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INSERM, U308, Mécanismes de Régulation du Comportement Alimentaire, 54000 Nancy, France

Received 5 September 2007
Available online 1 October 2007
Abstract

Galanin, ghrelin, and leptin are three peptides involved in feeding regulation and more particularly in fat intake. The Brattleboro (di/
di) rat is a genetic model of diabetes insipidus characterized by a preference for fat when it is in a food choice situation. Here, we mea-
sured hypothalamic galanin concentrations, plasma ghrelin and leptin and dietary preferences of adult di/di Brattleboro rats, di/+ and
Long-Evans controls. The Brattleboro rats weighed significantly less than the di/+ rats (�18%; P < 0.001). The fat-to-carbohydrate
intake ratio was significantly greater in Brattleboro rats than in di/+ (P < 0.02) when the rats could choose between a high-fat diet
and a high-carbohydrate diet. Galanin concentrations were significantly lower in di/di rats than in di/+ rats in the paraventricular
nucleus (�56%; P < 0.001), but not in the arcuate nucleus. Plasma leptin was significantly lower in the di/di rats than in the di/+ rats
(3.49 ± 0.20 vs. 6.94 ± 0.49 ng/ml; P < 0.001). Plasma ghrelin concentrations were significantly lower in Long-Evans rats than in the di/
di rats (�21%; P < 0.01). Given that galanin mRNA is overexpressed in the paraventricular nucleus of Brattleboro rats, these data are
consistent with increased release of the peptide. In the Brattleboro rat, this overactive galanin system and the variations of ghrelin and
leptin maintain an orexigenic drive favoring a preferential intake of fat which provides the animal with enough energy for its metabolism.
� 2007 Elsevier Inc. All rights reserved.
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Macronutrient intake and more particularly fat intake is
driven by hypothalamic pathways that closely interact with
peripheral hormonal systems [1,2]. Several peptides and
hormones such as galanin, ghrelin, and leptin are involved
in this process [3]. Galanin is likely the most studied pep-
tide in relation to fat intake. It is synthesized in numerous
neurons of the hypothalamic paraventricular (PVN) and
arcuate (ARC) nuclei [4]. It induces not only the ingestion
of increased quantities of food [5] but also a preferential
intake of fat when rats can choose among the three
macronutrients or between a high-fat (HF) diet and a
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high-carbohydrate (HC) diet [6,7]. This influence on food
choice has been shown to depend on numerous factors
including the initial dietary preferences of the rat [7], the
sensitivity of the rats to fat intake [8], the time of galanin
injection [9], and the baseline fat intake or fat type [10].
The PVN is the key area for the orexigenic effects of gala-
nin as this nucleus is particularly responsive to galanin
injection [7,11]. Variations measured in the hyperphagic
Zucker rat [12] or induced by feeding state changes [13]
also support this major role. Furthermore, PVN injection
of antisense oligonucleotides to galanin mRNA can reduce
fat ingestion [14]. Galanin is also linked to fat metabolism
as blockade of fatty acid oxidation by mercaptoacetate
induces a decrease in galanin concentration and expression
in the PVN and a concomitant reduction in fat ingestion
[13].

Ghrelin is a recently discovered gut–brain peptide with
orexigenic properties (see [15] for review). It is sensitive
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to the fat content of the diet: its plasma concentration is
low when a high-fat diet is ingested for a long period of
time, and rats with a strong preference for fats are charac-
terized by low levels of circulating ghrelin [16]. In addition,
centrally injected ghrelin stimulates fat ingestion as a food
choice [17].

Leptin, which is secreted by adipose tissue proportion-
ally to its importance [18] is also sensitive to the fat content
of the diet [19–22]. Its function is closely related to those of
galanin and ghrelin. It suppresses the stimulating effects of
galanin on food intake [23] and decreases galanin expres-
sion in the hypothalamus [24], specifically in the PVN
[25]. Leptin also inhibits ghrelin secretion [26] and prevents
the increase in ghrelin induced by moderate energy restric-
tion [27]. Leptinopenia is associated with hyperghrelinemia
and vice versa [28].

The homozygous (di/di) Brattleboro rat preferentially
selects fat when it can choose among the three macronutri-
ents [29]. This rat is derived from the Long-Evans rat. It is
deficient in vasopressin and exhibits a severe diabetes
insipidus [30]. It is also characterized by increased expres-
sion of galanin in the PVN [31]. This overexpression of gal-
anin in the PVN persists after its diabetes insipidus is
controlled [29], and galanin receptor antagonists are able
to diminish the Brattleboro rat’s preference for fat [32].
Galanin is co-localized with vasopressin in PVN neurons
but could only be detected after colchicine treatment [33],
suggesting that the peptide is rapidly released. To our
knowledge, however, there are no data either on galanin
content in the Brattleboro rat to support this hypothesis.
Hence, we measured galanin in several microdissected
hypothalamic areas in di/di rats after recording the ani-
mal’s dietary preferences. We also looked at variations in
plasma ghrelin and leptin to complete the description of
the regulatory mechanisms of fat intake in Brattleboro rats.

Materials and methods

Animals and sampling. We used adult male homozygous (di/di) Brat-
tleboro rats (n = 10) and their age-matched controls di/+ (n = 10) both
bred in our laboratory. The rats were housed in individual wire cages in a
temperature-regulated room with a 12 h light/12 h dark cycle, with tap
water and standard rat chow (UAR A04—Villemoisson sur Orge, France)
ad libitum.

To determine their dietary preferences, they were given the choice
between an HC and an HF diet for 10 days. Intake of each diet as well as
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Fig. 1. Total energy and water intake (means ± SEM; left) and intakes of the h
(means ± SEM; right) in 10 homozygous di/di Brattleboro rats (open bars) and
and di/+.
water intake was recorded every day. At the end of this period of choice,
the satiated rats were killed by decapitation. The brain was rapidly sam-
pled, frozen, and kept at –80 �C. Trunk blood was also sampled in tubes
containing aprotinin/EDTA and centrifuged at 4 �C (3000 rpm for
20 min). It was then aliquoted and stored frozen at �20 �C until the
hormones were assayed.

Serial brain sections of 300 mm were cut in a cryostat and discrete
brain areas were microdissected according to the method of Palkovits [34].
The major areas involved in feeding behaviour—the PVN, ARC, the
dorsomedial (DMN) and ventromedial (VMN) nuclei, and lateral hypo-
thalamus (LH)—were micropunched. The median eminence (ME) was
also sampled. Bilateral punches were placed in a 0.2-N HCl/aprotinin
solution and sonicated. An aliquot was taken for protein determination
and after centrifugation, the supernatant was lyophilized and kept at
�20 �C until galanin determination.

A second set of Brattleboro rats of our colony (n = 12) of the same age
and body weight was used to complete the study on ghrelin. These rats
were compared to age-matched Long-Evans rats (n = 12). Rats were
housed as described above. Blood was taken by tail vein puncture under
light ether anaesthesia. The samples were centrifuged, aliquoted, and
stored as above until the hormones were assayed.

Assays. Galanin was measured according to a previously described
radioimmunoassay [12]. For this experiment, maximal binding was
32.9 ± 2.6%, non-specific binding was 7.9 ± 0.4% and 50% decrease of
maximal binding was obtained for a concentration of galanin of
0.65 ± 0.09 ng/ml.

Plasma ghrelin and leptin were measured with commercially available
radioimmunoassay kits from Phoenix Pharmaceuticals (Belmont, USA)
and Linco Research (St. Charles, USA) respectively. Plasmas were diluted
fivefold with assay buffer for the ghrelin determination.

Statistics. Results are given as means ± SEM. They were compared
with Student’s t-test or analysis of variance and post-hoc Fisher’s PLSD
test when necessary. A probability of less than 0.05 was considered
significant.
Results

Feeding parameters and body weight

The homozygous di/di Brattleboro rats weighed signifi-
cantly less than the heterozygous di/+ rats (355.8 ± 6.3 vs.
436.5 ± 10.3 g; P < 0.0001) and than the Long-Evans rats
(564.7 ± 11.7 g; P < 0.001).

The food and water intake of the di/di and di/+ rats are
shown in Fig. 1 (left). There was no difference in total
energy intake (about 90 kcal/day) between the two groups.
The di/di rats had a clear diabetes insipidus, as they drank
about 10-fold more water than the di/+ rats (P < 0.001).
Intakes of the HF and HC diets are shown in Fig. 1 (right).
The di/di rats ate about 50% less HC diet than the di/+ rats
0
0.2
0.4
0.6
0.8
1
1.2
1.4

HF intake HC intake

ay

Fat/Carb

ratio

**

**

igh-fat (HF) and high-carbohydrate (HC) diet and fat/carbohydrate ratio
10 di/+ controls (striped bars). ***P < 0.001 and **P < 0.01 between di/di



0

2

4

6

8

10

di/di di/+

ME

Galanin (ng/mg prot)

0

0.5

1

1.5

2

2.5

3

di/di di/+

ARC

Galanin (ng/mg prot)

**

Fig. 2. Galanin concentration (means ± SEM) in the arcuate (ARC)
nucleus and in the median eminence (ME) of 10 di/di Brattleboro rats
(open bars) and 10 di/+rats (striped bars). **P < 0.01 between the groups.

Galanin (ng/mg prot)

0

0.4

0.8

1.2

1.6

2.0

di/di di/+

VMN

**

0

0.4

0.8

1.2

di/di di/+

LH

Galanin (ng/mg prot) Galanin (ng/mg prot)

**

0

0.2

0.6

1.0

1.4

1.8

di/di di/+

PVN

***

Fig. 3. Galanin concentration (means ± SEM) in the hypothalamic
paraventricular (PVN) and ventromedial (VMN) nuclei and in the lateral
hypothalamus (LH) of 10 di/di Brattleboro rats (open bars) and 10 di/+
controls (striped bars). ***P < 0.001 and **P < 0.01 between the groups.
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(P < 0.02) and strongly tended to eat more HF diet
(P = 0.06). When these diet intakes were converted into
fat and carbohydrate intakes, the fat-to-carbohydrate ratio
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Fig. 4. Plasma ghrelin concentration (means ± SEM; left) in homozygous di/di
inverse correlation of plasma ghrelin and body weight (BW) in these rats (righ
was significantly higher in di/di rats than in the di/+ rats
(P < 0.02).
Brain measurements

Galanin concentrations in the different areas are shown
in Figs. 2 and 3. The galanin concentration was signifi-
cantly lower in the ME (�40%; P < 0.01) but not in the
ARC of the di/di rat (cf. Fig. 2). In the PVN (Fig. 3), there
was a 56% decrease in galanin concentration in the di/di rat
(P < 0.001). A similar diminution was observed in the
VMN (�55%; P < 0.002) and in the LH (�50%;
P < 0.006) (cf. Fig. 3) but not in the DMN (1.19 ± 0.38
(di/+) vs. 0.92 ± 0.29 (di/di) ng/mg protein).
Plasma parameters

Plasma ghrelin concentrations are shown in Fig. 4 (left).
There was no difference between the di/di and di/+ rats but
the levels measured in Long-Evans rats were significantly
lower than in the di/di group (P < 0.01). Plasma ghrelin
concentration was negatively correlated with body weight
(Fig. 4, right). Plasma leptin was significantly lower in
the di/di rats than in the di/+ rats (3.49 ± 0.20 vs.
6.94 ± 0.49 ng/ml; P < 0.001). Leptin was positively corre-
lated with body weight (r = 0.84; P < 0.0001).
Relations between brain and periphery

There was no relation between the hypothalamic con-
centrations of galanin and plasma ghrelin. However there
was a significant positive correlation between plasma leptin
and galanin levels in the PVN (r = 0.83; P < 0.0001) and in
the VMN (r = 0.80; P < 0.001).
Discussion

In this study of the Brattleboro rat, we measured three
peptides—galanin, ghrelin, and leptin—that are related to
fat intake. The first two peptides stimulate intake, whereas
the third inhibits intake. All three exert a large part of their
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action in the hypothalamus through specific receptors
located on neurons present in the various nuclei involved
in feeding regulation [35–38]. The Brattleboro di/di rat pre-
sented its classic polydipsic syndrome and modified dietary
preferences which are characterized by a higher fat-to-car-
bohydrate intake ratio when the rats are given the choice
between an HC diet and an HF diet. The elevation of this
ratio is due to both decreased carbohydrate intake and
increased fat intake. In regard to carbohydrates, our results
are different from those obtained by Murphy and Wideman
[39] using sucrose. In that study, Brattleboro rats con-
sumed more sucrose than Long-Evans rats. The difference
in our results might be related to the form of the proffered
carbohydrate source, as the rats could choose between a
sucrose solution and water. The liquid form might have
biased the results on carbohydrate preference as Brattle-
boro rats drink a lot to compensate for urinary water loss
related to their vasopressin deficiency. Our results are,
however, concordant with those from experiments using
solid food in a two- or three-diet choice paradigm [29,40].

For galanin, we observed important decreases in galanin
concentrations in three of the main areas involved in food
intake namely the paraventricular and ventromedial nuclei
and the lateral hypothalamus. galanin immunoreactivity is
weak in the PVN of untreated Brattleboro rats. Colchicine
treatment induces a significant increase in this immunore-
activity [33]. On the other hand, galanin mRNA is overex-
pressed in the PVN [31,41]. The observed decrease in
galanin content therefore suggests that there is an increased
galanin release and/or turnover in the Brattleboro rat. Gal-
anin in the PVN has been linked to fat preference [5] but in
our study, we found no significant correlation between gal-
anin and fat-to-carbohydrate ratio. This is not surprising,
as dietary preferences are linked to several neuropeptider-
gic pathways [3,42] and the possible influence of galanin
alone is likely not sufficiently great. In our hands, simulta-
neous variations of 20–30% in the levels of several peptides
in normal rats are sufficient to change a clear preference for
fat to a strong preference for carbohydrates. In the Brattle-
boro rat, other peptides might also be involved and their
functions need to be addressed to get an exact description
of the changes leading to the altered food choice in the
di/di rat.

The changes in hypothalamic galanin that we measured
might also be linked to the drinking behaviour, as a role for
galanin in fluid homeostasis in the normal rat has been sug-
gested [43]. However, drug normalization of water intake
in the di/di rat does not diminish galanin overexpression
in the PVN and fails to modify diet selection [29,40].
Increased galanin release has, therefore, a minor role on
drinking, but it could contribute to an increased drive to
eat. This sustained drive is necessary to the Brattleboro
rat to maintain an energy intake similar to the di/+ rat,
as recorded here, because the di/di rat spends much more
time (36% vs. 2% of its time) drinking [40] and needs to
be stimulated to ingest solid food. The increased expression
of galanin receptor type 1 in the PVN might contribute to
the drive to eat [44] and indicate that the galanin system is
overactivated at each step of its functioning.

The variations in ghrelin and leptin that we measured
also contribute to this increased orexigenic drive. Leptin,
which inhibits food intake, was clearly decreased in di/di
rats in correlation with their lower body weight. This is
in agreement with previous data [45]. Leptin was positively
correlated with galanin concentrations in the PVN. If one
considers that the galanin concentrations reflect increased
peptide release, low leptin will contribute with galanin to
boost food intake. Plasma ghrelin was also augmented
when compared with Long-Evans rats, despite the change
in macronutrient intakes. This supports its contribution
to the increased drive because ghrelin concentrations are
generally down-regulated when fat intake is increased
through feeding of an HF diet or in a food choice situation
[16,46]. In our experiment, ghrelin resisted this down-regu-
lation. Water intake did not influence ghrelin status in the
di/di rat as it has been repeatedly shown that the presence
of water in the stomach does not change plasma ghrelin
[47–49]. The low leptin levels could play a role in the aug-
mented ghrelin levels, because leptin inhibits ghrelin secre-
tion by the stomach [26,50]. Ghrelin is also a potent growth
hormone secretagogue [36], but its role in the di/di rat
appears to be more related to feeding, as growth hormone
secretion is normal in this rat [51].

In summary, the Brattleboro rat is characterized by an
overactive hypothalamic galanin system as well as by an
overactive ghrelin system and low leptin. Galanin might
influence the changes of macronutrient preference and
intake. Together, the altered levels of the three peptides
boost energy intake in order to maintain the rat’s body
weight. Despite these changes, the body weight of the Brat-
tleboro rat remains lower than normal rats but allows the
animal to survive with diabetes insipidus.
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