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Does Not Modify Weight Gain and Islet Adaptation
in Mice With Combined Disruption of Leptin and

GLP-1 Action
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Leptin and glucagon-like peptide 1 (GLP-1) exhibit
oppusing actions in the endocrine pancreas. GLP-1
stimulates insulin biosynthesis, secretion, and islet
growth, whereas leptin inhibits glucose-dependent
insulin secretion and insulin gene transcription. In con-
trast, GLP-1 and leptin actions overlap in the central
nervous system, where leptin has been shown to acti-
vate GLP-1 circuits that inhibit food intake. To deter-
mine the physiological importance of GLP-1 receptor
(GLP-1R)-leptin interactions, we studied islet function
and feeding behavior in 0b/0b:GLP-1R™ mice. Although
GLP-1R actions are thought to be essential for glucose-
dependent insulin secretion, the levels of fasting glu-
cose, glycemic excursion after glucose loading, glucose-
stimulated insulin, and pancreatic insulin RNA content
were similar in ob/eb:GLP-1R*"* versus ob/ob:GLP-1R™"
mice. Despite evidence linking GLP-1R signaling to the
regulation of islet neogenesis and proliferation,
0b/ob:GLP-1R™ mice exhibited significantly increased
islet numbers and area and an increase in the number
of large islets compared with GLP-1R*" or * mice (P <
-0.01 to 0.05). Similarly, growth rates and both short-
and long-term control of food intake were comparable
in 0b/ob:GLP-IR" versus ob/ob:GLP-1R” mice. Fur-
thermore, leptin produced a simijlar inhibition of food
intake in GLP-IR™", ob/ob:GLP-IR™, and ob/ob.GLP-
IR™ mice. These findings illustrate that although lep-
tin and GLP-1 actions overlap in the brain and
endocrine pancreas, disruption of GLP-1 signaling does
not modify the response to leptin or the phenotype of
leptin deficiency in the ob/ob mouse, as assessed by
long-term control of body weight or the adaptive B-cell
response to insulin resistance in vivo. Diabetes
49:1552-1560, 2000

From the Department of Medicine, Banting and Best Diabetes Centre,
Toronto General Hospital, University of Teronto, Toronto, Ontario, Canada.

Address correspondence and reprint requests te Daniel J. Drucker, MD,
Toronto General Hospital, 200 Elizabeth St. CCRW3-838, Toronto, ON, M5G
2C4 Canada. E-mail: d.drucker@utoronto.ca.

Received for publication 19 April 2000 and accepted in revised form
26 May 2000.

CNS, central nervous system; GLP-1, glucagon-like peptide 1; GLP-1R,
GLP-1 receptor: ICY, intracerebroventricuiar; [IPGTT, intraperitoneal glucose
tolerance test; NPY, neuropeptide Y; OGTT, oral glucose tolerance test.

1552

lucose-dependent insulin secretion is tightly reg-

ulated to maintain plasmia glucose within a nar-

row physiological range under alternating con-

ditions of fasting and nutrient excess, Multiple
positive and negative regulatory signals converge on the islet
$-cell that are ultimately integrated and used to either stim-
ulate or suppress insulin secretion as reguired. Nutrient
ingestion stimulates the secretion of gut-derived hormones
termed incretins, such as glucagon-like peptide § {GLP-1)
and gastric inhibitory polypeptide that potentiate glucose-
stimulated insulin secretion (1,2). GLP-1 may aiso regulate
blood glucose indirectly via the inhibitory effects on gastric
emptying and hypothalamic feeding centers (3-5). GLP-1
may also produce conditionied taste aversion and its anorexic
actions may be partially caused by the activation of hypo-
thalamic stress pathways (6-9).

A combination of experiments using GLP-1 receptor
(GLP-1R) antagonists and studies of glucose homeostasis in
GLP-IR™" mice implicate an essential role for GLP-1 signal-
ing in the control of B-cell function and glucose homeostasis
(10-13). In contrast, the central importance of GLP-1 for reg-
ulation of satiety and body weight is less clear. The adminis-
tration of GLP-1 to human subjects via peripheral infusion (5},
or to rodents via intracerebroventricular (ICV) injection (4),
induces satiety and reduces food intake and hody weight,
respectively. Conversely, chronic inhibition of GLP-1 signal-
ing in the central nervous system via ICV infusion of the
GLP-1 receptor antagonist exendin (9-39) increases foad
intake and body weight in rats (14). However, surprisingly,
mice with complete disruption of GLP-1 receptor expression
are lean, eat normally, and do not develop obesity with aging
or after several months of high fat intake {12,15).

The adipose-derived hormone leptin is a key nutrient sen-
sor that regulates food intake, body weight, and insulin secre-
tion (16,17). Leptin levels increase in the nutrient-repleted
state, leading to inhibition of feeding behavior via a complex
network of hypothalamic regulator}y signals (17). In contrast
to the lean phenotype of GLP-1R™ mice, disruption of the
genes encoding leptin or the leptin receptor results in hyper-
phagia, cbesity, and diabetes characterized by insulin resis-
tance and islet hyperplasia (18). Whereas GLP-1 stimulates
p-cell function and insulin biosynthesis, leptin inhibits giu-
cose- and GLP-1-stimulated insulin secretion and insulin
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gene transcription {1,2,19,20). The potential importance of lep-
tin for B-cell function has led to the use of the term
adipoinsular axis for description of the homeostatic network
linking nutritional reserves, leptin, and the islet p-cell (21).

The lack of obesity in GLP-1R* mice has prompted the sug-
gestion that compensatory regulatory signals that inhibit
food intake may be upregulated in the absence of GLP-1 sig-
naling (22). In this regard, neuropeptide Y (NPY)” mice
respond to food deprivation, eat normally, and do not exhibit
disturbances of body weight regulation, suggesting that other
orexigenic factors compensate for NPY deficiency in vivo
(23). Alternatively, the anorexic actions of GLP-1 may not
reflect specific actions on hypothalamic feeding centers but
may be indirectly attributable to GLP-1 effects on hypothal-
amic stress pathways that mediate the response to visceral iil-
ness (8,9,12,22,24),

Both NPY and GLP-1 have been demonstrated to reside
downstream of leptin action in the central nervous system
(CNS) pathways regulating food intake (25,26). Exendin
(9-39) inhibits the leptin-induced reduction of food intake and
weight loss (26), and leptin upregulates brainstem proglucagon
RNA and hypothalamic GLP-1 content in rats in vivo (27). Sim-
flarly, leptin activates c-fos expression in a subset of rat brain-
stem neurens in the nucleus of the solitary tract {28). Fur-
thermore, leptin and GLP-1 signaling pathways also interact
in the islet 8-cell, where feptin and GLP-1 exert opposing
actions in the control of insulin secretion and insulin gene
transcription (19,20,29). To ascertain the physiological
impartance of GLP-1R~leptin interactions, we studied glucose
homeostasis, islet function, body weight gain, and feeding
behavior in eb/6bGLP-1R™ mice.

RESEARCH DESIGN AND METHODS

Animals, All mice were maintained in the Toronto General Hospltal Animal
Facility and raised on a normal rodent diet under a 12-h dark/light cycle
(lights on at 6:00 At and off at 6:00 pM.). All animal experiments were car-
ried out under a protocol approved by the Toronte General Hospital Animal
Care Committee. GLP-IR™ mice were maintained in the CDI genetic back-
ground and were mated with olyob mice after the ofv/ob mice were treated with
teptin for 4-6 weeks to reverse sterility, as previously described (30,31). F1 gen-
eration heterozygote mice {OB/GLP-IR'™} were mated Lo generate mice
homozygous for mutations at both the leptin and GLP-1R ioci (o868 GLP-IR™),
ob/olrGLP-{R™ litlermates were used as genetic controls during all experi-
ments. The GCLP-IR genotype was assessed using genomic DNA from tail snips
and Southern blot analysis, as previously described (12). The wild-type
{OB/0B) and mutant {al/of) genotypes were ascertained by polymerase chaln
reaction amptification with primers: 5'-TCTCAAGATGGACCAGACTC-3' and
5-ACTGGTCCAGGCAGGGAGCA-3' followed by digestion with Ddel under
conditions described previously (32). ob/ob Mice were obtained from Charles
River (Montreal, PQ, Canada).

Attempts to mate the GLP-IR™ with ob/b mice to generate double-
hemozygote mutant mice were complicated by repeated cbservations that male
or female double mutant oblGLP-1R™ mice were not festile, even when lep-
tin treatnients were maintained each day for a period of up to 12 weeks.
Accordingly, eb/ob mice were leptin-treated (30,31) and mated with GLP-IR™
mice to generate F1 heterozygote OBpEGLP-1R* mice. These heterozygole
mice were fertile and several mice were used as founders 1o preduce all of the
double-homozygote ob/AlGLP-IR™ and ob/ob:GLP-IR*™ mice used in our stad-
ies. Several rounds of heterozygote matings were required to generate enough
double mutant mice for use in our experiments.

Glucose tolerance and plasma insulin determinations. Age- and sex-
matched mice were administered glucese by orai gavage or intraperitoncal
injection, as previously described (12,15,33,34). As af/oh and GLP- IR mice
were generated in 2 different genetic backgrounds (C57BL/6 and CD1, respec-
tively}, we included all parental genetic strains as controls for the analysis of
the ob/obGLP-1R”" mouse, including hybrid wild-type CD1:C57BL/%& and
ob/ob:GLP- 1R controls. After an oral glucose challenge, blood glucose was
slightly higher in the C57/BL6*" strain compared with CD1*" mice (data not
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shownj. Mice were fasted for 16-18 h before each glucose challenge experi-
ment, after which glucose (1.5 mg/g body wt} was administered through a gav-
age tube or via intraperitoneal injection. Bloed was withdraws from a tail vein
at 0, 10, 20. 30, 60, 90, and 120 min (7 samples per mouse), and blood glucose
was determined using a One Touch Basic Glucometer (Lifescan, Canada,
Burnaby, BC, Canada). Insulin levels were measured in vencus blood samples
in duplicate with an Insulin ELISA kit (Crystal Chem, Chicago), with mouse
insulin as a standard.

Feeding studies. For the 24-i feeding study, mice were fasted for a period
of 18 h overnight before the start of each experiment. Mice were placed into
individual cages containing preweighed rodent food and food consumption was
assessed at 2, 4, 8, and 24 h after the start of the experiment. For the 48-h feed-
ing study, each mouse was weighed and placed into an individual cage con-
taining preweighed rodent food. All mice received & subcutaneous injection
of saline (0.5 ml) just before the start of each dark-cycle feeding (4-5 M) and
food intake was measured for 2 consecutive 24-h periods, After the first 48-h
control cycle, fresh rodent food was placed into alf of the cages and the iden-
tical groups of mice were treated with a subculancous injection of leptin
{1 ug/p body wt) before the start of dark-cycle feeding {2 injections, 24 h
apart} and food consumption was measured for an additional 2 consecutive
24-h periods. The recombinant mouse leptin was a gift from the Amgen Cor-
poration (Thousand Qaks, CA). Plasma leptin was measured in 14 male and
14 female GLP-1R™ and control CD1 mice (10-54 weeks old). Mouse blood was
obtained by tail bleeding between 9 ax. and 1 PM. A volume of 50 pi blood was
collected into microfuge tubes containing 5 il of 20% EDTA. The blood was
centrifuged at 4°C for 10 min 1o separate mouse plasma (20p1). The plasma was
stored al ~=70°C. Plasma levels were measured using a mouse Leptin ELISA kit
{Crystal Chem).

Islet histology, Quantitative evaluation of pancreatic tissue was performed
by an Individual blinded to the genetic background of the slides using a Leitz
Laborlux microscope {Wetzar, Germany} with a color video camera (JVC TX-
1280U) connected Lo a computer monitor and Leica Q500MC software {Leica,
Cambridge, UK.). The microscope was calibrated at 4X and 10X magnifica-
tion, and the same microscope was used for all tissue analysis. For evaluation
of isiet size distribution, islets were designated as single (<300 pm?), small
{300-5,000 pm?), mediem (5,000-20,000 pni}, or farge (>26,000 pm?). The
number and size of islets, the area of each islet (pm), and the total pancreas
area (jm} were determined for each section, as previously described (35), Total
islet area was expressed as a percent of total pancreas area. Immunostaining
for insulin and glucagon was carried out, as previously described (36,37).
Northern blot analysis. Total RNA was isolated and Northern blot analysis
was performed, as previously described {38.39). Rat insulin and mouse
progiucagon <DNA probes were ®P-labeled and Llots were analyzed using a
Storm 840 {Molecular Dynamics, Sunnyvale, CA) with ImageQuant 5.0 software,
Statistics. Results are expressed as means = SE. Statistical significance was
caiculated by analysis of variance and the Student’s ¢ test with INSTAT 1.12
(Graph-Pad Software, San Diego, CA). A Pvalue < 0.05 was considered to be
statistically significant,

RESULTS

To ascertain whether dysregulation of leptin physiology may
contribute to the phenotype represented by mild glucose
intolerance and normal body weight and feeding behavior
observed in GLP-1R™ mice, we initially assessed levels of cir-
culating leptin in both fasted and fed GLP-1R” mice.
Although leptin levels were comparable in female ** and GLP-
1R mice, the circulating levels of plasma leptin were signi-
ficantly higher in both the fasted and fed state in male GLP-
IR mice (Fig. 1) (P<0.003-.007, GLP-1R" vs.** mice). The
weights of inguinal, perirenal, and gonadal fat pads were com-
parable in ' versus GLP-1R™ female mice {data not shown).
Although no differences in weights of perirenal and gonadal
fat pads were detected in male ** versus ~ mice, inguinal fat
pads were significantly heavier in male GLP-IR™ vs. ** mice
(0.47 £ 0.05 vs. 0.27 + 0.03 g, GLP-1R™ vs. ** mice, n= 12, P<
0.01). Because leptin opposes the action of GLP-1 at the pan-
creatic B-cell (21), and both leptin and GLP-1 inhibit food
intake via overlapping central mechanisms, the findings of ele-
vated levels of circulating leptin, taken together with previous
experiments demonstrating increased leptin sensitivity in

1553



LEPTIN AND GLP-1 ACTION

. 80007 Fed 3000 Trasted OCh1+/+
E " i WGLP-1R-/~
B 2500 7
& 6000
B 2000 7
&
&' 4000 1500
o
E L FO0O
8 20001
A 500
0 Males Females Maties Females

FIG. 1. Plasma leptin in fed and fasted age- and sex-matched 10-14
week old GLP-1R” and control** mice. #1 = 14 mice per group. *# < 0.03,
**P < 0.007, GLP-1R™ vs. ** mice.

GLP-1R™ mice (33), raised the possibility that the pheno-
types of the GLP-IR” mouse may be modified in part by
enhanced leptin action, Consistent with this possibitity, the
degree of glucose intolerance is substantially greater in male
compared with female GLP-1R™™ mice (12). To ascertain the
potential contributions of leptin and GLP-1 to the phenotype
of the GLP-1R"" and ob/0b mouse, respectively, we generated
ob/obGLP-IR” mice containing mutations in the genes for
leptin and the GLP-1 receptor.

The adult ef/ob mouse exhibits hyperinsulinemia, insulin
resistance, and markedly abnormal glycemic excursion
after glucose challenge (40). Because GLP-1 has been
shown to play an essential rele in insulin biosynthesis,
B-cell signaling, and insulin secretion (1,10-13), we
hypothesized that ool GLP-IR™ islets might exhibit defec-
tive upregulation of insulin biosynthesis or secretion in the
setting of insulin resistance. Glycemic excursions were
markedly abnormal in all obese mouse strains after glucose
loading (Fig. 24 and B). Surprisingly, the extent of glucose
intolerance was comparable in ob/obEGLP-1R' versus
ob/ohGLP-1R™ mice after oral glucose tolerance test
{OGTT) or intraperitoneat glucose tolerance test (IPGTT)
(Fig. 24 and B). All obese mouse strains exhibited marked
increases in the levels of plasma insulin compared with
lean** controls (Fig. 2C). However, the levels of [;,lucose-
stimulated insulin were comparable in ol/olGLP-1R"* versus
ob/ob:GLP-IR™ mice after both oral and intraperitoneal glu-
cose challenge (Fig. 20). Consistent with previous findings,
the levels of pancreatic insulin mRNA transcripts were
markedly upregulated in the eb/obd mouse strains (Fig. 22)).
Despite the ascribed importance of GLP-1R signaling for
insulin gene transcription, biosynthesis, and secretion
(1,2,10.11,41), the levels of insulin mRNA transcripts were also
markedly elevated in 0b/bGLP-1R" mice and comparable to
levels detected in pancreatic RNA from ob/oband ob/elb.GLP-
1R** mice (Fig. 21)). These results clearly indicate that the loss
of GLP-1R signaling does not significantly attenuate the B-cell
insulin response to insulin resistance in the double mutant
ob/obGLP-1R™ mouse.

Although GLP-1 was originally characterized as an
incretin, GLP-1 also stimulates islet cell proliferation and
increases B-cell mass in normal and diabetic rodents (42-44}.
Because ob/obislets undergo hyperplasia as part of the adap-
tive response lo insulin resistance and hyperglycemia
(40,45), we examined whether disruption of GLP-1R signal-

1554

ing might compromise the development of islet hyperplasia
in ob/ol.GLP-1R" mice. Both the number of islets and islet
area were significantly increased in 0bokGLP-1R" com-
pared with GLP-1R”" mice (Fig. 34-(). No significant differ-
ence in these parameters was observed in of/ob GLP-1R" ver-
sus ob/ob.GLP-1R™ mice (Fig. 3Band (). Although the num-
ber of large islets was significantly greater in 0b/0bGLP-1R”
mice vs. GLP-1R™ mice {P< 0.05 for GLP-1R™ vs. olvolrGLP-
IR {Fig. 30, no difference was detected in islet number,
islet size, or the relative number of small, medium, and large
islets in ob/ObGLP-1R"" vs. 0b/ob:GLP-1R™ mice (Fig. 3B-D).
These findings demonstrate that elimination of the GLP-1R sig-
naling system does not compromise the adaptive islet hyper-
plastic response to insulin resistance in the ob/eb genetic
background.

Both leptin and GLP-1 activate receptors in hypothalamic
feeding centers leading to the inhibition of food intake in
both rodents and human subjects (17,46). Although mice
with mutations in the leptin gene {ob/%8) or leptin receptor
(db/db) exhibit significant abnormatlities in the regulation of
food intake and body weight, GLP-IR” mice are surprisingly
lean, eat normaily, and are resistant to the development of
obesity after high-fat feeding (12,15). To determine the con-
sequences of the combined loss of the inhibitory inputs of
both GLP-1 and leptin, we assessed food intake and weight
gain in ob/ob.GLP-1R*" and ob/ob:GLP-IR” mice.

Both male and female GLP-1R™ mice remained lean and
actually gained significantly less weight, compared with
CD1*" control mice, by 6 months of age (Fig. 44, B-P<-0.05
to 0.001 for male and female CD1** versus GLP-1R™ mice,
respectively). Furthermore, elimination of both leptin and
GLP-1 action did not result in significantly greater weight
gain in obese male or female ob/ob:GLP-IR™ mice com-
pared with ob/ob:GLP-IR*" mice studied up to 6 months of
age (Fig, 4Cand [)). Because both leptin and GLP-1 inhibit
food intake, we analyzed feeding behavior over a 24-h time
period in GLP-1R*™, ", 0b/ob:GLP-1R'", and ob/obGLP-IR™
mice. Although food intake was comparable in CD1** and
GLP-IR” mice at 2 h, GLP-1R™" mice ate significantly more
food between 2 and 4 h (P < 0.05); however, this difference
was not sustained over a 24-h period (Fig. 5). Similarly,
although ob/oh:GLP-1R™ mice ate significantly more food
compared with ob/ob and 0b/0bGLP-1R** mice during the
8- to 24-h time period, no significant difference in cumula-
tive food intake was observed in 06/0BGLP-1R™* versus
ob/ob:GLP-IR™ mice over a 24-h time period (Fig. 5C).

The ofvbband GLP-IR ™ mice are sensitive to exogenous lep-
tin administration, and recent experiments suggest that the
inhibitory actions of leptin on appetite may be mediated in part
via the CNS GLP-1 system (26,27). We examined whether
0b/ob GLP-1R™ mice exhibited enhanced sensitivity to acute
leptin administration over a 48-h time period. Leptin was
administered (4 pg/g body wt) at the start of the dark-cycle
feeding (5:00 pM.), as previously described (25). Leptin treat-
ment produced a significant reduction in {food intake in GLP-
IR™, ob/ob, and both 0b/eb.GLP-IRY and ob/obGLP-IR™ mice
(Fig. 6). Reanalysis of the data, after the normalization of
food intake per gram of body size, revealed no significant dif-
ference amongst any obese groups in the relative response to
leptin administration (data not shown). These results demon-
strate that GLP-IR signaling is not required for the inhibitory
response to leptin, and mice with mutations in both the fep-
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FIG. 2. Aand B: Glucose tolerance in obese male mice. Values are expressed
as means = SE of (4) OGTT and (B) IPGTT results for obese male mouse
strains. ob/ob Are in the C57BL/6 background; ob/ob:GLP-1R"" mice are a
hybrid cross of C57BL/6 and CD1*, and olvolrGLP-1R" represent the dou-
ble mutant strain with mutations at both the leptin and GLP-1R loci. &
Plasma insulin levels from OGTT and IPGTT experiments. *P < 0.05,
**P< 0.01, +++P< 0.001 for comparisons shown, D: Northern blot analysis
of pancreatic RNA from **, GLP.1R", and obese mice strains. GLU,
glucagon; INS, insulin; 18s, 185 ribosomal RNA transcripts.
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FIG. 3. A: Islet hyperplasia and increased islet size in o/l mice. The top panels represent histological sections stained with hematoxylin
and eosin (H&E). The middle and bottom panels represent histological sections stained with antisera directed against insulin and glucagen,
respectively. Magnification x 400. B: Islet number in lean and obese mice. The number of islets, relative to total pancreatic area examined,
is shown. ***P < 0.002 for ob/of&:GLP-1R™" versus GLP-1R" mice. ¢ Relative islet area in lean versus obese mice. The percent islet area rel-
ative to total pancreatic arca examined is shown, **P < 0,02 for ol/oliGLP-1R™ versus GLP-'*" mice. 2 Number of single, small, medium,
and large islets in lean and obese mice strains, *P < 0.05 for GLP-IR™ versus ob/ofGLP-1R™" mice.
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tin and GLP-IR genes do not exhibit additive or markedly
enhanced sensitivity to exogenous leptin in vivo at the phar-
macological doses of leptin used in our studies,

DISCUSSION

Several lines of evidence suggest that leptin and GLP-1 sub-
serve interrelated actions in the regulation of metabolic func-
tions via opposing and complementary effects on insulin
secrelion and satiety control, respectively. The sensitivity of
GLP-1 secretion to acute nutrient ingestion, taken together
with Its effects on satiety, gastric emplying, and glucose-stim-
ulated insulin secretion, is in keeping with the notion that
GLP-1 functions as a short-term regulator of nutrient assim-
ilation (1). Consistent with the transient effects of GLP-1 on
the B-cell, the levels of bipactive GLP-1 increase and fall
rapidly after food ingestion, in part because of the inactiva-
tion by the enzyme dipeptidyl peptidase [V {47,48). In contrast,

DIABETES, VOL, 49, SEPTEMBIER 2000

the levels of circulating leptin are highly correlated with total
body weight and adipose tissue mass, which is in keeping with
a role for leptin as an indirect sensor of long-term energy
stores and nutrient abundance {49).

A number of studies support a role for leptin in the regu-
lation of 8-cell function and insulin secretion (21). The long
form of the leptin receptor is expressed on rodent and
human islet §-cells (50-52), and leptin inhibits glucose-stim-
ulated insulin secretion and insulin gene expression
(19,20,50,52). As the GLP-1R™ p-cell exhibits defects in sig-
nal transcuction and glucese-stimulated insulin secretion
(12,13), we speculated that the 0b/6hGLP-1R" B-cell might
also exhibit defects in insulin biosynthesis and/or secretion,
further exacerbating the degree of glucose intolerance and the
response to insulin resistance in oi/ob mice. Nevertheless, we
did not observe a further deterioration in glucose home-
ostasis or in levels of glucose-stimulated insutin secretion in
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intake during specific time intervals during the 24-h feeding period in
per group. *P < 0.05, GLP-IR™ versus CD1; +P < 0.05, ob/olGLP-1R

versus ob/pb:GLP-1R** mice. B: Cumulative food intake for lean control and GLP-1R™ mice over 24 h. No significant difference was observed
for CDI versus GLP-1R™ mice. € Cumulative food intake for obese mice during 24 h, No significant differences were observed for ob/lGLP-
1R versus of/ob:GLP-1R** mice. Baseline food intake in ** and ob/eb mice strains has previously been shown to be comparable over short

experimental time periods in similar experiments {58).

ob/ob:GLP-1IR™ mice. Indeed, levels of circulating insulin,
pancreatic insulin, and proinsulin RNA were upregulated yet
comparable in ol/0b:GLP-IR""* versus 0b/obGLP-IR™ mice,
These findings demonstrate that although the GLP-I receptor
is an essential determinant of glucose-stimulated insulin
secretion and intracellular B-cell signaling in normal mice
(12,13), basal GLP-1 signaling is not essential for the B-cell to
significantly upregulate insulin synthesis and secretion in
the setting of leptin deficiency, obesity, hyperglycemia, and
insulin resistance.

Several lines of evidence suggest that GLP-IR signaling
regulates islet proliferation and islet neogenesis. Incubation
of quiescent rat islet cells with GLP-1-stimulated cell pro-
liferation and immediate early gene expression (42,53),
and both exendin-4 and GLP-1 promoted differentiation of
pancreatic exocrine cells to a -cell phenotype in vitro
(54). Similarly, B-cell replication was increased in mice
after GLP-1 administration, and exendin-4 significantly
improved glucose tolerance and stimulated islet cell neo-
genesis in rats after subtotal pancreatectomy (44,55).
Because ob/ob mice exhibit marked islet hyperplasia as
part of the adaptive response to obesity and insulin resis-
tance {45), we speculated that islet proliferation might be
impaired in ol/ob mice with disrupted GLP-1R signaling.
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**P < 0.01
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FIG. 6. Leptin sensitivity in GLP-1R"" and obese mice strains. Leptin
injections (4 pg/g body weight) were performed just before the start of
dark phase eating (4-5 pM. daily). The results are shown for a 48-h feed-
ing experiment in male mice. Similar results were obtained for studies
in female mice (data not shown}. Values are expressed as means = SE,
**P < (1,01 for saline- versus leptin-treated mice.
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Surprisingly, our data ciearly show that significant islet
hyperplasia develops in the absence of GLP-IR signaling
and the extent of islet proliferation was comparable in
both ob/ob:GLP-1R+/+ and 0b/mbGLP-1R™ mice. Hence,
GLP-1R signaling is not limiting for and may be upstream
of growth regulatory signaling pathways that stimulate
islet hyperplasia in response to leptin deficiency and
insulin resistance.

The overlapping inhibitery actions of leptin and GLP-1 on
CNS satiety centers, the finding of increased leptin sensitivity
in GLP-1R™ mice (33}, and the increased leptin levels in male
GLP-1R"" mice have raised the possibility that simultaneous
interruption of both leptin and GLP-1 action might lead to
significantly increased food intake and weight gain above
that seen in the ob/pb mouse alone, Surprisingly, however,
no significant change in body weight was observed in male
or female ob/ob:GLP-1R™ mice compared with of/ol and
ob/obrGLP-1R*" mice, and total food intake measured over
a 24-h period was comparable in od/obGLP-1R* and
0b/olrGLP-1R™ mice. These findings, taken together with our
observation that GLP-1R” mice consume more food during
a short-defined early time period, are consistent with pre-
vious suggestions that GLP-1 may function as a short-term
transient regulator of food intake. For example, GLP-1
reduces food intake several hours after ICV administration,
but has no elfect on food intake and body weight over
longer time periods (6,56). In contrast, the inhibitory action
of leptin on food intake is more sustained (6), and hence
interruption of leptin action, as exemplified by the ob/oband
db/db mouse, is associated with increased food intake and
the development of obesity.

The initial observation that ICY GLP-1 inhibits food
intake in rats (4) was followed by studies showing that daily
administration of the GLP-1R antagonist exendin {$-39)
increased food intake and body weight in rats {14). Subse-
quent experiments demonstrated that GLP-1 administra-
tion also produces conditicned taste aversion {§,7). These
findings raised the possibility that the temporary reduction
in food intake observed after ICV GLP-1 might reflect arole
for GLP-1 signaling in the CNS response to visceral stress.
Consistent with this hypothesis, GLP-1-positive neurons
express c-fos afler exposure of rats to lithium chloride or
lipopolysaccharide (7,8), and the GLP-1 antagonist exendin
(9-39) blocks the lithium chloride~mediated suppression of
food intake (9,24).

Accordingly, the physiological importance of GLP-1 for the
control of feeding and body weight gain versus mediation of
interoceptive stress signaling remains somewhat contro-
versial (22). Our findings that GLP-IR” mice are lean
{12,15) and that the disruption of GLP-1R signaling in the
ob/ob mouse has no additive impact on feeding behavior or
weight gain clearly demonstrate that the GLP-IR is not an
essential regulator of food intake and body weight in mice
in vivo. Furthermore, despite the anatomical and functicnal
evidence linking leptin and GLP-1 circuits in the CNS
(26-28,57), GLP-1R signaling is not required for the acute
response to leptin administration or the phenotypic mani-
festations of leptin deficiency in the mouse in vivo. Similarly,
upregulation of insulin gene expression and the development
of hyperinsulinemia and islet hyperplasia are not depen-
dent on basal GLP-1R signaling. Whether these findings are
attributable to the upregulation of related regulatory net-
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works in the islets and CNS that compensate for the
absence of GLP-1 will require further investigation.

ACKNOWLEDGMENTS

This work was supported in part by operating grants from the
Canadian Diabetes Association and the Juvenile Diabetes
Foundation International.

We thank Dr. P. Brubaker for providing us with a critical
review of the manuscript.

D.J.I}. is a senior scientist of the Medical Research Coun-
cii of Canada and a consultant for Amylin Corp.

REFERENCES
I Drucker DJ: The glucagon-like peptides, Diabeles 47:159-168, 1968
2. Kieffer TJ, Habener JF: The glucagen-like peptides. Endocr Rev 20:876-913,
1999
3. Nauck MA, Niedereichholz U, Ettler R, Holst )], Orskov C, Ritzet R, Schimiegel
Wi Glucagon-like peptide 1 inhibition of gastric emptying outweighs its
insulinotropic effects int healthy humans. Am J Phys/ol273:E981-E988, 1897
4. Turton MD, O'Shea D, Gunn 1, Beak SA, Edwards CMB, Meeran K, Choi §J,
Taylor GM, Heath MM, Lambert PD, Wilding JP, Smith BM, Ghatel MA, Her-
bert [, Bioom SR: A role for glucagon-like peptide-1 in the centrat regulation
of feeding, Nature 379:69-72, 1996
5. Flint A, Raben A, Astrup A, Holst JJ: Glucagon-like peptide 1 promotes sati-
ety and suppresses energy intake in humans. J Clin Invest 101:515-520, 1998
6. Thiele TE, Van Dijk G, Campfield LA, Smith FJ, Burn P, Woods SC, Bernstein
H, Seeley RJ: Central infusion of GLP-1, but 2ot leptin, produces conditicned
taste aversion in rats. Am J Physiof ZT2:R726-R730, 1997
7. Thicle TE, Seeley R, [¥Alessic I, Eng J, Bernstein IL, Woods SC, van Dijk G:
Central infusion of glucagon-like peptide-1-{7-36) amide (GLP-1} receplor
antagonist attenuates lithium chloride-induced ¢-Tos induction in rat brain-
stem. Brain Res 801:164-170, 1998
8. Rinaman L: Interoceptive stress activates glucagon-like peptide-1 neurons that
project to the hypothalamus. Am J Physiol 277:R582-R590, 1999
9. Secley RJ, Blake K, Rushing PA, Benait S, Eng J, Woods SC, D'Alessio D: The
role of CNS glucagon-like peptide-§ (7-36) amide receptors in mediating the
visceral iliness effects of lithium chloride, J Newrosci 20:1616-1621, 2000
10.Schirra J, Sturm K, Leicht P, Arnold R, Goke B, Katschinski M:
Exendin(9-3%9)amide is an antagonist of glucagon-like peptide-1(7- 36)amide
in humans, J Clin Invest 101:1421-1430, 1648
11, Edwards CM, Todd JI, Mahmoudi M, Wang Z, Wang RM, Ghatei MA, Bioom
SR: Glucagon-like peptide 1 has a physiological role in the control of post-
prandial glucose in humans: studies with the antagonist exendin 8-39. Dia-
betes 48:86-93, 1989
12. Serocehi LA, Brown TJ, MacLusky N, Brubaker PL, Auerbach AB, Joyner AL,
Drucker DJ: Glucose intolerance but normal satiety in mice with a null muta-
tion in the glucagon-iike peptide receptor gene. Nar Med 2:1254-1258, 1996
13. Ftamez I, Gilon P, Mcens K. Van Breusegem A, Delmeire B, Scrocchi LA, Hen-
quin J-C, Drucker DJ, Schait - Altered cAMP and Ca® signating in mouse pan-
creatic islets with GLP-1 receptor nuli phenotype. Diabetes 48:1979-1986,
1999
14, Meeran X, O'Shea D, Edwards CM, Turton MD, Heath MM, Gunn [, Abusnana
S, Rossi M, Smatl CJ, Goldstone AP, Taylor GM, Sunter 1, Steere J, Choi §],
Ghatei MA, Bloom SR: Repeated intracerebroventricular administration of
glucagon-like peptide-1-{7-36) amide or exendin: (9-39) alters body weight in
the rat. Endocrinolagy 140:244-250, 1999
16. Scrocchi LA, Drucker DJ: Effects of aging and a high fat diet on body weight
and glucese control in GLP-1RY mice. Endocrinolagy 139:3127-3132, 1998
16, Baskin DG, Figlewicz Lattemann I, Seeley RJ, Woods SC, Porte T Jr,
Schwartz MW Insulin and leptin: dual adiposity signals to the brain for the reg-
ulation of food intake and body weight. Brain Res848:114-123, 1999
17, Elmquist JK, Maratos-Flier E, Saper CB, Flier JS: Unraveling the central ner-
vous system pathways underlying responses to leptin. NMar Neurcscd
1:445-450, 1998
18, Leibel RL, Chung WK, Chua SC Jr: The molecular genetics of redent single gene
obesities. J Biof Clernr 272:31937-31940, 1997
19. Seufert J, Kieffer TJ, Habener JI: Leptin inhibits insulin gene transcription and
reverses hyperinsulinemia in leptin-deficient efbbmice. Proc Natl Acad Sci
U5 A96:674-679, 1599
20. Seufert }, Kieffer T, Leech CA, Holz GG, Moritz W, Ricordi C, Habener JTF: Lep-
tin suppression of insulin secretion and gene expression in human pancrealic
istets: implications for the development of adipogenic diabetes mellitus. J Clin
Endocrinol Metah 84:670-676, 1989

1559



LEPTIN AND GLP-1 ACTION

21, Kieffer TJ, Habener JF: The adipoinsular axis: effects of leptin on pancreatic
@-celis. Am J Physiol Endocrinol Metal 2T8:E1-E14, 2000

22. Seeley RJ, Woods SC, D'Alessio D: Targeted gene disruption in endocrine
research: the case of GLP-1 and neurcendocrine function. Endocrinology
141:473-475, 2600

23. Erickson JC, Clegg KE, Palmiter RD: Sensitivity to leptin and susceptibility to
seizures of mice lacking neuropeptide Y. Nature 381:415-418, 1996

24, Rinaman L: A functional role for centrai glucagon-like peptide-1 receptors in
lithivn chloride-induced anorexia. Ams J Physiel 27T:R1537-R1540, 1999

25. Stephens TW, Basinski M, Bristow PK, Bur-Valleskey JM, Burpett SC, Craft L,
Hale j, Hoffinan ), Hsiung HM, Kriauciunas A, MacKellar W, Rosteck PR Jr,
Schoner B, Smith D, Tinsley FC, Zhang XY, Heiman M: The role of neu-
ropeptide Y in the antiobesity action of the obese gene products. Nature
377:530-532, 1995

26. Goldstone AP, Mercer JG, Gunn I, Moar KM, Edwards CMB, Rossi M, Howard
JK, Rasheed S, Turton MDD, Small C, Heath MM, O'Shea D, Steere J, Meeran
K, Ghatei MA, Hoggard N, Bleom SR: Leptin interacts with glucagon-like
peptide-1 neurons to reduce food intake and body weight in rodents. FEBS
Lett 415:134-138, 1997

27. Goldstone AP, Morgan §, Mercer JG, Morgan DG, Moar KM, Ghatei MA, Bloom
SR: Effect of leptin on hypothalamic GLP-1 peplide and brain-stem pre-
proglucagon mRNA, Biochem Biopiys Res Commun 268:331-335, 2000

28. Elias CF, Kelly JF, Lee CE, Bjorbaek C, Drucker DJ, Kuhar MJ, Saper CB,
Elquist JK: Chemicai characterization of leptin activated neurons in the rat
brain. J Comy Neurol 423:261-268, 2000

29. Kieffer TJ, Heller RS, Leech CA, Holz GG, Habener JI: Leptin suppression of
insulin secretion by the activation of ATP-sensitive K channels in pancreatic
B-cells. Diabetes 46:1087-1093, 1997

30. Chehab FF, Lim ME, Lu R: Correction of the sterility defect in homozygous
abese female mice by treatment with the human recombinant leptin. Nat
Genet 12:318-320, 1996

31. Mounzih K, Lu R, Chehab FF: Leptin treatment rescues the sterility of genet-
ically obese ob/eh males, Erdocrinelogy 138:1190-1193, 1897

32. Erickson JC, Hollopeter G, Palimiter RD: Attenuation of the obesity syndrome
of obvel mice by the loss of neuropeptide Y. Secferce 274:1704-1707, 1996

33, Scrocchi LA, Brown TJ, Drucker DJ: Leptin sensitivity in non-obese GLP-1
receplor™ mice. Diabetes 46:2029-2034, 1997

34, Serocchi LA, Marshall BA, Cook SM, Brubaler PL, Drucker DJ: Glucose
homeostasis in mice with discuption of GLP-1 receptor signaling. Diabetes
47:632~639, 1998

35. Wang RN, Bouwens L, Kloppel G: B-Cell growth in adolescent and adult rats
treated with streptozotocin during the neonatal period. Diabetologia
39:548-557, 1996

36. Hill MF, Asa SL, Drucker DJ: Essential requirement for Pax6 in control of
enteroendocrine proglucagon gene transcription. Mo/ Endocrinol 13:
14741488, 1998

37, Enlich P, Tucker D, Asa SL, Brubaker PL, Drucker DJ: Inhibition of pancre-
atic proglucagen gene expression in mice bearing subcufaneous endocrine
tumors. A J Physiol Endocrina! Metah 267.1E662-E671, 1984

38. Chomczynski P, Sacchi N: Single-step method of RNA isolation by acid guani-
dinium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:
156-159, 1987

39, Drucker 1D, Brubaker PL: Proglucagon gene expression is regulated by a cyclic
AMP-dependent pathway in rat intestine. Proc Natf Acad S¢i U5 A86:3953-3957,
1989

1560

40. Dubuc PU: The development of cbesity, hyperinsulinemia, and hypergly-
cermia in ab/obmice. Metabolisn 25:1567-1574, 1976

41. Wang Z, Wang RM, Owji AA, Smith DM, Ghatei MA, Bloom SR: Glucagon-like
peptide 1 is a physiological incretin in rat, J Cfin frvest 95:417-421, 1995

42. Buteau J, Roduit R, Susini 3, Prentki M: Glucagon-like peptide-1 promotes DNA
synthesis, activates phosphatidylinositel 3-kinase and increases transcrip-
tion factor pancreatic and duodenal homeobox gene 1 (PDX-1) DNA binding
activity in B {INS-1)-cells. iabetologia 42:856-864, 199%

43, Xu G, Stoffers DA, Habener JE Bonner-Weir S: Exendin-4 stimulates both p-coll
replication and neogenesis, resulting in increased P-cell mass and improved
glucose Lolerance in diabetic rats. Diabetes 48:2270-2276, 1999

.Stoflers DA, Kieffer TJ, Hussain MA, Drucker D], Egan JM, Bonner-Weir S,
Habener JI: Insulinotropic glucagon-like peptide-1 agonists stimulate expres-
sion of homeodomain protein IDX-1 and increase B-cell mass in mouse pan-
creas. Diabetes 19:741-748, 2060

- Lavine RL, Voyles N, Perrino PV, Recant L: Functional abnormalities of islets
of Langerhans of obese hyperglycemic mouse. Am J Physiol 233:E86-190,
1977

48. Salton SR, Hahwm S, Mizuno T™: Of mice and MEN: what transgenic models

telt us aboul hypothalamic contro of energy balance. MNewron 25:265-268, 2000
47. Hoist J], Deacon CF: Inhibition of the activity of dipeptidyl-peplidase IV as a
treatment for type 2 diabetes. Diabetes 47:1663-1670, 1998

48. Deacon CF, Nauck MA, Toft-Nielsen M, Pridal L, Willms B, Holst 1J: Both sub-
cutaneously and intravenously administered giucagon-like peptide 1 are
rapidly degraded from the NHyterminus in type 1T diabetic patients and in
healthy subjects. Diabetes 44:1126-1131, 1995

49. Flier JS: Clinical review 94: What's in a name? In search of leptin's physiclogic
role. J Clin Endocrinol Metah 83:1407-1413, 1998

30. Emilsson ¥, Liu Y-L, Cawthorne MA, Morton NM, Davenport M: Expression of
the functional leptin receptor mRNA in pancreatic islets and direct inhibitory
action of leptin on insulin secretion. Diabetes 46:313-316, 1997

51. Kieffer TJ, Heller RS, Habener JF: Leptin receptors expressed on pancreatic
B cells. Biochem Biophys Res Commun 224:522-527, 1986

52. Kulkarni RN, Wang ZL, Wang RM, Hurley JD, Smith DM, Ghatei MA, Withers
DJ. Gardiner ]V, Bailey CJ, Bioom SR: Leptin rapidly suppresses insulin
release from insulinema cells, rat and human isiets and in vivo, in mice. J Clin
Trivest 100:2729-2736, 1997

53. Susini 5, Roche E, Prentki M, Schlegel W: Glucose and glucoincretin peplides
synergize to induce c-fos, c;jun, junB, zif-268, and nur-77 gene expression in
paccreatic B(INS-1) cells. FASEB J12:1173-1182, 1998

54. Zhou J, Wang X, Pineyro MA, Egan JM: Glucagon-like peptide 1 and exendin-
4 convert pancreatic AR42] cells into glucagon- and insulln-producing cells,
Diabetes 48:2358-2366, 1999

55. Wang X, Cahill CM, Pineyro MA, Zhou J, Doyle ME, Egan JM: Glucagon-ike
peptide-1 regulates the B-cell transcription factor, PDX-1, in insulinoma cells.
Endocrinalogy 14G:4804-4907, 1999

56. Donahey JCK. Van Dijk G, Weods SC, Seeley RJ: Intraventricular GLP-1
reduces short- but not long-term food intake or body weight in lean and
obese rats. Brain Res77%:75-83, 1538

37. Mercer JG, Moar KM, Findlay PA, Hoggard N, Adam CL: Association of lep-
tin receptor (OB-RL), NPY and GLP-1 gene expression in the ovine and
mrine brainstem. Regul Pept 75-76:271-278, 1998

58. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T,
Collins F: Effects of the obese gene product on bedy weight regulation in obvob
mice. Science 260:540-543, 1985

1

e

=
&

DIABETES, VOL. 49, SEPTEMBER 2000



