Feeding regulation in the brain: Role of
galanin-like peptide (GALP)
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Summary. Galanin-like peptide (GALP), a 60-amino acid peptide that
influences feeding behavior and energy metabolism, is produced in the
hypothalamic arcuate nucleus (ARC). GALP-containing neurons send
outputs to orexin-, melanin-concentrating hormone (MCH)-, and tyrosine
hydroxylase (TH)-containing neurons, and receive inputs from orexin- and
neuropeptide Y-containing neurons. In addition, some GALP-containing
neurons have been shown to co-localize with a-melanocyte-stimulating
hormone (a-MSH), which is an anorexigenic peptide derived from
proopiomelanocortin (POMC). c-Fos experiments have shown that GALP
activates neurons in the lateral hypothalamus (LH), a feeding center where
orexin- and MCH-containing neurons are known to be located. Moreover,
c-Fos expressions have been observed in orexin- but not MCH-containing
neurons in the LH. To determine whether GALP regulates feeding behavior
via orexin neurons, the feeding behavior of rats was studied following the
intracerebroventricular (icv) injection of GALP with or without anti-orexin
A and B immunoglobulin (IgG) pretreatment. The anti-orexin IgGs mark-
edly inhibited GALP-induced acute hyperphagia. These results strongly
suggest that orexin-containing neurons in the LH are targeted by GALP, and
that GALP induces feeding activity through orexin-containing neurons in
the LH. To clarify the neural network and the function of GALP neurons, we
have generated a transgenic mouse strain which expresses enhanced green
fluorescence protein (¢GFP) under the control of a promoter of the GALP
gene. Using confocal laser microscopy techniques, eGFP fluorescence was
detected in the ARC of colchicine-treated GALP-eGFP transgenic mice.
These transgenic animals could serve as-a powerful tool in the morpho-
logical and electrophysiological analysis of GALP-containing neurons.
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1 Introduction

Galanin-like peptide (GALP) is 60 amino acid peptide which was discov-
ered in porcine hypothalamus extracts using a binding assay for galanin
receptors (Ohtaki et al. 1999). This peptide shares amino acid sequence
homology with galanin (1-13) in position 9-21. The intracerebroventricular
(icv) injection of GALP increases food intake in rats in the first 2 h after
injection, but does not alter food intake in mice 2 h after injection (Krasnow
et al. 2003; Lawrence et al. 2003; Matsumoto et al. 2002). However, in both
species GALP decreases food intake and body weight gain 24 h after in-
jection (Krasnow et al. 2003; Lawrence et al. 2002; Lawrence et al. 2003).
These results suggest that GALP influences feeding behavior and energy
metabolism in rodents.

2 Neuronal circuits involving GALP in the hypothalamus

GALP mRNA is expressed in the hypothalamic arcuate nucleus (ARC) of
rodents (Fujiwara et al. 2002; Jureus et al. 2000; Kerr et al. 2000; Larm and
Gundlach 2000; Shen and Gundlach 2004; Takatsu et al. 2001). The in-
traperitoneal injection of leptin increases the expression of GALP mRNA,
which contrasts with the fasted state in which low plasma levels of leptin
parallel that of decreased GALP mRNA expression. It has been demon-
strated immunohistochemically that GALP-containing cell bodies are pre-
sent in the ARC, and that more than 85% of GALP-containing neurons ex-
press leptin receptors on their surface membranes (Takatsu et al. 2001).
These results suggest that the expression of GALP is controlled by leptin.
We have determined immunohistochemically some aspects of neuronal
circuits involving GALP. GALP-containing fibers are present in several
regions: the lateral hypothalamus (LH), the paraventricular nucleus (PVN),
the bed nucleus of the stria terminalis (BST) and the medial preoptic area
(MPA) (Takatsu et al. 2001; Takenoya et al. 2006; Takenoya et al. 2005).
GALP-containing neurons send outputs to orexin- and mela-
nin-concentrating hormone (MCH) in the LH, as well as tyrosine hydoxy-
lase-containing neurons in the ARC (Kageyama et al. 2008; Takenoya et al.
2005). GALP-containing neurons receive inputs from orexin-containing
neurons in the LH and from neuropeptide Y-containing neurons in the ARC
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(Takenoya et al. 2003; Takenoya et al. 2002). GALP-containing neurons
co-localize with a-melanin stimulating hormone (a-MSH), which is derived
from proopiomelanocoltin (POMC) (Fig.1) (Takenoya et al. 2002). Fur-
thermore, GALP-containing neurons also express orexin receptors (Ta-
kenoya et al. 2003). On this basis, it can be seen that GALP-containing
neurons form neural circuits that involve several types of feeding-regulating
peptide-containing neurons.
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Fig. 1. Neuronal circuits involving GALP in the hypothalamic region. MCH,
melanin-concentrating hormone; DA, dopamine; NPY, neuropeptide Y;
POMC, proopiomelanocortin; LH, lateral hypothalamus, VMH, ventrome-
dial hypothalamus; ARC, arcuate nucleus; 3V, third ventricle; +, physio-
logical stimulating action; -, physiological suppressing action; ?, unknown.

3 Neuronal feeding-regulating pathways involving GALP

Icv injection of GALP activates many neuronal nuclei in the rat hypo-
thalamus. The nuclei of neurons activated by GALP can be identified by
their c-Fos expression, a marker of a neuronal activation, after central in-
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jection of GALP (Cunningham 2004; Fraley et al. 2003; Fraley et al. 2004;
Kageyama et al. 2006; Kauffman et al. 2005; Kuramochi et al. 2006; Law-
rence et al. 2003; Man and Lawrence 2008; Matsumoto et al. 2001). When
GALP is injected into the lateral ventricle of the rat brain, c-Fos-like im-
munoreactivity can be identified in neurons located in the MPA, PVN, LH,
ARC, supraoptic nucleus (SON) and dorsomedial nucleus of the hypo-
thalamus (DMH), and the nucleus tractus solitarius in the brainstem (NTS)
(Lawrence et al. 2003). Furthermore, GALP activates astrocytes but not
microglia in the hypothalamus (Lawrence et al. 2003), and ependymal cells
in the peri-third ventricle. However, c-Fos expression was hardly induced in
the ventromedial hypothalamus. The exact location(s) of the main target
area(s) of GALP in the brain or the kinds of cells affected in cases of in-
creased food intake activity are yet to be fully identified.

The LH is a recognized feeding-regulation center in the rat brain, and
GALP has been shown to induce c-Fos expression in many neurons within
this region. In order to identify the nature of c-Fos-expressing neurons in the
LH, we focused on orexin- and MCH-containing neurons, and performed
double immunostaining for both c-Fos and orexin or MCH. c-Fos-like
immunoreactivity was found to be observed in  many
orexin-immunopositive but not in MCH-immunopositive neurons in the LH
(Kageyama et al. 2006). We also made a quantitative analysis of c-Fos
expression in neurons in the LH after icv infusion of GALP. The number of
c-Fos-immunopositive neurons in the GALP-infused group was more than
twice that of the control group. In orexin-immunopositive neurons, the
number of neurons showing c-Fos-like immunoreactivity more than dou-
bled after infusion of GALP (Kageyama et al. 2006). These morphological
observations suggest that GALP simulates orexin neurons but has no effect
on MCH-immunopositive neurons. Furthermore, at the EM level, dou-
ble-labeling immunohistochemistry experiments showed that GALP im-
munopositive axon terminals make synaptic contacts with orexin im-
munopositive cell bodies and their dendritic processes.

Although we have shown morphologically that GALP stimulates feeding
behavior through orexin-containing neurons, it is not known whether en-
dogenous orexin itself plays an important role in GALP-related feeding
regulation. In order to determine whether GALP physiologically regulates
feeding behavior via orexin-containing neurons, the feeding behavior of rats
was studied following icv injection of GALP with or without anti-orexin A
and B immunoglobulin (IgG) pretreatment. The anti-orexin IgGs markedly
inhibited GALP-induced hyperphagia (Kageyama et al. 2006). These results
suggest that orexin-containing neurons in the LH are targeted by GALP, and
that GALP simulates feeding behavior through orexin-containing neurons
in this brain region. Moreover, Kuramochi et al. (Kuramochi et al. 2006)



45

reported that GALP activates NPY-containing neurons in the DMH and that
this promotes feeding behavior. Thus, it is suggested that GALP mediates
feeding behavior via 2 different pathways.

4 Generation of a transgenic mouse that ex-
presses enhanced green fluorescent protein
(eGFP) under the control of the GALP gene pro-
moter

We attempted to visualize the neural circuitry involving GALP neurons and
to clarify the function of GALP neurons using electrophysiological tech-
niques such as patch clamp or intracellular calcium imaging experiments. In
order to visualize GALP neurons without immunohistochemistry using
anti-GALP antibody and to isolate GALP neurons for electrophysiological
studies, we have generated a transgenic mouse that expresses enhanced
green fluorescent protein (eGFP) under the control of the GALP gene
promoter. We constructed a transgene in which a 12.6 kb of DNA fragment
containing presumed regulatory region of mouse GALP was ligated to a
fragment containing both cDNA encoding eGFP and a poly adenylate signal
site of the rabbit beta-globin gene. Transgenic mice were generated by
microinjection of the transgene into fertilized eggs. eGFP fluoresces in the
ARC of colchicine-treated GALP-eGFP transgenic mice as visualized using
confocal laser microscopy. The results were consistent with other studies
showing that GALP is located in the hypothalamic ARC. These transgenic
animals could serve as a powerful tool for the morphological and electro-
physiological analysis of GALP-containing neurons.
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Fig. 2. Strategy for analysis of GALP function. Refer to color plates.
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