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Abstract

In an attempt to gain better insight into the central effects of glucagon-like peptide (GLP-1), we studied the action of glucose and of
regulatory peptides on the expression of its receptor (GLP-1R) in hypothalamic GT1-7 cells and in ventromedial (VMH) and lateral (LH) rat
hypothalamus slices. The promoter activity of GLP-1R in transfected GT1-7 cells increased with leptin, whereas neuropeptide Y (NPY) did
not modify it. Interestingly, when cells were incubated with both NPYand leptin, NPY blocked the stimulating effect of leptin. The effects of
leptin and NPY were also confirmed at messenger RNA levels. In hypothalamic slices, GLP-1R messenger RNA levels increased at higher
glucose concentrations in the VMH. In addition, leptin exerted a stimulating effect; and NPY did not modify receptor expression. By contrast,
in the LH, the opposite effects were found for those parameters, except at 20 mmol/L glucose. These findings suggest that the stimulating
effect of leptin on GLP-1R expression, with no changes in NPY-induced activity, could enhance the anorexic actions generated through this
receptor. In addition, the different responses of the VMH and LH may be related to specific functions of these structures, as already known in
vivo, highlighting the interest of hypothalamic slices for this kind of study.
© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Proglucagon gene expression in gut and brain gives
rise to several molecules [1], glucagon-like peptide 1 (GLP-1)
(7-36) amide being one of the products generated from
the C-terminal portion, with greater biological activity in
peripheral tissues and the central nervous system.GLP-1(7-36)
amide stimulates insulin secretion in a glucose-dependent
manner [2], and it inhibits gastric emptying [3]. This peptide
also increases arterial blood pressure and heart rate in rats [4],
and it increases surfactant secretion by rat [5] and human [6]
type II pneumocytes. These effects are achieved through the
GLP-1 receptor (GLP-1R), which has been cloned and
sequenced, with the finding that the sequences deduced are
the same in both pancreatic islets and the brain [7-11].

The synthesis of GLP-1(7-36) amide and the presence of a
high GLP-1R density in neurons of the same brain areas
may be responsible for the reported central effects of GLP-1
(7-36)amide on the selective release of neurotransmitters [12],
appetite, and fluid homeostasis [13,14]. Interestingly, in the
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brains of humans and experimental animals, GLP-1(7-36)
amide serves as a signal to reduce food intake, acting as
an anorexigenic peptide. Furthermore, the coexpression of
GLP-1 receptors, glucokinase, and the glucose transporter
(GLUT) isoform GLUT-2 in hypothalamic cells involved in
feeding behavior suggests that theymight play a role in glucose
sensing [9,14,15]. The first indications that the hypothalamus
plays a major role in feeding behavior and energy homeostasis
were reported 60 years ago after brain lesioning and
stimulation studies. Taking advantage of these early observa-
tions, such as the fact that electrical stimulation of the
ventromedial hypothalamus (VMH) suppresses food intake
and that bilateral lesions of these structures induce hyperphagia
and obesity, the VMH was named the satiety center, whereas
alterations to the lateral hypothalamic area (LH) induced the
opposite set of responses and LH was hence called the hunger
center. These brain areas use autonomic efferent nerves to
modulate glucose homeostasis in the liver and endocrine
pancreas; and theymay be altered bymetabolic signals, such as
changes to the electrical activity of neurons by direct
application of glucose or by modification of blood glucose
levels [16,17]. In fact, 2 kinds of glucose sensor neurons have
been identified [18,19]. First, there are glucose-excited
neurons, which are present mainly in the VMH and which
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are excited by increased glucose levels in the extracellular
space, with alterations to their firing rates. By contrast, in the
LH, there are a significant number of glucose-inhibited
neurons; and these are excited by decreases in glucose levels
in the extracellular space [18,20].

Current evidence points to the existence of a specific
subpopulation of neurons involved in energy homeostasis,
located in the so-called satiety and hunger centers, that are
neuronal pathways with orexigenic and anorexigenic pep-
tides that generate integrated responses to afferent stimuli
related to modifications in metabolites or in fuel storage.
GLP-1(7-36)amide may be considered an anorexigenic
peptide [13,14] able to induce central effects that contribute
to feeding behavior, supported at least in part by the effects
of anorexigenic and orexigenic peptides. Accordingly, it
seems of interest to determine the factors that control
GLP-1R expression in the brain and the role in this of the
glucose levels present in the extracellular space and/or
regulatory peptides. To accomplish these aims, we used cells
of hypothalamic origin such as GT1-7 to study the trans-
criptional regulation of the GLP-1R gene in cells transiently
transfected by vectors containing the promoter of GLP-1R
fused to the luciferase gene and also short-term cultures of
hypothalamic slices from adult rats. There are experimental
evidences that GT1-7 cells are glucose-sensing cells [21,22]
able to respond to glucose deprivation or high glucose levels.
They represent a model for studying the transcriptional
regulation because the transfection method cannot be applied
to other systems, including hypothalamic slices. However,
immortalized cell lines are limited in studies of transcrip-
tional activity because they are not located within a complex
neuronal network. Thus, a further step was the use of rat
hypothalamic slices, which represent an experimental design
of physiological relevance because they preserve some of the
tissue architecture and the functional connections involved in
feeding behavior. The findings obtained may open an
experimental approach to study the interacting effects of
these regulatory peptides in hypothalamic neurons as well as
in hypothalamic slices.
2. Methods

2.1. Experimental animals

Male Wistar rats weighing 150 to 175 g were fed ad
libitum with a standard pellet diet and housed at a constant
temperature (21°C) on a 12-hour light-dark cycle with lights
on at 8:00 AM. Rats were killed by decapitation, and the
whole brain was rapidly removed and placed in ice-cold
medium. All procedures were carried out according to the
European Union ethical regulations for animal research.

2.2. Cell cultures and GLP-1R promoter activity assays

The GT1-7 cell line (generously provided by Prof P
Mellon, San Diego, CA), transformed from mouse hypotha-
lamic neurosecretory cells [21], is a good tool for neuronal
studies [23]. The GT1-7 cells were maintained in Dulbecco
modified Eagle medium (Life Technologies, Barcelona,
Spain) containing 25 mmol/L glucose, 10% fetal bovine
serum (FBS) (Biomedia, Boussens, France), 100 U/mL
penicillin, 100 μg/mL streptomycin, and 2 mmol/L gluta-
mine (Biomedia). The wild-type reporter gene construct
(generously provided by Dr Lankat-Buttgereit, Marburg,
Germany) was created by cloning 2958 base pairs (bp) of the
human GLP-1R promoter (−2922 to +36) into the promoter-
less luciferase vector pGL2 Basic (Promega, Madison, WI).
Transfection was performed using calcium phosphate
precipitates containing 3 μg of luciferase expression
vector with the GLP-1R promoter and 1 μg of the internal
control plasmid pCMV-β-galactosidase for each well of a
12-multiwell plate. The GT1-7 cells were incubated with
calcium phosphate precipitates for 14 to 16 hours and then
rinsed and kept in fresh medium for 24 hours. After this, the
cells were incubated overnight in the presence of medium
containing 2% FBS and 5.5 mmol/L glucose. The medium
was then removed and replaced by Dulbecco modified Eagle
medium containing 2% FBS and different glucose and/or
peptide concentrations. After 5 hours of treatment, the cells
were lysed; and luciferase activity was determined with
a luminometer (BG-P luminometer; GEM Biomedical,
Hamden, CT). Luciferase activity levels, normalized with
β-galactosidase activities, are expressed as percentages of
control (5.5 mmol/L glucose) values.

2.3. Procedure for hypothalamic slice explant culture

Hypothalamic slice explant cultures were performed as
described previously [24,25]. Male Wistar rats were killed by
decapitation; and the brains were quickly removed and
immersed in cold (4°C)MEMmedium containing 25mmol/L
N-[2-hydroxyethyl]piperazine-N′-[2-ethalnesulfonic acid]
(HEPES), 20% heat-inactivated horse serum, 4 mmol/L
glutamine, 6.5 mg/mL glucose, and 100 U/mL penicillin-
streptomycin. After this, the hypothalamus was removed
from the brain and sectioned at 300-μm thickness on a
Mcllwain tissue chopper (Mickle Laboratory Engineering,
Surrey, United Kingdom). Coronal slices were separated and
placed in MEM supplemented with 25 mmol/L HEPES and
Hank salt (Life Technologies) enriched with the above
components. In an attempt to stabilize the cultures,
hypothalamic slices were cultured at 37°C in an atmosphere
of air and CO2 (95%:5%, respectively) in this medium
(MEM, 25 mmol/L HEPES with Hank salt, 20% heat-
inactivated horse serum, 4 mmol/L glutamine, 36 mmol/L
glucose, and 100 U/mL penicillin-streptomycin) for 5 hours.
Afterward, the hypothalamic slices were transferred to a
medium containing 2% FBS and 5.5 mmol/L glucose and
incubated for 16 hours. The cell viability of the hypothalamic
slices was determined by the addition of 0.5 μg/mL of
propidium iodide to the culture medium or by incubating the
slices in a solution containing 1 mL of a trypan blue solution
(0.8 mmol/L in PBS) and 1 mL of culture medium. After at
least 15 minutes of incubation, propidium staining was



Fig. 1. Effects of glucose on GLP-1R promoter activity in GT1-7 cells. The
GT1-7 cells were transiently transfected with a luciferase reporter plasmid
containing GLP-1R promoter. Cells were then incubated with 2.8, 5.5, or
20mmol/L glucose. Data are presented as fold increase of GLP-1R-luciferase
activity (ratio of luciferase to β-galactosidase activity) relative to 5.5 mmol/
L–glucose treatment ± SEM. The experiment was repeated at least 7 times in
duplicate. ###P ≤ .001 (2.8 mmol/L glucose vs 5.5 or 20 mmol/L glucose).

Fig. 2. Effects of glucose and regulatory peptides on GLP-1R promote
activity in GT1-7 cells. The GT1-7 cells were transiently transfected with a
luciferase reporter plasmid containing GLP-1R promoter. Cells were then
incubated with 2.8, 5.5, and 20 mmol/L glucose in the absence or presence
of different peptides: 10 nmol/L leptin, 10 nmol/L GLP-1, 100 nmol/L NPY
10 nmol/L insulin, or a combination of 10 nmol/L leptin plus 100 nmol/L
NPY. Values are expressed as fold stimulation of luciferase activity (ratio o
luciferase to β-galactosidase activity) relative to control. Data represent the
means ± SEM of data from at least 7 independent experiments developed in
duplicate. *P≤ .05, **P≤ .01, and ***P≤ .001 (incubated with peptides v
control). CT indicates control; LEP, leptin; INS, insulin.
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assessed with an inverted fluorescence microscope using a
standard rhodamine filter set. In the case of trypan blue, cell
viability was determined under a light microscope 5 minutes
after incubation with the stain.

To examine the effects of different glucose concentra-
tions and/or peptides on GLP-1R messenger RNA (mRNA)
levels in hypothalamic slices, these were incubated with 0.5,
1, 2.8, 5.5, or 20 mmol/L glucose and/or peptides at the
indicated concentrations for 5 hours. Optimal concentrations
and times of incubation were selected after preliminary
assays of endogenous GLP-1R gene expression either in
GT1-7 cells or hypothalamic slices (data not shown) using
dose- and time-response curves. At the end of the
incubations, special care was taken to identify and isolate
by micropunching the VMH and LH areas according to the
stereotaxic coordinates of Paxinos and Watson [26]. To map
the functional activity of VMH and LH, the expression of
the immediate early gene c-fos was determined [27,28].
Thus, to validate the functional activity in these 2 areas,
c-Fos protein was separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis and determined by im-
munodetection in hypothalamic slices incubated for 3 hours
in the presence of low and high (1 and 20 mmol/L) glucose
concentrations [29].

2.4. RNA isolation and reverse transcriptase polymerase
chain reaction

Total RNA from culture cells and from areas of rat
hypothalamic slices were extracted with TRIZOL (Life
Technologies). The purity of the RNA was assayed by
electrophoresis in an agarose gel. One microgram of total
RNA was used to obtain complementary DNA (cDNA)
(RETROscript; Ambion, Austin, TX). Four microliters of
1:10 diluted cDNAwas used as template for the polymerase
chain reaction (PCR) with the SYB Green PCR Master Mix
(Applied Biosystem, Foster City, CA) in a real-time
thermocycler (ABI PRISM 7300; Applied Biosystem)
following the manufacturer's instructions. In some cases,
we confirmed the results by performing the real-time PCR
with Taqman probes (GLP-1R: ref Rn00562406_m1; 18S:
ref. Hs99999901_s1) or by semiquantitative PCR. Primer
sequences were designed using Primer Express software
(Applied Biosystems). The real-time PCR parameters were
validated, and the best conditions and primer set were chosen
to obtain the highest specificity and efficiency on PCR
results. In this way, 2 pairs of primers for GLP-1R and a pair
for β-actin ones were tested at different combinations of
primers concentrations (50, 300, and 900 nmol/L). For the
best real-time PCR efficiency (92%), with no contaminating
products or primer dimers present in the reaction as indicated
by the melting curves, the primers finally selected for the
GLP-1R amplification were 5′-CCGGGTCATCTG-
CATCGT-3′ (300 nmol/L) and 5′-AGTCTGCATTT-
GATGTCGGTCTT-3′ (300 nmol/L), rendering a single
amplicon product of 72 bp. To control the differences in
initial RNA levels and tube-to-tube variations in real-time
r
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Fig. 3. Effects of glucose concentrations on the GLP-1R mRNA levels in
GT1-7 cells. The GT1-7 cells were incubated for 5 hours in the presence of
different glucose concentrations (2.8, 5.5, and 20 mmol/L). Total RNAwas
extracted with TRIZOL, and 1 μg was transcripted to cDNA. The cDNAwas
used as a template for the real-time PCR. A, Representative standard curves
for GLP-1R and β-actin. The correlation coefficient for standard curves
ranged from 0.995 to 0.999, suggesting that the quantification was accurate
(CT 40 means that there was no detectable signal after 40 cycles of PCR
amplifications). B, The bars represent the GLP-1R mRNA fold increase
expression after normalization by β-actin and as compared with the
5.5 mmol/L–glucose values. Each value is the mean ± SEM of duplicates of
at least 3 independent experiments. **P ≤ .01 (20 vs 5.5 mmol/L glucose).

Fig. 4. Effects of regulatory peptides on the GLP-1R mRNA levels in GT1-7
cells. The GT1-7 cells were incubated for 5 hours in the presence of
5.5 mmol/L glucose (CT) and the indicated peptides: 10 nmol/L LEP,
10 nmol/L GLP-1, 100 nmol/L NPY, 10 nmol/L INS. Total RNA was
extracted with TRIZOL, and 1 μg was transcripted to cDNA. The cDNAwas
used as a template for the real-time PCR. The bars represent the relative
abundance of GLP-1R mRNA after normalization by β-actin; comparisons
were done with the 5.5 mmol/L–glucose values. Each value is the mean ±
SEM of at least 3 independent experiments. **P ≤ .01 (LEP vs CT).
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PCR, a primer pair for β-actin (300 nmol/L) was included in
each PCR amplification. The control β-actin amplification
primers were 5′-AGGCCAACCGTGAAAAGATG-3′ and
5′-CACAGCCTGGATGGCTACGTA-3′, which resulted in
an amplicon of 80 bp. The conditions used were as follows:
50°C for 2 minutes, 95°C for 10 minutes, followed by
40 cycles of 95°C for 15 seconds and 60°C for 1 minute.
Using the manufacturer's software, a threshold above the
noise was chosen; and the cycle number at which fluorescence
exceeded the threshold (CT) was determined for each well.
In each real-time PCR assay, a standard curve was generated
by 10-fold serial dilutions in water of the cDNA samples.
An example is shown in Fig. 3, where the slopes were
around 3.03 and 3.23 for GLP-1R and β-actin, respectively.

The mean CT value for each cDNA sample was expressed
as an arbitrary value relative to the standard curve after linear
regression analysis. Data were normalized with β-actin
values and were expressed as arbitrary units, considering the
results obtained after the incubation of the biological samples
with 5.5 mmol/L glucose alone as a value of “1”.

2.5. Statistical analysis

All values are presented as mean ± SEM. Comparisons
among groups were made using analysis of variance. P≤ .05
was considered statistically significant.
3. Results

3.1. Effects of glucose and/or regulatory peptides on
GLP-1R promoter activity in GT1-7 cells

The action of glucose and of regulatory peptides on GLP-
1R promoter activity was tested in GT1-7 cells transfected
with the GLP-1R promoter fused to the luciferase gene. The
GLP-1R promoter activity was higher at 5.5 and 20 mmol/L
than at 2.8 mmol/L glucose (Figs. 1 and 2). In addition, the
regulatory peptides studied modulated GLP-1R gene tran-
scription; such was the case of leptin, which induced a
significant increase in promoter activity (Fig. 2), with this
effect being higher at lower glucose concentrations. The only
peptide that inhibited transcriptional activity was GLP-1,
which significantly reduced promoter activity at 5.5 mmol/L
glucose (Fig. 2). By contrast, neuropeptide Y (NPY), the
main orexigenic peptide, and insulin did not induce promoter
activity (Fig. 2). Interestingly, when the cells were incubated
with both leptin and NPY, the latter blocked the stimulating
effect of leptin (from 1.57 ± 0.26 relative luciferase activity
when cells were incubated with 2.8 mmol/L glucose and
10 nmol/L leptin to 1.02 ± 0.13 relative luciferase activity
when they were incubated with the same components plus
100 nmol/L NPY).



ig. 6. Effects of regulatory peptides on GLP-1R mRNA levels as
etermined by real-time RT-PCR in hypothalamic slice explants. The
ypothalamic slice explant cultures were incubated for 5 hours in a medium
at contained 5.5 mmol/L glucose (CT) and different peptides at the
dicated concentrations. The VMH and LH nuclei were dissected from the
ypothalamic slices, and total RNAwas extracted to make the RT and real-
me PCRs. The bars represent the relative abundance of GLP-1R mRNA
fter normalization by β-actin (1 = values obtained in VMH at 5.5 mmol/L).
ach value is the mean ± SEM of 3 ≤ n ≤ 8 independent experiments.
**P ≤ .001 (CT vs incubated with peptide).
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3.2. Effects of glucose and/or regulatory peptides on
GLP-1R mRNA levels in GT1-7 cells

The GLP-1R mRNA levels were modified by glucose
concentrations and by leptin (Figs. 3 and 4). The real-time
PCR results revealed that 20 mmol/L glucose produced a
significant reduction in the expression of GLP-1R as
compared with the values obtained at 2.8 and 5.5 mmol/L
glucose (Fig. 3). When the effect of the peptides was studied
at 5.5 mmol/L glucose, leptin showed the greatest activity on
GLP-1R expression (Fig. 4), increasing the mRNA levels by
2-fold with respect to control conditions. In contrast, GLP-1,
NPY, and insulin had no effect (Fig. 4).

3.3. Effects of glucose and/or regulatory peptides on the
expression of GLP-1R in hypothalamic slice explants

In an attempt to gain further physiological insight into the
effects of glucose and/or regulatory peptides on GLP-1R
expression, we developed an experimental design with
hypothalamic slices in which receptor expression was
studied in the VMH and the LH areas by real-time PCR.
These areas have antagonist effects on the control of
food intake and on the functioning of the glucose sensor.
Although most authors have used hypothalamic slices from
7-day-old rat pups for long-term cultures, we preferred to use
short-term cultures of tissue slices from adult rats because,
at this age, the whole of the neuronal network related to
feeding behavior and the interactions of orexigenic and
anorexigenic peptides with their receptors have already been
Fig. 5. Effects of glucose concentrations on GLP-1R mRNA levels as
determined by real-time reverse transcriptase (RT)–PCR in hypothalamic
slice explants. The hypothalamic slice explant cultures were incubated for 5
hours in a medium that contained 0.5, 1, 2.8, 5.5, or 20 mmol/L glucose. The
VMH and LH areas were dissected from the hypothalamic slices after the
incubation period, and total RNAwas extracted for RT and real-time PCRs.
The bars represent the relative abundance of GLP-1R mRNA after
normalization by β-actin (1 = VMH at 5.5 mmol/L glucose). Each value is
the mean ± SEM of at least 3 independent experiments. **P ≤ .01 (VMH vs
LH); ###P ≤ .001 (2.8 or 5.5 mmol/L glucose VMH vs 20 mmol/L glucose
VMH).
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established, which may offer a better physiological design.
Cell viability in the hypothalamic slices was tested with
propidium iodide or trypan blue immediately after the slices
had been obtained from the whole hypothalamus and
16 hours later, when the different experiments were done.
A minor degree of propidium or trypan blue staining at the
face of tissue cut was observed after hypothalamus
sectioning, but this did not increase 16 hours later with the
culture of the tissue specimens.

Because the expression of the immediate early gene
product, c-Fos, is an indicator of neuronal activity, this
procedure has been used in many studies [27,28]. Neuronal
functional activity was tested in VMH and LH areas by
incubation of hypothalamic slices with different glucose
concentrations; after the isolation of these areas, we
determined c-Fos protein levels. These protein levels were
high in the VMH and lower in the LH in response to high
glucose concentrations (20 mmol/L), whereas 1 mmol/L
glucose produced a significant increase in LH as compared
with VMH [29].

The effects of glucose variations in the extracellular space
on GLP-1R mRNA levels were area-specific. Thus, the
increase in glucose concentration from 5.5 to 20 mmol/L
produced a 4-fold increase in GLP-1R expression in the
VMH but did not elicit any change in the LH (Fig. 5).
However, the decrease in glucose levels from 5.5 to
2.8 mmol/L reduced the expression of the receptor only in
LH and not in VMH. Obviously, glucose concentrations
produce a distinctive response in the GLP-1R mRNA levels
of VMH and LH. Thus, whereas at 0.5 or 20 mmol/L



45C. Sanz et al. / Metabolism Clinical and Experimental 57 (2008) 40–48
glucose, the GLP-1R mRNA levels were similar in both
areas, at 1, 2.8, and 5.5 mmol/L glucose, there were higher
levels of GLP-1R expression in LH than in VMH (Fig. 5).
Furthermore, at 5.5 mmol/L glucose, in the VMH, GLP-1R
mRNA expression was significantly increased by leptin; but
in LH, this effect was not observed (Fig. 6). No changes were
found when GLP-1 or NPY were added to the incubation
medium in VMH area. However, in the LH, where the GLP-
1R expression is higher than in VMH at 5.5 mmol/L glucose,
none of the regulatory peptides cited increased GLP-1R
mRNA expression. Even NPY reduced significantly it, this
being the peptide with the strongest effect.
4. Discussion

A complex network of neurons containing orexigenic
and anorexigenic peptides and metabolic sensors interacting
with one another in the hypothalamus enables the control
of metabolic homeostasis and the nutritional state of the
organism. Because the expression of the GLP-1 receptor
may contribute to this process because of the anorexigenic
properties of its ligand, we designed an experimental model
to study its activity in response to regulatory peptides and
to the level of glucose in the extracellular space mainly in
the VMH and LH areas because they are implicated in
feeding behavior and contain significant amounts of
glucose sensors. Based on normal feeding in the GLP-1
receptor knockout mouse, the involvement of GLP-1
neurons in the anorexic actions of this peptide has been
questioned. This apparent paradox may be explained
because there are many anorexigenic peptides that may
act either alone or through leptin or GLP-1 receptors in the
control of feeding behavior, up to a point at which no
significant alterations are observed when one of these
peptides is missing. To study the transcriptional regulation
of the GLP-1R gene, we used the GT1-7 cell line,
of hypothalamic origin, transiently transfected with vectors
containing the promoter of GLP-1R fused to the luciferase
gene. The cell line represents an interesting model for
studying the transcriptional regulation of GLP-1R gene
because the transfection method cannot be applied to other
systems, including hypothalamic slices. Originally, GT1-7
cells were used because they exhibited a cell physiology
that resembles the luteinizing hormone–releasing hormone
neuronal function in vivo, which might suggest that they do
not represent a good model to study the effects of
anorexigenic and orexigenic peptides. However, in the
last years, GT1-7 cells have been used in many studies
implicated in feeding behavior. Thus, the expression of
feeding-related peptide receptor mRNAs in GT1-7 cells and
the role of leptin and orexins in the control of GnRH
secretion have been described [30]. In addition, there are
experimental evidences indicating that GT1-7 are glucose-
sensing cells [22,21,29] that are able to respond to glucose
deprivation or high glucose levels, have endogenous GLP-
1R expression [30], and respond to GLP-1 treatment
[29,31]. Recently, we have validated the GT1-7 cells as a
model to study the effects of glucose and of anorexigenic
and orexigenic peptides on the transcription expression and
catalytic activities of glucokinase [29], which highlights
also the interest in these cells to investigate other neuronal
functions not directly related with the luteinizing hormone–
releasing hormone physiology, but rather with regulatory
peptides implicated in feeding behavior. These facts
reinforce the importance of GT1-7 cells mainly because,
with a more physiological model such as hypothalamic
slices, we obtained the same results with these cells on the
stimulation of GLP-1R expression by leptin and the
unresponsiveness to NPY. Furthermore, it is necessary to
keep in mind that, although these cells offer some
advantages, they constitute a limited experimental model
because this tumor-derived cell line may not fully represent
the hypothalamic physiology. To validate the finding with
GT1-7 cells, we used a more physiological model such as
rat hypothalamic slices, obtaining with both systems the
same results. The GLP-1R gene transcription was modu-
lated by changes in glucose concentrations, but the effect in
the expression of GLP-1R mRNA was different. An
explanation for this paradox may be due to the existence
of different regulatory sequences in the human promoter
used to study the transcriptional regulation as compared
with the mouse promoter present in the endogenous GLP-1
receptors of GT1-7 cells. In addition, the presence of leptin
significantly increased and NPY did not change the
expression of GLP-1R gene, both at gene transcription
level and at mRNA expression.

The response of GT1-7 cells to regulatory peptides and
glucose may not reflect the true biological responses of the
hypothalamus to these stimuli because of the complexity of
brain tissue architecture and the relationship of regulatory
peptides and their receptors at different locations in the brain.
Taking this idea into consideration, we used hypothalamic
slices that were incubated in the presence of different stimuli,
after which the VMH and LH were isolated to determine the
GLP-1R mRNA levels. We selected these 2 areas because
they are considered the areas that control feeding behavior
and they contain the 2 main types of glucose-sensor cells.
Our findings indicating the distinctive c-Fos expression in
response to different glucose concentrations [29] indicate
that these hypothalamic slices kept in vitro the functional
activity found in the whole animal [32]. Our results also
indicate that glucose induces a different pattern of GLP-1R
expression between GT1-7 cells and hypothalamic slices,
and the differences were also evident between the VMH and
LH. Thus, whereas the expressions of GLP-1R were similar
in both areas at high concentrations of glucose (20 mmol/L),
the responses at lower glucose concentrations were sig-
nificantly different. These findings may reflect a distinctive
response to changes in glucose concentrations of neurons
located in the VMH and LH. The different GLP-1R gene
expression in response to glucose in certain hypothalamic
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nuclei suggests that GLP-1R gene expression would not
only be tissue-specific but also even cell-specific in defined
brain areas. These findings also support the usefulness of
hypothalamic slices for these kinds of studies because they
express the opposite effects observed in vivo between
VMH and LH.

Because the concentrations of extracellular glucose in the
brain seem to be lower than those in blood (from 0.5 to
4.5 mmol/L) [33], we used a broad range of glucose
concentrations from 0.5 to 20 mmol/L to get general
information of the effects of glucose on GLP-1R expression.
We did observe effects of glucose within this physiological
range but also at 20 mmol/L glucose; this could be explained
in terms of the presence of neurons that are stimulated by an
increase from 5 to 20 mmol/L glucose [34]. Obviously,
20 mmol/L of glucose can be considered as a pharmacolo-
gical concentration; but these levels may be found in the
blood of uncontrolled diabetic patients, and the results
obtained under this circumstance may be of interest from a
pathophysiological point of view. We also found that
regulatory peptides have specific effects depending on the
tissue location. Thus, leptin stimulated in a dose- and time-
dependent manner (data not shown) the GLP-1R mRNA
levels in the VMH, as was the case with GT1-7 cells,
whereas NPY did not change it. However, they had a
different action in the LH, in apparent agreement with the
well-known distinctive functions observed in this area for
other parameters. Thus, NPY, which acts with antagonist
function to leptin, decreased significantly the GLP-1R
expression in LH.

The actions of GLP-1 on VMH and LH contribute to
feeding termination and satiety [35-37]. Orexigenic and
anorexigenic peptides located in the VMH, LH, paraven-
tricular, and arcuate nuclei interact with one another in such a
way that they can induce a characteristic feeding behavior.
The cooperative effects between these 2 types of regulatory
peptide can also be considered, as in the case of the
stimulating action of GLP-1(7-36)amide on corticotropin-
releasing hormone (CRH) neurons [38], which enhances the
effects of both peptides on the inhibition of feeding.
Furthermore, leptin reduces food intake and body weight
by inhibiting the activity of hypothalamic neurons that
produce orexigenic peptides, such as NPY, melanin-
concentrating hormone, galanin, and agouti-related peptide
[39-41]. Thus, leptin receptors are present on NPY neurons
in the hypothalamus [42]; and the mutation of these receptors
leads to the insensitivity of these animals to the inhibitory
action of leptin on NPY expression [43]. According to our
results, it seems to be possible that the anorexigenic action of
leptin is reinforced by its effect on a greater expression of
the GLP-1 receptor and favored by decreased levels of NPY.
In addition, leptin stimulates the activity of neurons
containing anorexigenic peptides, such as CRH, neurotensin,
α-melanocyte stimulating hormone, and cocaine- and
amphetamine-regulated transcripts [39-41]. In fact, both
the CRH receptor and the melanocortin-4 receptor antago-
nists are able to block the anorexigenic effects of leptin [44].
Furthermore, leptin increases the synthesis of GLP-1 in
the nucleus of the tractus solitarius and the content
of this peptide in hypothalamic nuclei [45], whereas
exendin(9-39)—the specific antagonist of GLP-1—blocked
both effects. These findings suggest that leptin inhibits food
intake, at least in part, by activation of GLP-1 synthesis by
specific neurons and, according to our results, by stimulating
the expression of GLP-1 receptors.

Antagonist effects between GLP-1 and NPY as shown in
this work by the blocking action of NPY on the stimulated
effect of leptin on GLP-1 receptor expression are similar to
the reduced neuronal activity of GLP-1 and leptin during
fasting that favors the release of NPY from the arcuate
nucleus, whereas the administration of leptin to fasted
animals inhibits this increase in NPY and reduces food
intake [46]. These findings can be explained in terms of the
notion that NPY neurons that are activated by fasting
would be the ones that express the long form [47] of the
leptin receptor. It is noteworthy that where NPY neurons do
not express significant amounts of the long form of the
leptin receptor, they are not activated by fasting. In
addition, anorexigenic peptides may also facilitate the
shift of the fasting to the fed status [43,47] and hence play
an important role in the adaptive response to negative
energy balance. In summary, our findings support a
distinctive response in VMH and LH hypothalamic areas
to glucose oscillations in the extracellular space and
likewise a different modulation by orexigenic and anorexi-
genic peptides in these areas. Thus, the stimulating effect of
leptin on GLP-1R expression with no changes in NPY-
induced activity could enhance the anorexic actions
generated through this receptor.
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