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ARTICLE INFO ABSTRACT

Keywords: Triacylglycerol is the most abundant dietary lipid, and a strong stimulator of satiation. Absorption of tri-
Fat acylglycerol in the small intestine occurs in the form of free fatty acids and 2-monoacylglycerol, a process known
GLP-1 receptor to trigger not only the release of cholecystokinin (CCK) but also glucagon-like peptide 1 (GLP-1) and peptide YY

CCK1 receptor (PYY). It remains controversial, however, whether endogenously released GLP-1 and PYY are required for fat-

Satiation . - . . . . : .. ..
Y, receptor induced satiation. Using a self-administration model where mice are trained to self-administer Intralipid 30%
Jant4-C16 intragastrically, we show that blocking the CCK; receptors with intraperitoneal devazepide diminishes the post-

oral satiation effect of ingested fat. Similarly, s.c. administration of a GLP-1 receptor antagonist with a prolonged
half-life (Jant4-C16) also reduced the post-oral satiation effect of ingested fat. Importantly, coadministration of
the GLP-1 antagonist together with devazepide increased fat self-infusions to a level equal to the combined
blockade of each individual peptide action alone, indicating an additive effect of endogenous CCK and GLP-1 in
fat satiation signaling. Blocking the PYY Y5 receptor did not further enhance the fat intake in devazepide-treated
mice. Consistent with the above, we show that voluntary post-oral ingestion of fat increases CCK and GLP-1
plasma levels and is correlated positively with CCK and GLP-1 plasma concentrations. Taken together, our re-
sults support the role of endogenous GLP-1 in the regulation of fat intake and suggest that both CCK and GLP-1
are required for the fat satiation signaling.

1. Introduction absence of oral cues. Food ingestion triggers gastrointestinal signals that

regulate food intake and coordinate nutrient digestion and absorption

Obesity is an increasing problem worldwide [1]. The fundamental
cause of obesity is an energy imbalance between calories consumed and
expended. The consumption of energy-dense foods, which are typically
high in fat content, is a significant contributor to the increasing preva-
lence of overweight and obesity [2] while fat has been recently identi-
fied as the principle regulator of energy intake among solid form
macronutrients and across different mouse strains [3,4]. Thus, a better
understanding of the physiological mechanisms controlling fat intake is
important in order to get a better picture of the causes of obesity.

Satiation is the feeling of fullness that leads to termination of food
intake. It has been shown that the gastrointestinal tract plays an
important role in regulating acute and long-term energy intake in the
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[5]. The stomach sends satiation signals that are primarily activated by
mechanical distension, whereas the signals from the intestine derive
from both mechanical and nutrient sensing [6-8]. Intestinal endocrine
cells sense nutrients and release several peptides, many of which can
delay gastric emptying and induce satiation. These peptide signals can
also modulate vagal inputs or act directly via the blood on the brain
appetite center [9]. While GLP-1 has a well-established effect on insulin
release and even though the number of approved GLP-1 analogues for
human use is increasing, the physiological role of endogenous GLP-1 in
the regulation of food intake is unclear [10-12]. A GLP-1 analogue that
can cross the blood brain barrier has been shown to decrease food intake
and body weight in humans [13]. However, the endogenous GLP-1 is
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rapidly degraded; thus, it is believed that intestinal GLP-1 must act via
the vagus nerve [14]. Studies in rodents show controversial results of the
role of endogenous GLP-1 in satiation [15-20] while administration of
the GLP-1 receptor antagonist, exendin-(9-39), in humans caused an
increase in GLP-1 blood levels without any effect on food intake [21,22].

We are studying the role of dietary fat in meal termination and the
signaling from the gut to the brain [23]. Dietary fat can acutely induce
dopamine release in the dorsal striatum [24-26], and this effect seems to
be mediated by the fatty acid- moiety of dietary triacylglycerol, while
the satiation effect can be mediated by both the fatty acid part as well as
the 2-monoacylglycerol (2-MAG) part of digested triacylglycerol [27].
Depending upon the test paradigm used, the post-ingestive actions of fat
can stimulate or suppress intake [24,28,29]. Pharmacological stimula-
tion of GLP-1 receptors in the periphery seems to inhibit homeostatic
chow intake, while hedonic fat intake seems to be inhibited by combined
stimulation of GLP-1 receptors in both CNS and the periphery [30]. Fatty
acids are known agonists of the free fatty acid 1 (FFA1) and free fatty
acid 4 (FFA4) receptors, which both have been reported to be involved
in GLP-1 release [5]. 2-MAG (including 2- oleoyl glycerol (2-OG)) is a
GPR119 agonist that can release GLP-1 from enteroendocrine cells in
humans and rodents [31-33]. In humans given a low dose of fat (20 mL
olive oil), 2-OG was mainly responsible for the release of GLP-1, PYY,
and neurotensin whereas the fatty acid part was mainly responsible for
CCK release, while at higher doses of fat, fatty acids and 2-OG may act
synergistically to induce hormone release from the small intestine [34,
35].

In this study, we evaluated whether endogenous CCK, GLP-1, and
PYY regulate post-oral self-induced fat satiation. Second, we aimed to
determine the plasma levels of GLP-1 and CCK after voluntary post-oral
intake in mice. We focused on a mouse model, where mice are trained to
self-administer a lipid-emulsion directly into the stomach during a one-
hour session each day [24,27]. The mice cannot see, smell, or taste the
fat emulsions, but they can sense the concentration of fat entering the
gastrointestinal system. Thus, we can investigate the post-oral effects of
fat intake unbiased from flavor preferences, and measure the time
course of intake. Moreover, with this model, we can measure directly the
satiation effect of fat, rather than the satiety effect of a preload of fat,
which is used in many studies.

2. Materials and methods
2.1. Ethical approval

The experiments were conducted at the University of Copenhagen
and were approved by the Danish Committee for Animal Research (Li-
cense 2013-15-2934-00766 C1). All experimental procedures were
fully compliant with national and international accepted principles for
the care and use of laboratory animals. 40 C57B16/J mice (male, 10-24
weeks of age) were used in the experiments. Mice were obtained from
Janvier Labs (Le Genest-Saint-Isle, France). The mice were allowed to
habituate for one week to the new environment. They were housed in a
temperature (20 - 22 °C) and humidity (50 - 65%) controlled facility
with a 12 / 12 h light-dark cycle before undergoing any surgical or
behavioral procedures and had ad libitum access to standard chow (3.2
keal g ~ 1, 14.5% energy fat, Altromin Spezialfutter GmbH & Co, Ger-
many) and water unless otherwise described in the protocols below.

2.2. Gastric catheter implantation

The surgery was performed, as described previously [24]. Briefly,
mice were anaesthetized with an intraperitoneal injection of ketami-
ne/xylazine (100/15 mg kg~ 1) or isoflurane, and the area between the
shoulders and abdomen was shaved. Eye ointment was applied to both
eyes to keep them hydrated, and analgesia was administered (5 mg kg™
carprofen, s.c.). Following skin disinfection, two incisions were made, a
small between the shoulders and one in the abdomen, app. 1.5 cm long.
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Catheter tubing (10 cm of Micro-Renathane tubing, MRE-033, 0.33 x
0.014 inches, Braintree Scientific, Braintree, MA, USA) was tunneled
through the incision between the shoulders under the skin and into the
abdomen via a hole through the abdominal muscle. The stomach was
exteriorized, and a purse-string suture (7/0 Optilene, B. Braun Surgical
S.A., Spain) allowed to tightly attach the tip of the catheter to the
stomach wall and inside the lumen. Finally, the abdominal muscle and
skin incisions were sutured.

2.3. Post-operative care

Following surgery, the mice were single-housed and had ad libitum
access to standard chow and water. The first three days after surgery,
they were treated with Rimadyl (carprofen 5 mg kg™') and a five-day
recovery was allowed. The mice were monitored daily for any signs of
stress or morbidity after surgery and until euthanisation. Mice showing
signs of not being well were euthanized immediately.

2.4. Gastric glucose tolerance test (GGTT)

Mice with implanted gastric catheters received an intragastric bolus
dose of glucose through the catheter (20% w/v, 10 mL kg ™?) following a
six-hour fasting period. Prior to glucose, they were dosed s.c. with a
long-acting GLP-1 receptor antagonist Jant-4 (9-40)a Lys40-C16 (Jant4-
C16) [36] 23 h and 5 h in advance. Blood was sampled 20 min prior to
the glucose bolus and at 0, 15, 30, 60, 90, and 120 min from the tail.
Blood glucose concentration was immediately analyzed with a handheld
glucose meter (Contour XT, Bayer Healthcare AG, Germany). The test
was performed in a cross-over design with a week of wash-out in be-
tween tests.

2.5. Emulsion preparation

The mice were trained to self-administer Intralipid 30% (w/v) (IL30)
(Baxter, Deerfield, IL, USA or Fresenius Kabi A/S, Copenhagen,
Denmark) containing 1.2% (w/v) phospholipid and 1.7% (w/v) glycerol
as emulsifiers. The calorie content of IL30 is 3 kcal mL ™!, To prepare the
Intralipid 5% (IL5) emulsion, lecithin (Lipoid E PC S, Lipoid AG, Stein-
hausen, Switzerland) and glycerol (>99%, Sigma-Aldrich) were
weighed off and thoroughly mixed before the Intralipid 30% was added
in a 1:6 final dilution ratio. Thus, the final IL5 contained the same% (w/
v) of phospholipids and glycerol as the IL30 emulsion but only 5% of
triacylglycerol, which resulted in IL5 having a calorie content of 0.8 kcal
mLL.

2.6. Behavioral apparatus

The mice were trained in operant test chambers enclosed in a sound-
attenuating cubicle (MedAssociates, St. Albans, VT, USA). Each chamber
was equipped with one sipper placed on the wall of the cubicle. All
sippers were connected to a contact-based relay for lick detection
(’contact lickometer’), that was programmed to trigger the activation of
a connected infusion pump via TTL pulses.

2.7. Behavioral training protocol

Mice were trained daily in the operant chambers and learned to
associate licking on a dry spout with intragastric infusions of IL30. They
were presented with one spout always placed in the same position. To
increase the mice’s motivation to lick, they were calorie-restricted to
75% of normal chow intake for the duration of the behavioral experi-
ments, receiving 2.6 g of chow each day after the 1 h session in the box.
The food restriction also ensured a stable day-to-day intake during the
sessions. Each dry lick was programmed to trigger an infusion that lasted
for 6 s at a rate of 0.38 mL min~!, which resulted in a 37.5 pL infusion.
Licks detected while an infusion was taking place did not activate
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additional infusions. A small amount of crushed chow was placed inside
the sipper during the first 3-4 days of the training in order to increase
the mice’s interest in the sipper, and this allowed the mice to smell but
not taste the chow. The training was continued until a stable baseline of
infusions was achieved between five consecutive days, with less than
20% variation across days. The IL30 was then replaced with IL5, an
increased number of infusions (minimum twofold increase) of IL5 was a
confirmation of a trained mouse. Trained mice were sometimes used in
more than one behavioral protocol given that a stable baseline was
achieved prior to the experiment. The daily fat intake by the mice
(coming from the chow plus the daily Intralipid intake) was calculated
to represent 27.6% energy being a little lower than the 28.5 — 46.2%
energy fat intake in the European population Table 1 [37].

2.8. Behavioral responses to CCK1, Y2, and GLP-1 receptor antagonists

When a stable baseline (five consecutive days of less than 20%
variation in the number of IL30 infusions) was achieved, the effect of
pharmacological agents was tested on the self-administration behavior.
Jant4-C16 (GLP-1 receptor antagonist, 1 pmol kg™, 23 h and 5 h in
advance, s.c.), devazepide (CCK; receptor antagonist, 2 mg kg™, 30 min
in advance, i.p.), and the combination of the two were investigated in
this set-up in a cross-over design (n = 6). The combination of devazepide
(2 mg kg’l, 30 min in advance, i.p.) and BIIE 0246 (Y, receptor
antagonist, 2 mg kg ', 30 min in advance, i.p.) was tested in a cross-over
design as well (n = 7). BIIE 0246 was dosed at a dose previously shown
to inhibit the satiation effect of exogenously administered native
PYY3-36 [38,39]. A minimum of five-days wash-out period was allowed
between treatments and mice were habituated to vehicle injections for
three days prior to testing.

2.9. Behavioral hormonal responses

Blood samples were collected from mice (n = 5-6) trained to self-
administer IL30 (as described above). Blood was collected at the time
point of the initiation of the scheduled one-hour session (the mice were
euthanized immediately after blood collection) and after the one-hour
session with IL30. Naive, age-matched mice (n = 8) were included in
this study. The mice were anaesthetized via isoflurane inhalation, and
heart blood was collected into EDTA-coated vials and supplemented
with 10 pl Dipeptidyl peptidase 4 (DPP4) inhibitor (Merck-Millipore,
Billerica, MA, USA) and 500 kIU aprotinin (Sigma-Aldrich). Plasma was
obtained by centrifugation at 10 000 g for 10 min at 4 °C within 20 min
and immediately frozen on dry ice after separation. The samples were
stored at —80 °C until further analysis.

One mouse was excluded during data analysis, as it gradually
decreased the number of IL30 self-infusions over sessions and had a
significantly lower number of infusions compared to the rest of the
group (9 infusions versus 19.8 + 3.9 infusions (n = 19).

2.10. Hormone analyses

All hormone analyses (n = 5-8) were performed on snap-frozen
plasma and according to the manufacturer’s protocol. Glucagon-like

Table 1
Diet composition of the fat self-administration mouse model as compared to ad
libitum chow diet.

Diet energy composition Chow Self-administration*
Total calorie intake in Kcal per day: 10.8 9.7

Total fat intake E%: 14.6 27.6

Total carbohydrate intake E%: 51.1 43.4

Total fiber intake E%: 5.8 4.9

Total protein intake E%: 28.5 24.2

* The diet composition of the self-administration model is calculated based on
the regular chow intake and the one-hour self-administration of IL30.
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peptide 1 (GLP-1) total (GLP-17-36/37 and GLP-19-36/37) were
measured using an ELISA kit (Total GLP-1 ver.2) from Meso Scale Dis-
covery (Rockville, MD, USA). Electrochemiluminescence was measured
using a SECTOR Imager 2400 instrument (Meso Scale Discovery), and
data were analyzed using Discovery Workbench (Meso Scale Discovery).
Cholecystokinin (CCK) was measured using a radioimmunoassay that
reacts fully with mouse CCK peptides without cross-reactivity with any
gastrins [40]. Plasma was mixed with barbital buffer added albumin
(BBA), tracer (10 pGi %°I-CCK8/20 mL BBA and antibody Ab92128),
and incubated at 4 °C for 3-7 days. Separation of bound and un-bound
CCK was performed by adding barbital buffer, 20% human plasma and 6
g active charcoal/100 mL (Sigma) for 15 min and subsequent centrifu-
gation. Bound 12°I-CCK8 was counted in a Wallac Wizard 1470 gamma
counter (GMI).

2.11. Synthesis of the GLP-1 antagonist (Jant4-16)

The peptide was prepared as the C-terminus amide by automated
Fmoc/t-Bu solid-phase methodology on Rink Amide resin (AAPPtec,
Louisville, KY) employing 6-Cl-HOBt/DIC coupling chemistry on CSBio
model CS336X peptide synthesiser. The protecting group scheme con-
sisted of Arg(Pbf); Boc-N-Asp(OtBu); GIn(Trt); Glu(OtBt); Lys(Boc) or
Lys(Mtt) for residue 40; Ser(t-Bu); Tyr(t-Bu) and Trp(Boc). Upon
completion of main sequence synthesis, side-chain Mtt protection at
residue Lys 40 was removed by treatment with 2% TFA, 2%TIS in DCM.
Lipidation was performed on the resin with palmitic acid activated with
PyBOP/DIPEA in DCM/NMP (1:3). The reaction was monitored by free
amine detecting Kaiser test. All conventional residues were purchased
from Midwest Biotech (Fisher, IN), 6-Cl-HOBt, PyBOP and DIC from
AAPPtec (Louisville, KY), DIPEA from Sigma-Aldrich (St. Louis, MO).
The peptide was cleaved from the resin and deprotected by treatment
with TFA containing 2.5% TIS, 2.5% H,0 and 2.5% phenol then purified
on a GLP-1 antagonist-dedicated C18 preparative PR-HPLC column
(Vydac 218TP, 22 x 250 mm, 10pm) with 0.05% TFA/H20 and 0.05%
TFA/CH3CN as elution buffers. The purified peptide was analyzed and
characterized by LC-MS (1260 Infinity-6120 Quadrupole LC-MS, Agi-
lent) on Kinetex C8 (4.6 x 75 mm, Phenomenex) with 0.05% TFA/H,0
and 0.05% TFA/CH3CN as eluents. GLP-1 antagonist was found to be of
correct molecular weight and > 95% pure as determined by UV absor-
bance (A =214 nm) of the HPLC trace. Lyophilized peptide was stored at
4 °C. Peptide’s concentration in prepared aliquots was assessed based on
UV absorption at A = 280 nm measured on a NanoDrop 1000 spectro-
photometer (Thermo Scientific, Wilmington, DE). The extinction coef-
ficient for non-conjugated antagonist at A = 280 nm was calculated using
on-line Peptide Property Calculator (Innovagen, PepCalc.com).

2.12. Statistical analysis

Based on results from previous studies with the same animal model
from our group [27] and assuming a conservative difference on the ef-
fect level of five infusions with a conservative standard deviation of
three infusions, and targeting 80% power with 5% type I error, we
estimated that seven mice per group were needed to detect a difference
between two groups, which were in line with the number of mice used in
previous studies. To assess the time-course of intragastric self-feeding,
non-linear mixed models were used, in order to account for correlated
variability associated with repeated measures taken within the same
animal. For each animal, the cumulative number of infusions was
calculated for times 10, 20, 30, 40, 50, and 60 min following the initi-
ation of the training session. The model structure was defined as: Cu-
mulative Infusions = Infpa-Time/(Infsg + Time), were Infp,y are the
maximum number of cumulative infusions and Infsg is the time needed
to reach 50% of the maximum cumulative infusions. Number of cumu-
lative infusions were defined as dependent variables, with Inf,x and
Infso as random and fixed effect parameters, respectively. Treatment
was used as a covariate on Inf,,,, to assess the effect of treatment on the



V. Vana et al.

number of cumulative infusions. In the pooled analysis of experiments,
we performed an unadjusted and adjusted analysis to correct for po-
tential systemic deviations between the experiment cycles. Models with
and without treatment effect covariate were compared using the
log-likelihood criterion. Maximum likelihood was used for model esti-
mation. Additional statistical analysis was performed using two-tailed
paired sample t-test or one-way or two-way repeated-measures
ANOVA. When ANOVA indicated a significant difference among groups,
these groups were compared by Tukey’s or Fischer’s least significant
difference (LSD) post hoc test. Pearson correlation analysis was used to
determine the correlation between the plasma CCK and GLP-1 concen-
trations and between peptides and fat infusions. All results are expressed
as means + SEM, and 95% confidence intervals (CI). Statistical signifi-
cance was set at p < 0.05. Data analysis was performed using Graphpad
Prism (PASW Statistics Release 18.0.0) or R (version 3.5.2, R: a language
and environment for statistical computing, Vienna, Austria).

2.13. Chemicals and drugs

Devazepide was purchased from Sigma-Aldrich (Denmark A/S,
Denmark) and BIIE 0246 was purchased from Tocris (Bio-Techne Ltd,
Abingdon, United Kingdom).

3. Results

3.1. The gastrointestinal system can sense differences in triacylglycerol
concentration

For the following experiments, we used a fat self-administration
model where mice associate dry licking on a metallic spout with intra-
gastric infusions of fat [27]. To confirm the ability of our mice to behave
as previously described, we performed a test where mice trained to
self-infuse IL30 through daily one-hour sessions and following a stable
number of IL30 infusions over five days, were allowed to self-infuse IL5.
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The substitution of IL30 with a six-fold diluted emulsion with respect to
triacylglycerol is expected to motivate mice to trigger more infusions in
order to reach the same amount of triacylglycerol molecules as they
ingested with IL30. The mice were able to sense the triacylglycerol
concentration difference and compensated for the decreased tri-
acylglycerol concentration by responding with a 3.4-fold increase in
their number of infusions (Fig. 1A, C, D). The expected increase in the
number of infusions based on the calorie content of the two emulsions is
3.8-fold. Statistical analysis of the number of infusions during the first
10 min of the 1 h sessions revealed a delay in the compensating response
to the IL5 emulsion (Fig. 1B). All assays were performed on animals from
the same batch of catheter-implanted animals that were able to be
trained in the self-administration set-up (ny=10). The sample size
differences in each legend are indicating missing data (e.g. animals
not-able to achieve a stable baseline prior to treatment or missing
plasma samples).

3.2. Blockade of the GLP-1 receptors increases blood glucose levels

Jant4-C16, a GLP-1 receptor antagonist, is a fatty acid acylated
peptide with a prolonged half-life in plasma that has been shown to
cause an increase in body weight, food intake, and glucose intolerance in
diet-induced obese mice [36]. More specifically, when 0.5 pmol kg ! of
Jant4-C16 was dosed subcutaneously 24 h prior to GGTT, diet-induced
obese mice exhibited significant glucose intolerance, which suggests
that the antagonist blocked the physiological incretin effect of endoge-
nous GLP-1 [36]. Based on this information, we started by assessing the
effect of Jant4-C16 on the blood glucose levels of lean mice following a
glucose tolerance challenge. To ensure adequate exposure of the GLP-1
antagonist, Jant4-C16 was administered at a dose of 1 pmol kg1, which
is two-fold higher than the dose previously tested and dosed at two in-
tervals, 23 h and 5 h prior to the GGTT. The 23 h time point was selected
so that the same dose-schedule could be followed during the fat
self-administration tests where the mice were trained daily, as a 24 h

Fig. 1. Mice increase the number of intragastric self-
infusions to compensate for lower content of tri-
acylglycerol. Mice (n = 10) were trained to self-infuse IL30
during 1 h sessions. When a stable baseline (five consecutive
days of less than 20% variation in the number of IL30 infusions)
was achieved, they were presented with IL5. (A) Longitudinal
presentation of the number of IL30 and IL5 self-infusions. (B-D)
Mice increase their number of self-infusions when switched to
IL5 with a delay of 10 min, **p = 0.0047, *
paired sample t-test. Data: mean =+ s.e.m.
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dose prior to the training session would coincide with the training ses-
sion of the previous day. Significant differences in blood glucose levels
were observed at the basal state with animals receiving Jant4-C16
having higher blood glucose levels, a difference that remained signifi-
cant nearly throughout the test with blood glucose levels decreasing at
120 min (Fig. 2). Significant differences were observed between blood
glucose levels at baseline and post glucose infusion (vehicle (mmol/L),
2.8 [1.2-4.4]; Jant4-C16 (mmol/L), 3.0 [1.8-4.2]). This finding dem-
onstrates the efficiency of the Jant4-C16 GLP-1 receptor antagonist and
suggests a role for endogenous GLP-1 in regulating plasma glucose levels
in lean mice.

3.3. Endogenous CCK and GLP-1 regulate post-oral voluntary fat intake

We now raise the question of which gut peptides are important for
maintaining a stable calorie intake in the absence of oral cues. To
investigate the role of CCK in our mouse model, we employed a specific
and well documented CCK; receptor antagonist, devazepide. Mice were
trained to self-administer IL30 and were dosed with devazepide or
vehicle 30 min prior to the 1 h session in a cross-over design. Treatment
with devazepide induced a significant increase (34.7%) of IL30 infusions
that was more pronounced during the first 30 min of the session
(Fig. 3A). No significant differences in intake were observed the first 10
min of the session (Fig. 3E).

Moreover, we hypothesized that GLP-1 might contribute to appetite
regulation. Accordingly, we tested a GLP-1 receptor antagonist on the
self-administration model in the same manner as with devazepide. Given
the long half-life of Jant4-C16 the dose was administered subcutane-
ously well ahead of the behavior session minimizing the stress-induced
variation. Jant4-C16 caused a significant but modest increase (18%) of
IL30 infusions (Fig. 3B). Similar to devazepide, no significant differences
were observed the first 10 min of the session (Fig. 3E). The above results
suggest that both CCK and GLP-1 are involved in the regulation of fat
intake in the absence of oral cues.

3.4. Increased post-oral fat intake following combined blockade of CCK;
and GLP-1 receptors

Given the effects observed by individual blockade of either CCK; or

18
—=— Vehicle
—e— Jant4-C16

16
14
12
10

Blood glucose (mmol/L)

-20 0 20 40 60 80 100 120
T Time (min)

Glucose

Fig. 2. Jant4-C16 increases blood glucose levels in an oral glucose toler-
ance test. Blood glucose-time profiles of a glucose tolerance test performed in
6 h fasted male mice (n = 9). Blood samples were collected 20 min prior to
intragastric acute glucose infusion (2 g kg~!) and over a period of 120 min post-
dosing. Mice received either vehicle (gray squares) or 1 pmol kg~! of Jant4-C16
(black circles) 23 h and 5 h in advance. Both treatments were dosed subcuta-
neously (4 mL kg™!). Data: mean + s.em.; *p < 0.05, ****p < 0.0001 vs.
vehicle control group in two-way repeated-measures ANOVA followed by
Fisher’s LSD test; ***p < 0.0005, **p < 0.005 vs post-glucose infusion in two-
tailed paired sample t-test.
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GLP-1 receptors, we evaluated the combined blockade of the two types
of receptors in the regulation of calorie intake. Jant4-C16 and devaze-
pide were dosed as previously, and the number of IL30 self-infusions was
recorded. Interestingly, the mice increased (49%) their number of IL30
infusions to a level that is roughly equal to the combined blockade of
each individual peptide action alone (Fig. 3C, Table 2). Thus, in this
behavioral set-up, more than one gut-derived peptides seem to be
needed in order to regulate fat ingestion with CCK and GLP-1 having an
important role. Blood glucose was measured one-hour prior to the ses-
sion in order to confirm the increased basal glucose levels observed
during the GGTT (Fig. 3D). Further analysis of the IL30 self-infusions
during the first 10 min showed no significant differences when mice
were treated with devazepide or Jant4-C16 while a significant increase
in the number of IL30 self-infusions was observed following combined
treatment with devazepide and Jant4-C16 at this timepoint (Fig. 3E). We
also investigated the role of endogenous PYY in combination with CCK.
A Y, receptor antagonist was administered in combination with deva-
zepide. No additional effect on the number of IL30 infusions was
observed under these conditions (Fig. 4C).

3.5. Plasma CCK and GLP-1 increase during voluntary post-oral fat
intake and negatively correlate with the number of infusions at the end of
the session

Next, we aimed at confirming that there is an increase of CCK and
GLP-1 plasma concentrations during post-oral voluntary fat intake. After
obtaining a stable baseline in the number of infusions, blood samples
were collected from a group of mice prior to the session and from
another group immediately after the session with IL30. Following
plasma analysis, we detected an increase in both CCK and GLP-1 plasma
concentrations (Fig. 5A and B) while further analysis of the data
revealed a positive correlation between CCK and GLP-1 plasma levels
(Fig. 5C). Furthermore, correlation analysis between the plasma CCK
and GLP-1 levels with IL30 infusions during the last 20 min of the
behavior session showed an inverse correlation between peptides and fat
intake further supporting a satiation role for prandially released CCK
and GLP-1 (Fig. 6A and B). The last 20 min of the 1 h session was
analyzed as the number of IL30 self-infusions was reaching a plateau at
that time.

4. Discussion

While the role of endogenous CCK in the regulation of food intake is
well documented, the role of endogenous GLP-1 and PYY in the regu-
lation of food intake remains unclear [15,17,38,41-43]. Here, we used
specific pharmacological antagonists for the CCK;, GLP-1, and Y re-
ceptors to investigate the role of these peptides in regulating fat-induced
satiation. Our results, obtained with a behavioral mouse model of
intragastric fat self-administration indicate that endogenous CCK and
GLP-1 are required in the regulation of post-oral fat intake and that CCK
and GLP-1 plasma levels increase during voluntary post-oral fat intake
while correlating inversely with the terminal fat intake. Our data
confirm that endogenous CCK is a strong regulator of acute fat intake
and suggest that endogenous GLP-1 and CCK act additively to regulate
post-oral fat intake.

Studies with inhibitors of pancreatic lipase, which is an enzyme
active in the intestinal lumen, have shown that fat digestion into fatty
acids and 2-MAG is a crucial step for absorption as well as termination of
intake [44,45]. Different sensing mechanisms for free fatty acids have
been proposed [46,47]. Free fatty acids are ligands for the FFA1 and
FFA4 receptors, which are reported to mediate both CCK and GLP-1
secretion, with conflicting results about the involvement of FFA4 in
GLP-1 secretion [35,48-51]. Intracellular glycolysis has also been shown
to be implicated in fatty acid-induced release of GLP-1 in immortalized
enteroendocrine GLUTag cells [52]. In contrast, so far, there is only one
known 2-MAG receptor, the GPR119 receptor, which is also involved in
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Fig. 3. Blockade of the CCK; and GLP-1 receptors increases the number of IL30 intragastric self-infusions. Mice were trained to self-infuse IL30 during 1 h
sessions. When the mice achieved a baseline of maximum 20% variation between five consecutive days, they were treated with one of the two receptor antagonists.
(A) Devazepide (2 mg 10 mL! kg’l, black line) or vehicle (10 mL kg’l, dotted line) were dosed intraperitoneally in a cross-over design (n = 7). The devazepide
treatment significantly increased the number of infusions (non-linear mixed-effects model, p < 0.001). (B) Jant4-C16 (1 pmol 4 mL~! kg’l, black line) or vehicle (4
mL kg !, dotted line) were dosed subcutaneously in a cross-over design (n = 6). The Jant4-C16 treatment significantly increased the number of infusions (non-linear
mixed-effects model, p < 0.036). (C) Mice were treated with Jant4-C16 (1 pmol 4 mL! kg’l) and devazepide (2 mg 10 mL! kg’l) or vehicle in a cross-over design
(n = 7). The combined treatment significantly increased the number of infusions (non-linear mixed-effects model, p < 0.001). (A-C) The red and blue bars illustrate
the difference in the number of IL30 self-infusions between vehicle and Jant4-C16 and/or devazepide at the first 10 min and at the end of the 1 h session. (D) Mice
have increased blood glucose levels prior to the 1 h session with IL30 after being dosed with Jant4-C16. Blood glucose levels were measured after dosing with Jant4-
C16 and prior to dosing with devazepide, **p = 0.001 in paired sample t-test. (E) Analysis of the first 10 min of the 1 h sessions shown in A, B, and C revealed a
significant increase in the number of infusions following combined treatment with Jant4-C16 and devazepide. No significant differences were found for Jant4-C16 or
devazepide alone. A 7 days wash-out period was allowed in between all different dosings. Data: mean =+ s.e.m.

GLP-1 secretion [31,34,53]. It has been demonstrated that voluntary
ingestion of fat and oral gavage of fat can result in dopamine release in
the dorsal striatum and signal reward [24,54]. Kleberg et al. have

reinforcement and satiation processes [29]. Satiation is usually associ-
ated with reduced reinforcement of the ingested food, and
self-administration paradigms similar to our intragastric Intralipid

further compared the effect of fatty acids and 2-MAG in reward signaling
and showed that it is the fatty acids that activate dopamine release and
not 2-MAG [27]. The notion that there are two different sensing
mechanisms for the fat digestion products, which are activated at the
same time, led us to hypothesize that endogenous CCK and GLP-1 may
act additively or even synergistically to promote satiation.
Furthermore, CCK and more specifically the CCK receptors in the
vagus have been shown to mediate satiation, but more interestingly to
mediate dopamine release in the brain and to couple in this way food

self-administration are commonly used to measure reinforcement in
addiction research [55]. Pharmacological activation of GLP-1 receptors
can in rodents also reduce reinforcement of several substances (e.g.,
ethanol and amphetamine) [30], but not of opioids [59]. Thus, what we
measured in our study could also be called reduced reinforcement of the
self-administered Intralipid [29,56,57]. In the context of our study we
prefer to call it satiation because (1) we measured the intake of the
administered emulsion itself and not its effect on the consumption of
concurrently ingested food or liquid as was done in some other studies
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Table 2

Unadjusted and adjusted estimates for mixed-effects model analysis predicting
the change of cumulative number of infusions for each treatment as compared to
the control.

Variables Unadjusted Analysis Adjusted Analysis
Estimate  95% p- Estimate  95% p-
CI* value CI* value
Antagonist
(Number of
infusions)
Jant4-C16 2.9 0.2 - 0.036 4 0.8 - 0.014
2.9 7.2
Devazepide 9.7 6.7 - <0.001 9.4 6 - <0.001
9.7 12.7
Jant4-C16 + 12.5 9.5- <0.001 11.9 8.5- <0.001
Devazepide 125 15.2
Experiment
cycle
(Number of
infusions)
Jant4-C16 -1.9 -5.4 0.29
-1.7
Jant4-C16 + 0.3 -29 0.85
Devazepide -35

95% CI*: Approximate 95% confidence intervals. Estimates represent difference
from control. Adjusted estimates represent difference from Devazepide (refer-
ence). Analyses were performed with pooled data from the three experimental
cycles (Devazepide, Jant4-C16, and Devazepide-+Jant4-C16). Unadjusted anal-
ysis was performed using the treatment effect as a covariate only. Adjusted
analyses were performed to correct for potential systemic deviations in the
experiment cycles using the treatment effect and the experiment cycle as
covariates simultaneously.
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Fig. 4. Simultaneous blockade of CCK; and Y, receptors did not further
increase the number of IL30 intragastric self-infusions. Mice (n = 7) were
trained to self-infuse IL30 during 1 h sessions. When the mice achieved a
baseline of maximum 20% variation between five consecutive days, they were
treated with a mix of BIIE 0246 and devazepide (2 mg 2 mg 10 mL~! kg™?) or
vehicle in a cross-over design (non-linear mixed-effects model, p = 0.54). Data:
mean =+ s.e.m.

(e.g., Lucas and Sclafani, 1999, [58]), (2) we think that the intragastric
self-administration of Intralipid is more similar to the ingestion of a meal
than to the parenteral self-administration of a drug of abuse, and (3) we
functionally relate the observed effects to gut peptides that are well
established satiating hormones.

In addition to the CCK receptors, the vagal afferents are known to
express GLP-1 receptors [60], but the role of the GLP-1 receptors in the
vagus has not been extensively investigated. In a study by Krieger et al. it
was shown that reduced vagal expression of the GLP-1 receptor caused
enhanced gastric emptying and increased meal size and duration,
without affecting total daily intake and body weight [61]. In the same
study the knockdown of the vagal afferent GLP-1 receptors blunted the
insulin release induced by a meal indicating that also the acute incretin
effect of endogenous GLP-1 in response to a meal is in large mediated by
GLP-1 receptor expressing vagal afferents [61].
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Fat is a potent stimulator of CCK secretion and satiation. CCK is the
best described and only well-accepted peptide fulfilling the criteria for
an endogenous satiation signal [62,63]. Using devazepide, a CCK; re-
ceptor antagonist, we demonstrated that endogenous CCK is required for
post-oral fat-induced satiation. This is in line with previous studies with
CCKj receptor antagonists in both rodents and humans [9,64,65]. The
role of endogenous GLP-1 in food-induced satiation is not as clear.
Exendin (9-39) is a water-soluble GLP-1 receptor antagonist with an
estimated elimination half-life of 1.81 h in humans [66] that has been
used in both humans and rodents to explore the role of endogenous
GLP-1 in food intake with inconsistent results. In rodents, studies have
shown that i.p. administration of exendin (9-39) stimulated eating
under certain conditions when food intake was normally low [67], when
administered centrally in satiated rats [68] or when i.p. administered
following a nutrient pre-load [19] while other studies reported that
exendin (9-39) even decreased meal duration [16] or had no significant
effect on food intake [17,18]. Furthermore, rats fed standard chow or
high-fat diet while treated chronically with exendin (9-39) did not
change their caloric intake [15]. Surprisingly, exendin (9-39) reduced
high-fat diet-induced body weight gain by increasing energy expendi-
ture [15]. In contrast, in mice, GLP-1 receptor antagonism prevented
high-fat diet-induced body weight gain by decreasing food intake [41].
The results obtained from such experiments with receptor antagonists
are dependent on the pharmacodynamic and pharmacokinetic proper-
ties of the antagonist, thus the method and site of administration as well
as the dose selection may explain the reported differences to some
extent.

It seems that in rodents, the effect on food intake observed after
blockade of the GLP-1 receptor depends on the nutritional and metabolic
state of the animal. This is further supported by a study by Ronveaux
et al. where they showed that the localization of the GLP-1 receptors is
changed by feeding, with the receptors being trafficked to the cell
membrane of the vagal afferents 40 min following rat refeeding after an
overnight fasting [10]. It is possible that GLP-1 requires the secretion of
another gut peptide such as CCK in order to elicit its effect on intake
regulation. Two human studies exist where the effect of endogenous
GLP-1 in food intake was studied. In both studies, participants were
infused with exendin (9-39) and received a pre-meal prior to measuring
ad libitum food intake. No significant difference in energy intake was
observed in either study [21,22].

In our fat self-administration model, the experimental design did not
allow an oral pre-load as this would reduce the animal’s motivation to
learn to associate dry licking with intragastric fat loads. Nevertheless,
blockade of the GLP-1 receptors with Jant4-C16 induced a small but
significant increase in voluntary post-oral fat intake despite the
increased glucose blood levels observed. In view of the fact that hy-
perglycemia can suppress food intake in rodents [69,70], it is possible
that the effect of GLP-1 was partially masked by the elevated blood
glucose and a euglycemic clamp might have been beneficial. Interest-
ingly, when mice were dosed with both devazepide and Jant4-C16, they
readily increased their number of IL30 self-infusions within 10 min into
the session despite their increased plasma glucose levels. This rapid
increase in self-infusions was not observed when the mice were switched
from IL30 to the diluted emulsion, IL5, which is suggestive of
pre-absorptive non-oral related processes taking effect when the CCK;
and GLP-1 receptors were blocked. In rats, little fat was absorbed within
30 min following intestinal infusion [71,72], thus, the 10 min delay
observed after switching IL30 to IL5 may be because the self-infused fat
must be digested to fatty acids and 2-MAG before it is detected by in-
testinal sensors. Thus, the observed increase in IL30 self-infusions
following administration of the CCK; and GLP-1 receptor antagonists
during the first 10 min of the session maybe a result evoked by the basal
secretion of CCK and GLP-1 since both peptides are tonically secreted
into the circulation during fasting conditions [73]. Endogenous GLP-1
has been previously shown to regulate plasma glucose under fasting
conditions in Phox2b specific GLP-1 receptor knockout mice, which lack
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Fig. 5. Plasma GLP-1 and CCK increase following voluntary intragastric self-administration of IL30. Mice (n = 5-8) were trained to self-administer IL30
during 1 h sessions. When the mice achieved a baseline of maximum 20% variation between five consecutive days, blood samples were collected either before or after
the IL30 session. Blood was also drawn from mice that were naive to the self-infusion training. (A) Voluntary IL30 infusion increased plasma CCK levels, **p =
0.0016. (B) GLP-1 plasma levels were significantly increased compared to both pre-session and naive-control mice, *p = 0.0109, **p = 0.0032. Analysis of data was
performed via a one-way ANOVA analysis with a Tukey’s multiple comparisons test. (C) Linear fit displaying the relation between plasma levels of CCK and GLP-1
reveals an association between the levels of the two peptides. Analysis of data was performed via Pearson correlation coefficients (n = 5).

Fig. 6. Post-session plasma levels of CCK and GLP-1
p =0.04 correlate inversely with IL30 self-infusions during the
last 20 min of the one-hour session. Mice (n = 5) were
trained to self-administer IL30 during 1 h sessions. When the
mice achieved a baseline of maximum 20% variation be-
tween five consecutive days, blood samples were collected
either before or after the IL30 session. Blood was also drawn
° from mice that were naive to the self-infusion training. (A)
° CCK levels correlated inversely with intake during the last
4 . 20 min. (B) GLP-1 level correlated inversely intake during
the last 20 min. Analysis of data was performed via Pearson
correlation coefficients.
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the expression of the GLP-1 receptor in both the nodose ganglia and the observed that mice consume 0.5 (+ 0.4) g of chow (i.e. 16.3% of total

dorsal motor nucleus of the vagus [74]. Interestingly no differences in energy intake) during one hour after the session, confirming an
fasting blood glucose or blood glucose during an OGTT were observed increased eating activity during the light phase.
following knock down of the vagal afferent GLP-1 receptors in rats [61], Fat ingestion stimulates PYY secretion, and as with GLP-1 and CCK,
possibly suggesting that Jant4-C16 may have reached the GLP-1 re- the secretion is dependent on fat hydrolysis [44,83]. In the mouse, PYY
ceptors expressed in the dorsal motor nucleus of the vagus, which have is co-expressed with GLP-1 in the enteroendocrine cells, with the num-
been implicated in the pancreatic vago-vagal reflex and insulin secretion ber of secreting cells increasing distally in the small intestine, and with
[75-77]. Our results also support a regulatory role for basally secreted the highest numbers detected in the colon [84,85]. In the mouse colon,
GLP-1 on plasma glucose and further suggest that pre-prandial GLP-1 agonism of the FFAl, FFA4, and GPR119 receptors generates PYY
levels together with CCK regulate fat intake. The additive effect of mediated inhibitory responses, which is suggestive of PYY secretion in
devazepide and Jant4-C16 on fat intake is supported by reported weight response to FFA1l, FFA4, or GPR119 receptor activation [86,87]. In
reduction in diet-induced obese mice by a GLP-1:CCK fusion peptide response to food intake, enteroendocrine cells secrete PYY(1-36), which
[78]. is rapidly cleaved into PYY(3-36) by DPP4 [88]. Administration of
In the present study, mice were calorie-restricted to 75% of normal exogenous PYY(3-36) has been repeatedly shown to decrease food
chow intake during the behavior experiments, and they partly intake in both humans and rodents [89-92], while PYY(1-36) failed to
compensated via the Intralipid self-infusions to a level of approximately suppress food intake in DPP4-deficient mice [93]. The anorectic effect of
90% of the energy intake of control mice. The diet of our self- PYY(3-36) is thought to be mediated by the Y, receptor as blockade of
administration mice consisted of approximately 28% fat in total en- the receptor with the selective antagonist BIIE 0246 as well as deletion
ergy intake when calculated based on the sum of the fat intake during of the Y, receptor gene in mice abolishes the suppressive effect of
the one-hour self-administration session and the fat content of the pre- exogenous PYY(3-36) on food intake [38,39,89,90]. Administration of
weighted pellet given following the session. This diet is not particu- BIIE 0246 alone failed to increase food intake in two studies [38,39] but
larly high in fat, and this fat intake seems not to hinder the anorectic attenuated the anorectic effect of a smaller but not larger, intragastric
effect of endogenous GLP-1 [79]. Our results are also in line with pre- load of fat in rats [38]. Given the lack of effect of Y, antagonism on
vious observations where increased fat intake alone did not affect GLP-1 voluntary food intake in previous studies, we aimed to investigate
secretion in the lymph when not accompanied by increased energy whether endogenous PYY coacts with endogenous CCK to suppress fat
intake [80,81]. The self-administration sessions were running during the intake. When the fat self-administration mice were challenged with both
light phase when mice typically have a lower food intake. Even though devazepide and BIIE 0246, no additional increase in the number of
mice are nocturnal animals, it has been shown that their food patterns voluntary fat self-infusions was observed, indicating an apparent lack of
and activity during the light-phase can be changed when they are additive effect of endogenous PYY on fat intake in the present experi-
food-restricted and entrained to a regular daily mealtime [82]. We have mental design. Future work is needed to explore the extend at which Y,
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receptor antagonism alone induces changes in post-oral fat intake, as
well as to confirm the increase in PYY plasma levels [88].

The post-session plasma levels of CCK and GLP-1, which were posi-
tively correlated, support the anorectic actions of endogenous CCK and
GLP-1, as seen by the inverse correlation between these plasma levels
and the fat intake during the last 20 min of the one-hour self-adminis-
tration of fat. It is clear from the time course of the self-administration
that the intake was initially high and leveling out within the last 20
min. This can be explained by a high initial fat intake, which stimulated
the release of satiation hormones like CCK and GLP-1. The observed
inhibition of satiation by Jant4-C16 may be mediated by blocking GLP-1
receptors in the brain or on the vagus. However, the inverse correlation
between plasma GLP-1 levels and intake during the last 20 min of the
session suggests that it is intestinal-derived GLP-1, which activated
peripherally expressed GLP-1 receptors possibly on the vagus in this
animal model. The high volume of liquid intake leading to possible
distension of the stomach may not have an important anorectic function
in this animal model, since presenting mice with IL5 resulted in a
threefold increase in the number of self-infusions and consequently a
threefold volume increase (probably due to lack of satiation by nutrient-
stimulated hormone release).

The relative effectiveness of each macronutrient in inducing satia-
tion remains unresolved [94-96]. Interestingly, in a recent study in rats,
where the satiating effectiveness of isocaloric gastric loads of fat, protein
or carbohydrate was evaluated, a similar effectiveness was found across
all three macronutrients [94]. These studies are commonly performed
with a pre-load of the studied dietary macronutrient where its satiating
effectiveness is then assessed on the subsequent energy intake. In
contrast to standard experimental designs, the self-administration
mouse model allowed us to measure the actual post-oral intake of the
studied macronutrient, i.e. fat. Thus, this mouse model allows to
investigate specifically the post-oral satiating mechanisms of ingested
fat free from confounding factors that derive from orosensory cues and
food stuff composed of different dietary macronutrients. Future studies
are needed to investigate potential differences between post-oral and
oral fat intake in response to the receptor antagonists used in this study.

A limitation of our study is that, due to the time-consuming nature of
our behavioral experiments as well as the requirement of maximum two
researchers performing the experiments to limit the biological variation,
we did not explore the dose-response relationships of the selected an-
tagonists, meaning that it is most likely that the doses used did not elicit
the maximum possible pharmacological effect. Devazepide and BIIE
0246 are relatively well explored, thus the doses were selected from
prior experimentation in rodents, where their effects on food intake
increase was confirmed [39,97,98]. Jant4-C16 has previously been
administered i.p. in diet-induced obese mice at the doses of 0.5 pmol/kg
and 2 pmol/kg in combination with GLP-1 and s.c. at the dose of 0.5
pmol/kg alone (i.e. with no GLP-1 co-administration) [36]. The authors
demonstrated the prolonged pharmacokinetic profile of Jant4-C16
indirectly, via the presence of a glucose intolerance effect 24 h
following administration. Here, we used the same indirect approach to
ensure that adequate pharmacological effect would be present at the
time of the behavioral experimentation. During our pilot studies, and
because our preferred route of administration was s.c., we used the
previously explored dose of 0.5 pmol/kg, administered 23 h prior to
GGTT in our lean mice. Because we observed little to no glucose intol-
erance effects, we evaluated an increased dose of 1 pmol/kg, which
indeed led to glucose intolerance, which however did not reach the
previously reported levels (data not shown). Subsequently, we tested the
dose of 1 pmol/kg administered 23 h and 5 h prior to GGTT, which led to
the establishment of adequate glucose intolerance, thus indirectly con-
firming that there was adequate Jant4-C16 exposure at the time that the
behavioral experiments were designed to take place. The chosen dosing
schedule i.e. 23 h and 5 h prior to GGTT, was selected in order to
maximize exposure while taking into consideration a possible absorp-
tion protraction from the injection site, which has been reported for
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liraglutide [99]. Thus, a dose 5 h prior to GGTT was deemed more
appropriate.

Jant4-C16 was designed based on liraglutide, a GLP-1 receptor
agonist with a prolonged half-life [36]. Similar to liraglutide, Jant4-C16
is acylated to palmitic acid and binds to serum albumin with the
objective of an extended plasma half-life [36,100]. Even though
Jant4-C16 was designed to have a prolonged systemic half-life, its
pharmacokinetic properties have not explicitly been evaluated. Thus, an
additional limitation of our study is that we did not explore the phar-
macokinetic properties of Jant4-C16, meaning that we are unable to
report the systemic exposure of the compound. Knowing the pharma-
cokinetic properties of Jant4-C16, and especially the maximum systemic
concentration (Cpax) and the time that Cp,ay is reached (tpax) following s.
c. administration would be of paramount importance for guiding the
dose and dosing regimen prior to the behavioral experimentation. Due
to the inherently limiting process of exploring pharmacokinetics in mice,
we decided to demonstrate the presence of adequate Jant4-C16 expo-
sure indirectly, via the means of a GGTT, as has previously been pro-
posed [36,41]. However, the glycemic effect observed in this study may
be mediated by GLP-1 receptors that are potentially more accessible to
Jant4-C16 (such as the pancreatic GLP-1 receptors) as compared to
GLP-1 receptors that are involved in food intake regulation, therefore
the pharmacodynamics of Jant4-C16 on these receptors may differ.

To conclude, dietary fat induced a release of CCK and GLP-1 in a
correlated way and blocking the receptors for these peptides resulted in
increased fat-intake compared to blocking each receptor alone.
Furthermore, the plasma levels of these peptides were higher the lower
the intake was during the last 20 min of the one-hour session further
supporting the anorectic action of endogenous CCK and GLP-1 during a
voluntary post-oral fat intake.
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