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Regulation of body weight (BW) results from the interplay
between different hormonal systems acting at central and
peripheral level. This study aims at characterizing the in-
volvement of cholecystokinin (CCK) in BW and energy bal-
ance regulation. We have characterized, in free-feeding rats,
the effect of CCK-8 on 1) food intake, BW, and adiposity; 2)
skeletal muscle metabolism; 3) leptin signaling pathway
within the arcuate nucleus of the hypothalamus; and 4) the
permeability of brain barriers to leptin. We demonstrate here
that CCK-8 acutely decreases BW by a mechanism partially
dependent on central leptin pathways, based on the following
results: 1) the effect of CCK was less intense in rats lacking
functional leptin receptors (Zucker fa/fa), 2) CCK-8 facilitated
the uptake of leptin from peripheral circulation to cerebro-

spinal fluid (CSF), 3) the concentration of leptin in CSF of rats
receiving CCK was more elevated in those animals showing
higher loss of BW, and 4) CCK activated leptin signaling path-
ways within the hypothalamus as well as phosphorylation of
AMP-activated protein kinase in skeletal muscle. We also sug-
gest that gain of BW may be linked to individual susceptibility
to the effect of CCK, because we observed that in animals
treated with this hormone, the increase of BW negatively cor-
related with leptin concentration within the CSF. Our data
show that CCK has a negative impact on energy balance and
suggest that CCK facilitates the access of leptin to hypotha-
lamic areas, thus allowing leptin to act on hypothalamic tar-
gets involved in BW control. (Endocrinology 149: 1994–2000,
2008)

THE EFFECT OF cholecystokinin (CCK) on food intake
has been extensively investigated from early studies of

Gibbs in the 1970s (1) and often reviewed (2–4). CCK de-
creases meal size rather than overall food intake, and its
effect is detected shortly after peripheral administration to
food-deprived (5) or free-feeding rats (6). Moreover, circa-
dian variations in the efficacy of CCK as a satiating agent, as
well as differences due to the fed/fasted state, have been
reported (6, 7). The physiological relevance of CCK in satiety
is supported by a large body of research devoted to charac-
terizing the orexigenic effect of CCK receptor antagonists
(8–10) as well as by the overfeeding observed in Otsuka
Long-Evans Tokushima fatty (OLETF) rats, which lack CCK1

receptors (11).
The importance of CCK in regulating energy expenditure

and body weight (BW) is suggested by numerous reports
showing that CCK shares targets with leptin in the hypo-
thalamus (12–16), the vagus nerve (17), and the nucleus of
tractus solitarius (18). Morton et al. (18) have demonstrated
that leptin-signaling integrity in the arcuate nucleus of the
hypothalamus (ARN) is critical for the observance of CCK-

induced satiety. On the other hand, the lack of effect of
peripherally administered leptin in OLETF rats strongly sug-
gests that pathophysiological mechanisms leading to leptin
resistance involve CCK pathways (19). Because OLETF rats
keep full responsiveness to intracerebroventricularly admin-
istered leptin, we have reasoned that CCK might play a key
role in regulating the access of leptin to hypothalamic targets.

Leptin regulates energy balance (20) by acting on hypo-
thalamic sites where it modulates the expression of both
anorectic and orexigenic mediators (21). Leptin binds at least
two receptors in the central nervous system (CNS) encoded
by the Ob-R gene. The Ob-Ra receptor, also called short form,
widely expressed in the choroid plexus (22, 23) and brain
vessels (24), is involved in leptin transport from blood to the
CNS. The Ob-Rb receptor, identified in the arcuate and other
hypothalamic nuclei (25, 26), is coupled to the Janus kinase
(JAK)/signal transducer and activator of transcription 3
(STAT3) signaling pathway and regulates food intake and
sympathetic activity (12), which accounts for the increase of
energy expenditure evoked by leptin. Nevertheless, leptin
also acts directly on oxidative tissues to stimulate the oxi-
dation of fatty acids by increasing the activity of adenosine
AMP-activated protein kinase (AMPK) in skeletal muscle
(27). In this context, leptin seems to contribute to the im-
pairment of ectopic deposition of lipids in lean tissues (28,
29).

On the basis of all these antecedents, we have hypothe-
sized that an interplay between leptin and CCK systems
might be integral to physiological circuits aimed at main-
taining BW and energy balance. The hypothesis to be tested
was that an eventual effect of CCK-8 in decreasing BW might
be linked to the activation of leptin pathways within the
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hypothalamus as well as to the activation of energetic me-
tabolism in peripheral tissues. To this end, we have charac-
terized, in free-feeding rats, the effect of CCK-8 on 1) food
intake, BW, and adiposity; 2) skeletal muscle metabolism; 3)
activity of JAK/STAT3 signaling pathway within the ARN;
and 4) permeability of brain barriers to leptin.

Materials and Methods
Animals

Eight-week-old male Sprague Dawley rats (CRIFA, Barcelona, Spain)
and Zucker fa/fa rats (Harlan, Gannat, France) were housed in single
wire hanging cages, under a 12-h light, 12-h dark cycle (lights on 0800–
2000 h), in a temperature-controlled room (22 C) with food and water
available ad libitum. Animals were handled daily, for at least 1 wk, to
avoid stress by manipulation on the day of the experiment. All exper-
iments were carried out in accordance with the European Communities
Council Directive (86/609/EEC) for the care and use of laboratory an-
imals. All experiments were carried out in free-feeding animals without
previous fasting.

Drugs and doses

CCK-8 was from Sigma Chemical Co. (St. Louis, MO) and was ad-
ministered ip (1, 10, or 100 �g/kg). Human recombinant leptin (Sigma)
was administered ip at 100 �g/kg.

Treatment and experimental design

This study was organized in to four independent experiments aimed
at characterizing the effect of CCK-8 on 1) food intake, body weight, and
adiposity; 2) phosphorylation of both AMPK and acetyl-coenzyme A-
carboxylase (ACC) in skeletal muscle, as an index of fatty acid �-oxi-
dation; 3) c-Fos and phospho-STAT3 (pSTAT3) immunostaining within
the ARN, as markers of neuronal activity and leptin responsiveness,
respectively; and 4) distribution of leptin in rats receiving a tracer dose
of human recombinant leptin.

At 2200 h, rats and chow were weighed, and then CCK-8 was ad-
ministered. At 2400 h, rats and remaining food were reweighed, and a
sample of blood was collected in chilled tubes coated with disodium
EDTA (Microvette, Sarstedt, Germany) by means of a transversal cut in
the tail. For cerebrospinal fluid (CSF) sampling, rats were immediately
anesthetized with ketamine/xylazine, and CSF was obtained by punc-
turing the cisterna magna, following the method described by Wayn-
forth and Flecknell (30). Briefly, the head was positioned to form a 50°
angle with the vertebral column, and a microsyringe was placed be-
tween the external occipital bone and the atlas. The atlanto-occipital
membrane was then perforated, and CSF (�100 �l) was extracted.
Blood-contaminated samples were discarded and the remaining sam-
ples centrifuged for 10 min at 4000 rpm and stored at �80 C until assay.
After CSF collection, rats were decapitated, and lumbar, mesenteric, and
epididymal adipose tissue as well as soleus muscle were dissected,
weighed, and processed for pAMPK and pACC Western blotting. In
another set of experiments, rats were administered 10 �g/kg CCK-8 (or
saline) at 2200 h, and then anesthetized with urethane 120 min later and
immediately perfused with 300 ml saline, followed by 300 ml 4% para-
formaldehyde. After perfusion, brains were removed and postfixed
overnight in 4% paraformaldehyde until pSTAT3 and c-Fos
immunolabeling.

A final experiment was designed to evaluate the effect of CCK-8 on
the distribution of a peripherally administered tracer dose of leptin as
well as the effect of CCK-8 on leptin-evoked activity of Ob-R signaling
pathways. Rats received 100 �g/kg human recombinant leptin (or sa-
line) 30 min after CCK-8 (10 �g/kg). Two hours after CCK-8 admin-
istration, samples of blood and CSF were obtained as indicated above,
and then full hypothalami were dissected for pSTAT3 immunoblot-
ting. Animals receiving the same treatment were anesthetized and
perfused as described, and brains were prepared for pSTAT3
immunohistochemistry.

Biochemical determinations

Plasma leptin concentration was determined by using a specific
ELISA kit for rat leptin (Assay Designs Inc., Ann Arbor, MI). Intra- and
interassay variations were 11.6 and 11%, respectively. Leptin concen-
tration in CSF was measured by means of an ultrasensitive specific
ELISA kit (ALPCO, Salem, NH). Intra- and interassay variations were
4.4 and 4.7%, respectively. Human leptin was determined in plasma and
CSF by using a specific ELISA kit (Assay Designs) exhibiting low cross-
reactivity (�0.1%) with rat leptin. Intra- and interassay variations were
5.6–13.9 and 9.9–11.2%. Insulin was determined by using an ELISA kit
(1.8% intraassay variation, 3.8% interassay variation) for rat insulin
(Mercodia, Bagsvaerd, Denmark). Glucose was measured by a spectro-
photometric method (glucose Trinder method; Roche, Sant Cugat,
Spain). Plasma triglyceride concentration was measured by the glycerol
phosphate oxidase method (Biolabo, Maizy, France). Free fatty acids
were measured by a colorimetric method (acyl-coenzyme A synthetase-
acyl-coenzyme A oxidase) by means of a commercial assay kit (Wako,
Neuss, Germany).

Western blotting of pSTAT3, pAMPK, and pACC

STAT3 and pSTAT3 were measured in whole-cell extracts of full
hypothalami. AMPK, pAMPK, ACC, and pACC were analyzed in
whole-cell extracts of soleus muscle. Briefly, tissues were homogenized
in an ice-cold buffer containing 0.42 m NaCl, 20 mm HEPES (pH 7.9), 1
mm Na4P2O7, 1 mm EDTA, 1 mm EGTA, 1 mm dithiothreitol, 20%
glycerol, 2 �g/ml aprotinin, 1 �g/ml leupeptin, 20 mm sodium fluoride,
1 mm trisodium orthovanadate, and 2 mm phenylmethylsulfonyl fluo-
ride. After 15 min centrifugation, equivalent amounts of proteins (50 �g)
present in the supernatant were loaded (50 mm Tris, 10% SDS, 10%
glycerol, 5% mercaptoethanol, and 2 mg/ml bromophenol blue) and
size-separated in SDS-PAGE. Proteins were transferred to polyvinyli-
dene difluoride membranes (Amersham Pharmacia, Barcelona, Spain)
using a transblot apparatus (Bio-Rad, Madrid, Spain). For immunoblot-
ting, membranes were blocked with 10% nonfat dried milk in Tween-
PBS for 2 h. Primary antibodies against STAT3 (Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA; 1/500 final dilution) and pSTAT3 (1/100 final
dilution), AMPK-� (1/1000 final dilution), pAMPK-� Thr172 (1/1000
final dilution), and ACC, and pACC (all from Cell Signaling Technology,
Inc., Beverly, MA) were applied overnight at 4 C. After washing, ap-
propriate secondary antibodies were applied for 1 h. Blots were washed,
incubated in commercial enhanced chemiluminescence reagents (ECL; Am-
ersham, Spain) and exposed to autoradiographic film. Films were scanned
for computer analysis using Molecular Analyst Software from Bio-Rad.
Values for pSTAT3, pAMPK, and pACC were normalized with STAT3,
AMPK, and ACC, respectively, to account for variations in gel loading.

pSTAT3 and c-Fos immunohistochemistry

Brain sections (40 �m) containing the ARN were obtained on a Vi-
bratome (Leica 1000 M). Free-floating sections were bathed for 30 min
in 60% methanol containing 0.3% H2O2 to block endogenous peroxidase
activity. Sections were rinsed three times for 5 min each and once for 10
min in 0.1 m PBS (pH 7.4), then once for 10 min in PBS containing 0.1%
Triton X-100. Sections were preincubated once for 30 min in PBS-Triton
containing 5% normal goat serum. Anti pSTAT3 (Cell Signaling) or anti
c-Fos rabbit antiserum (Calbiochem, La Jolla, CA) were added at a final
dilution of 1:1000 and 1:5000, respectively, and incubated overnight at
4 C. The next day, sections were washed with PBS (three times for 5 min
each and once for 10 min) and incubated with goat antirabbit secondary
antiserum (Vector Laboratories, Burlingame, CA) diluted in PBS 1:200
for 2 h. Sections were rinsed in PBS (three times for 5 min each and once
for 10 min) and incubated with the avidin-biotin-peroxidase complex
(ABC kit; Vector). After washing with 0.05 m Tris-HCl (pH 7.4), sections
were developed with 3,3�-diaminobenzidine (Vector) and then mounted
and coverslipped with distyrene plasticiser xylene (Aldrich, Milwaukee,
WI). Counting was performed through a �20 air objective by using a
Leika DMLS microscope. For each animal, the number of pSTAT3-
stained cells was an average value from two to three sections. Cell counts
were made randomly by two individuals. The ARN was arbitrarily
divided into three rostrocaudal levels (bregma �2.12, bregma �2.80, and
bregma �3.30). Individual group comparisons were made using a one-

Merino et al. • Cholecystokinin, Leptin, and Body Weight Endocrinology, April 2008, 149(4):1994–2000 1995

The Endocrine Society. Downloaded from press.endocrine.org by [${individualUser.displayName}] on 03 November 2015. at 08:15 For personal use only. No other uses without permission. . All rights reserved.



way ANOVA, followed by a Newman-Keuls test. Statistical significance
was set at P � 0.05.

Statistical analysis

Individual group comparisons were made using a two-way ANOVA.
The effect of CCK-8 within a given group was analyzed using a one-way
ANOVA, followed by a Newman-Keuls’ post hoc test. Statistical signif-
icance was set at P � 0.05.

Results
Effect of CCK-8 on food intake, BW, plasma parameters,
and adipose tissue

The effect of CCK-8 on food intake and BW was evaluated
in free-feeding rats receiving a single dose of CCK-8 (1, 10, or
100 �g/kg) or saline at 2200 h (Table 1). One-way ANOVA
revealed a significant effect of CCK-8 in reducing both food
intake [F(3,33) � 4076; P � 0.05] and BW [F(3,37) � 4364; P � 0.01].
Plasma insulin, glucose, triglycerides, free fatty acids, and leptin
remained unchanged in rats treated with CCK-8 (Table 2). The
effect of CCK-8 on adipose tissue was estimated by measuring
the amount of lumbar, mesenteric, and epididymal fat pads. As
shown in Table 2, CCK-8 did not modify mean values of these
adipose tissues, although the effect of CCK-8 on the amount of
lumbar adipose tissue approached the limit of statistical sig-
nificance (P � 0.06). To evaluate the influence of decreased food
intake on the loss of BW detected in CCK-treated rats, a parallel
study was carried out using a pair-fed group of rats; food intake
and BW were monitored between 2200 and 2400 h in a group
of 12 rats weighing 255.4 � 6.4 g. On d 1, animals received food
ad libitum and consumed 2.9 � 0.4 g. BW increased 2.5 � 0.7 g.
On d 2, animals received 1.45 g preweighed chow. Under these
conditions, BW increase was 0.5 � 0.5 g (see Table 1 for com-
paring the effect of CCK-8 on BW and food intake with the ad
libitum-fed group). A similar assay was carried out using a
matched age group of Zucker fa/fa rats. As already observed in
Sprague Dawley (SD) rats, administration of 10 �g/kg CCK-8
reduced food intake from 5.3 � 0.7 to 2.5 � 0.8 g [one-way
ANOVA F(1,8) � 6897; P � 0.05]. In contrast, comparison of the
effect of CCK-8 on BW variation between SD and Zucker fa/fa
rats, by means of two-way ANOVA, revealed only an effect of
treatment [F(1,30) � 5829; P � 0.05], which was significant in SD
[one-way ANOVA F(1,22) � 7836; P � 0.05] but not in Zucker
fa/fa rats (BW was reduced from 2.1 � 0.7 to 0.1 � 1.0 g; F(1,8)
� 2792; not significant). The effect of strain and the interaction
between treatment and strain were without statistical signifi-
cance. Similar results were found when BW increase was ex-
pressed as percentage of the initial BW (data not shown).

Leptin concentration within the CSF negatively correlated
with BW increase and adiposity in rats treated with CCK-8

We analyzed the correlation between CSF leptin concen-
tration and BW variation, food intake, and adiposity both in
controls and in CCK-treated rats (10 �g/kg) by means of
simple regression. Correlations in control animals and CCK-
treated rats were plotted separately. Figure 1, A and C, il-
lustrates the correlation between CSF leptin concentration
and BW increase/food intake, respectively, in control ani-
mals. Simple regression analysis revealed a positive signif-
icant correlation for both food intake [F(1,9) � 11,117; P �
0.05], and BW [F(1,7) � 12,038; P � 0.05]. In contrast, animals
treated with CCK-8 exhibited a significant negative correla-
tion between CSF leptin and BW increase [F(1,11) � 6819; P �
0.05] (Fig. 1B). No correlation was found between CSF leptin
and food intake (Fig. 1D). We analyzed the correlation be-
tween CSF leptin and the amount of lumbar and mesenteric
adipose tissues. We also found that correlations between CSF
leptin concentration and the amount of adipose tissue
switched from positive to negative in animals treated with
CCK-8. Figure 2, A and C, illustrates the positive correlations

TABLE 1. Effect of CCK-8 on food intake and BW

Vehicle
CCK-8 (�g/kg)

1 10 100

Food intake (g/rat) 3.1 � 0.4 1.8 � 0.7 1.6 � 0.3a 1.2 � 0.5a

�BW (g) 1.6 � 0.6 0.4 � 1.0 �1.5 � 1.3a �2.2 � 1.1b

The assay was carried out between 2200 and 2400 h. Values are
mean � SEM of 7–15 animals.

a P � 0.05 compared with the vehicle-treated group (Newman-
Keuls test).

b P � 0.01 compared with the vehicle-treated group (Newman-
Keuls test).

TABLE 2. Effect of CCK-8 on adipose tissue weight, plasma
parameters, and CSF leptin

Vehicle CCK-8 (10 �g/kg)

Lumbar mesenteric adipose
tissue (mg)

916.6 � 68.9 707.6 � 58.6

Mesenteric adipose tissue (mg) 2251.1 � 114.6 2032.2 � 159.7
Epididymal adipose tissue (mg) 1960.1 � 128.3 2009.1 � 134.5
Insulin (�g/dl) 0.60 � 0.09 0.69 � 0.10
Glucose (mg/dl) 147.6 � 4.4 145.8 � 6.4
Triglycerides (mg/dl) 80.1 � 12.3 54.9 � 9.7
Free fatty acids (�M) 0.22 � 0.02 0.21 � 0.01
Plasma leptin (ng/ml) 12.5 � 2.6 13.3 � 1.4
CSF leptin (pg/ml) 55.0 � 14.3 57.5 � 18.6

The assay was carried out between 2200 and 2400 h. Values are
mean � SEM of 7–15 animals.

FIG. 1. Correlation between leptin concentration in the CSF and BW
increase (A, saline; B, CCK-8) or food intake (C, saline; D, CCK-8) in
control rats and in CCK-8-treated animals.
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between leptin CSF concentration and the amount of lumbar
[F(1,9) � 5874; P � 0.05[or mesenteric adipose tissue [F(1,9) �
10,980; P � 0.05] in control animals. Figure 2, B and D, shows
that these correlations became negative in CCK-8-treated
animals [F(1,11) � 7840; P � 0.05 and F(1,11) � 5184; P � 0.05
for lumbar and mesenteric adipose tissues, respectively].

Treatment with CCK-8 induced pSTAT3 immunostaining
in the arcuate nucleus of the hypothalamus

To test the hypothesis that CCK-8 effects were mediated by
endogenous leptin, we analyzed the effect of CCK-8 (10 �g/
kg) on leptin signaling pathways by measuring STAT3 phos-
phorylation within the hypothalamus (Fig. 3). As summa-
rized in Table 3, administration of CCK-8 (10 �g/kg) led to
a statistically significant increase of the number of pSTAT3-
immunolabeled cells throughout the ARN. Under these con-
ditions, pSTAT3 immunolabeling appears to be restricted to
the ARN. No immunostaining was detected either in the
paraventricular or in the ventromedial nucleus. One-way
ANOVA revealed a significant effect of CCK-8 at bregma
�2.12 [F(1,4) � 12,138; P � 0.05], �2,80 [F(1,4) � 8445; P � 0.05],
and �3.30 [(F(1,4) � 63,473; P � 0.01].

c-Fos immunostaining appears widely distributed in the
hypothalamus of CCK-8-treated rats

The effect of CCK-8 (10 �g/kg) on c-Fos expression was
examined throughout the hypothalamus. The assay was car-

ried out in free-feeding rats receiving CCK-8 at 2200 h. As
illustrated in Fig. 4, c-Fos-immunopositive cells appear dis-
tributed not only in the ARN (Fig. 4, C and D) but also in
other hypothalamic areas, such as the paraventricular nu-
cleus (Fig. 4, A and B) or the ventromedial nucleus (data not
shown).

pAMPK and pACC are increased in skeletal muscle of rats
treated with CCK-8

AMPK and ACC account for the effect of leptin on fatty acid
metabolism in skeletal muscle. Leptin-mediated phosphoryla-
tion of AMPK at Thr172 (pAMPK) stimulates phosphorylation
of ACC at Ser79, leading to the inactive form of ACC, pACC.
Because ACC is a key enzyme in malonyl-coenzyme A syn-
thesis, in de novo synthesis of fatty acids, inactivation of this
enzyme decreases malonyl synthesis and favors �-oxidation of
fatty acids (27). Early activation of AMPK by leptin is due to
leptin acting directly on muscle and occurs a few minutes after
leptin administration. Later activation of the enzyme is linked
to the activation of the hypothalamic-sympathetic axis and is
detected several hours after leptin administration. As a further
confirmation of the involvement of central leptin pathways in
the effect of CCK-8 on BW/energy expenditure, we explored
the AMPK/ACC pathway. We analyzed the level of pAMPK-

FIG. 2. Correlation between leptin concentration in the CSF and the
amount of lumbar (A, saline; B, CCK-8) or mesenteric (C, saline; D,
CCK-8) adipose tissue in control rats and CCK-8-treated animals.

FIG. 3. Effect of CCK-8 (10 �g/kg) on pSTAT3 immunostaining
within the ARN.

FIG. 4. Effect of CCK-8 (10 �g/kg) on c-Fos immunostaining within
the hypothalamus. Microphotographs show the paraventricular nu-
cleus of the hypothalamus in control (A) and CCK-treated (B) rats as
well as a representative image of the ARN also in control (C) and
CCK-treated (D) rats.

TABLE 3. Effect of CCK-8 (10 �/kg) on pSTAT3 immunostaining
within the ARN

Level of bregma
No. of pSTAT3-immunopositive cells

Vehicle CCK-8

�2.12 18.0 � 4.2 39.0 � 4.3a

�2.80 18.3 � 5.7 39.3 � 4.3a

�3.30 16.0 � 0.6 50.7 � 6.4b

Data were analyzed by one-way ANOVA followed by the Newman-
Keuls test (compared with their correspondent control groups). Val-
ues are mean � SEM from three to four animals. For each animal, two
sections were counted and average values obtained.

a P � 0.05.
b P � 0.01.
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Thr172 and pACC-Ser79 in soleus muscle by Western blotting.
As illustrated in Fig. 5, CCK-8 significantly increased both
AMPK [Fig 5A; F(1,24) � 6.048; P � 0.05] and ACC phosphor-
ylation [Fig 5B; F(1,10) � 5.07; P � 0.05].

CCK-8 increases leptin concentration in CSF as well as
leptin signaling within the ARN of rats receiving a tracer
dose of human recombinant leptin

To further confirm that the increase of leptin in CSF was due
to an enhanced entry of leptin, recombinant human leptin (100
�g/kg ip) was used as a tracer. As summarized in Table 4,
CCK-8 (10 �g/kg ip) decreased the concentration of human
leptin in plasma [one-way ANOVA F(1,16) � 872,851; P � 0.001].
In the CSF, human leptin was under the detection limit in rats
treated with human leptin alone, but 1.1 � 0.2 ng/ml (�0.07
nm) was found in rats treated with human leptin plus CCK-8.
Immunohistochemical analysis (Fig. 6A), carried out at differ-
ent rostrocaudal levels, revealed that the effect of CCK-8 on
pSTAT3 immunostaining was significant throughout the ARN
[Fig. 6B; bregma �2.12, one-way ANOVA F(3,7) � 4192, P �
0.054; bregma �2.80, F(3,8) � 19,069, P � 0.001; bregma �3.30,
F(3,7) � 8762, P � 0.01).

Discussion

We have previously reported that CCK-8 decreases
plasma leptin and simultaneously increases leptin concen-
tration in the CSF of rats challenged with an exogenous dose
of leptin (31). Moreover, CCK receptor antagonists have been
shown to increase plasma leptin concentration (32). These
data account for a regulatory role of CCK in leptin kinetics.
We have reasoned that such an effect might be endowed with
functional consequences and account for the involvement of
CCK in energy balance regulation. To test this hypothesis, we
have designed the present study aimed at characterizing the
effect of CCK-8 on hypothalamic leptin-mediated pathways
regulating BW in free-feeding rats.

A major finding in this work is that treatment with CCK
during periods of positive energy balance in rodents appears to
activate metabolic process leading to a decrease of BW. We
suggest that such an effect is leptin mediated because CCK-8
decreased food intake in obese, leptin-resistant, Zucker fa/fa

rats but was without effect on BW. It has to be noted that,
despite statistical differences, the magnitude of change between
strains is rather small and probably reflects that leptin pathways
account only partially for the effect of CCK on BW. The effect
on BW was not linked only to the decrease of food intake,
because pair-feeding to food intake of CCK-treated animals led
to a modest effect on BW compared with that observed in
CCK-treated animals. Under our conditions, we detected an
effect of CCK only from the dose of 10 �g/kg (�2.5 �g/rat). It
has been reported than CCK-elicited satiety is detected after
lower doses, but most experiments are performed in the morn-
ing and in fasted animals. Closer to our conditions are those
used by West et al. (6). These authors have described, in free-
feeding rats, subjected to a scheduled treatment of five to six
doses (1 �g/rat per dose) during 5 h, that CCK decreases meal
size but has no effect on overall food intake. In addition, 10
�g/kg should raise plasma concentration of CCK to levels

FIG. 5. Effect of CCK-8 (10 �g/kg) on phosphorylation of AMPK (A)
and ACC (B) in skeletal muscle.

FIG. 6. Effect of CCK-8 (10 �g/kg) on phosphorylation of STAT3 in the
hypothalamus of rats treated with recombinant human leptin (100
�g/kg). A, Microphotographs showing the effect of CCK-8 (10 �g/kg)
on pSTAT3 immunostaining within the ARN; B, histograms summa-
rizing the effect of leptin on pSTAT3 immunostaining within different
rostrocaudal levels of the hypothalamus. Black bars, Human leptin;
gray bars, CCK-8; hatched bars, human leptin plus CCK-8. *, P �
0.05, Newman-Keuls test. Lep, Leptin; Sal, saline.

TABLE 4. Effect of CCK-8 (10 �g/kg) on the distribution of
human leptin (100 �g/kg)

Treatment Plasma (ng/ml) CSF (ng/ml)

Human leptin 11.6 � 0.4 ND
Human leptin 	 CCK-8 0.5 � 0.1a 1.1 � 0.2

Recombinant human leptin was administered 30 min after CCK-8,
and samples of plasma and CSF were obtained 2 h after leptin ad-
ministration. Data are means � SEM of nine determinations. ND,
None detectable.

a P � 0.001, Newman-Keuls test.
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(20–40 pm) comparable to those detected by some authors after
feeding (33). Nevertheless, postprandial CCK concentration has
been reported to be significantly lower than 20 pm by other
authors (34). An eventual effect of 10 �g/kg CCK-8 in intestinal
motility or in bladder tone might also account for the decrease
of BW. However, urine volume and defecation were similar in
CCK-treated and in control groups (data not shown).

The activation of leptin signaling pathways within the ARN
observed in CCK-treated rats suggests an increase of leptin
within hypothalamic areas. Obviously, the increase of pSTAT3
immunostaining evoked by CCK-8 cannot be univocally linked
to leptin, because this signaling pathway is shared by many
other mediators (35), but our data strongly point to the involve-
ment of endogenous leptin in this CCK-evoked response. The
absence of effect in other hypothalamic areas is striking, inas-
much as Ob-Rb receptors appear widely distributed within the
hypothalamus (36). Other authors have observed that periph-
eral administration of elevated doses of leptin (1–4 mg/kg, i.e.
10- to 40-fold the dose used in this study) leads to pSTAT3
immunostaining also in ventromedial and paraventricular neu-
rons (37–39). This discrepancy suggests that low doses of leptin
mainly reach the ARN, which is the principal target for leptin
in the brain (16). Alternatively, the effect of CCK on STAT3
phosphorylation might be due to a direct effect of CCK-8 within
the hypothalamus. Such a possibility is unlikely, because
CCK-8 does not cross the blood-brain barrier (40). In addition,
CCK receptors are poorly expressed in the ARN in comparison
with other hypothalamic areas (41, 42) that did not exhibit
pSTAT3 immunoreactivity after CCK-8 administration. Under
our conditions, CCK-8 induced c-Fos expression throughout
the hypothalamus (Fig. 4), demonstrating that hypothalamic
areas responsive to CCK don’t exhibit increased pSTAT3 im-
munoreactivity after treatment with CCK-8.

The switch of the slope of individual correlations between
CSF leptin and BW/adiposity induced by CCK-8 provides a
further confirmation of the involvement of leptin in CCK-
evoked responses. In control animals, correlations were positive
(Figs. 1, A and C, and 2, A and C), indicating that, in naive rats,
CSF leptin is proportional to the amount of adipose tissue (43)
as well as to food intake and leptin release evoked by feeding
(44). Nevertheless, in CCK-treated animals, all correlations
were negative (Figs. 1, B and D, and 2, B and D). This suggests
that the amount of leptin reaching the CNS as a consequence of
CCK treatment might account for the effect of CCK in decreas-
ing BW and adiposity and might indicate an individual sus-
ceptibility to CCK-8 on the activation of leptin pathways in-
volved in regulating BW and energy expenditure. This
observation doesn’t necessarily mean that an acute treatment
with CCK-8 provokes a loss of adipose tissue linked to the
activation of lypolytic pathways or to the inhibition of lipogenic
activity. We speculate that those animals exhibiting lighter ad-
ipose pads are more sensitive to CCK. In fact, fat deposits and
plasma nonesterified fatty acid concentration were not signif-
icantly modified by acute CCK-8, suggesting that the metabolic
rate in adipose tissue is not substantially affected by CCK-8.
Finally, we detected an increase of both pAMPK and pACC in
skeletal muscle, suggesting that CCK activates oxidative path-
ways in this tissue. Interestingly, leptin has been shown to
stimulate fatty acid oxidation in skeletal muscle by increasing
AMPK phosphorylation (27). This effect, linked to the activation

of hypothalamic pathways, might also account for the negative
effect of CCK on negative energy balance. The increase of met-
abolic rate in skeletal muscle elicited by CCK-8 cannot be at-
tributed to an increase of locomotor activity because this pep-
tide has been shown to suppress locomotion in rats (45).

An attractive hypothesis to explain our results is that CCK-8
might facilitate the uptake of peripheral leptin (46). To test this
hypothesis, human leptin was administered as a tracer, and we
measured both plasma and CSF human leptin concentrations
by means of a specific enzyme immunoassay for human leptin.
The result of this experiment (see Table 4) corroborates the
hypothesis that CCK-8 increases the permeability of brain bar-
riers to leptin. This was further confirmed by the increase of
pSTAT3 detected in the hypothalamus of CCK-treated rats (Fig.
3), which demonstrates that leptin immunoreactivity corre-
sponds to functional leptin and not to inactive fragments even-
tually recognized by the antiserum used in this study. In ad-
dition, the increase of pSTAT3 immunoreactivity was detected
in the ARN, which is the main target for leptin in the CNS. From
our data, we cannot suggest a mechanism to explain the effect
of CCK, and more studies will be required to assess this ques-
tion. As a possibility, activation of CCK receptors in the choroid
plexus might increase leptin uptake mediated by Ob-Ra. On the
other hand, it must be noted that the amount of leptin cleared
from plasma in rats treated with CCK-8 largely exceeded the
amount found in the CSF. It can be speculated that CCK-8 not
only is involved in the entry of leptin into the CNS, but could
also concern 1) the distribution of leptin in other tissues and/or
2) the metabolism/excretion of the hormone. Our results are
consistent with a previous work of Niimi et al. (19) demon-
strating that rats lacking CCK1 receptors (OLETF) exhibit cen-
tral responses to leptin only after intracerebroventricular ad-
ministration. The lack of effect of CCK-8 on the concentration
of endogenous leptin in the CSF may be due to the rapid
distribution of leptin within the CNS after uptake (47) as well
as to the elevated interindividual variability.

In summary, this work demonstrates that CCK modulates BW
by a mechanism independent of its effect on food intake and
involvescentral leptinpathways. Inaddition, thisstudyshowsthat
CCK can modulate the accessibility of leptin to its hypothalamic
targets. Synergy between leptin and CCK can now be interpreted
in a new context, and we hypothesize that both hormones may be
integral to a homeostatic mechanism aimed at maintaining BW
between narrow margins. From our data, we cannot propose a
cellular mechanism to explain the effect of CCK on the perme-
ability of the choroid plexus to leptin, and more research will be
necessary to characterize the effect of CCK on mechanisms in-
volved in leptin uptake by choroid epithelium and/or blood-brain
barrier endothelium. Finally, our data must be interpreted cau-
tiously in physiological terms, because the effect of CCK-8 on CSF
leptinwasobservedonlyinanimalstreatedwithexogenousleptin.
This could be due to the inter-individual variability of endogenous
CSF leptin concentration. In addition, leptin concentration within
the CSF mainly reflects uptake of leptin by the choroid plexus but
not by the blood-brain barrier. Rapid distribution and degradation
of leptin might also account for our data. In any case, these results
indicate that an increase of plasma leptin may be ineffective, in
terms of energy expenditure, if plasma CCK levels remain low or,
alternatively, if there is a loss of functionality of CCK receptors.
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