 myotubes: Evidence for a PI
3-kinase mediated effect. Diabetologia 40:606-609, 1997.

21. Kellerer M, Koch M, Metzinger E, Mushack J, Capp E, Haring HU.
Leptin activates PI-3 kinase in C2C I2 myotubes via janus kinase-2
(JAK-2) and insulin receptor substrate-2 (IRS-2) dependent pathways.
Diabetologia 40:1358-1362, 1997.

22. Yano H, Nakanishi S, Kimura K, Hanai N, Saitoh Y, Fukui Y, Nono-
mura Y, Matsuda Y. Inhibition of histamine secretion by wortmannin
through the blockade of phosphatidylinositol 3-kinase in RBL-2H3
cells. J BioI Chern 268:25846-25856, 1993.

23. Lacy PE, Kostianovsky M. Method for the isolation of intact islets of
Langerhans from the rat pancreas. Diabetes 16:35-39, 1967.

24. Kekow J, Ulrichs K, Muller-Ruchholtz W, Gross WL. Measurement of
rat insulin ELISA with increased sensitivity, high accuracy and greater
practicability than established radioimmunoassay. Diabetes 37:321-
326, 1988.

25. Drucker OJ, Philippe J, Mojsov S, Chick WL, Habener JF. Glucagon-
like peptide-I stimulates insulin gene expression and increases cyclic
AMP levels in a rat islet cell line. Proc Natl Acad Sci USA 84:3434-
3438, 1987.

26. Goke R, Conlon JM. Characterization of the receptor for glucagon-like
peptide-I (7-36) amide on rat insulinoma-derived cells. J Endocrinol
116:357-362, 1988.

27. Seamon KB, Daly JW. Activation of adenylate cyclase by the diter-
pene forskolin does not require the guanine nucleotide regulatory pro-
tein. J Bioi Chern 256:9799-9801, 1981.

28. Beavo JA, Rogers NL, Crofford OB, Hardman JG, Sutherland EW,
Newman EV. Effect of xanthine derivatives on lipolysis and on aden-
osine-3' ,5'-monophosphate phosphodiesterase activity. Mol Pharma-
col 6:597-603, 1970.

29. Harrison SA, Reifsnyder DH, Gal1is B, Cadd GG, Beavo JA. Isolation
and characterization of bovine cardiac muscle cGMP-inhibited phos-
phodiesterase: A receptor for new cardiotonic drugs. Mol Pharmacol
29:506-514, 1986.

30. Chen N-G, Romsos DR. Persistently enhanced sensitivity of pancreatic
islets from ob/ob mice to PKC-stimulated insulin secretion. Am J
Physiol 272:E304-E311, 1997.

31. Eto K, Yamashita T, Tsubamoto Y, Terauchi Y, Hirose K, Kubota N,
Yamashita S, Taka J, Satoh S, Sekihara H, Tobe K, lino M, Noda M,
Kimura S, Kadowaki T. Phosphatidylinositol 3-kinase suppresses glu-
cose-stimulated insulin secretion 'by affecting post-cytosolic [ Ca2+]

elevation signals. Diabetes 51:87-97, 2002.
32. Zawalich WS, Zawalich KC. A link between insulin resistance and

hyperinsulinemia: Inhibitors of phosphatidylinositol 3-kinase augment
glucose-induced insulin secretion from islets of lean, but not obese,
rats. Endocrinology 141:3287-3295, 2000.

LEPTIN CONSTRAINS INSULIN SECRETION 181



33. Ma YH, Wang J, Rodd GG, Bolaffi JL, Grodsky GM. Differences in
insulin secretion between the rat and mouse: Role of cAMP. Eurp J
Endocrinol 132:370-376, 1995.

34. Zawalich WS. Regulation of insulin secretion by phosphoinositide-
specific phospholipase C-protein kinase C activation. Diabetes Rev
4:160-176, 1996.

35. Black M, Heick HM, Begin-Heick N. Abnormal regulation of insulin
secretion in genetically obese (ob/ob) mouse. Biochem J 238:863-869,
1986.

36. Cases JA, Gabriely I, Ma XH, Yang XM, Michaeli T, Fleischer N,
Rossetti L, Barzilai N. Physiological increase in plasma leptin mark-
edly inhibits insulin secretion ill vivo. Diabetes 50:348-352, 200 I.

182 LEPTIN CONSTRAINS INSULIN SECRETION

37. Poitout V, Rouault C, Guerre-Millo M, Briaud I, Reach G. Inhibition
of insulin secretion by leptin in normal rodent islets of Langerhans.
Endocrinology 139:822-826, 1998.

38. Gao Z-Y, Konrad RJ, Collins H, Matschinsky FM, Rothenberg PL,
Wolf BA. Wortmannin inhibits insulin secretion in pancreatic islets
and 13-TC3 cells independent of its inhibition of phosphatidylinositol
3-kinase. Diabetes 45:854-862, 1996.

39. Attoub S, Noe V, Pirola L, Bruyneel E, Chastre E, Mareel M, Wymann
MP, Gespach C. Leptin promotes invasiveness of kidney and colonic
epithelial cells via phophoinositide 3-kinase-, rho-, and rae-dependent
signaling pathways. FASEB J 14:2329-2338, 2000.


