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ABSTRACT

Ghrelin is a hormone that stimulates growth hormone secretion and signals energy
insufficiency via interaction with its receptor, the growth hormone secretagogue receptor
(GHSR). The GHSR is located in both the central nervous system and the periphery. Its
distribution in the CNS, as assessed by in situ hybridization histochemistry (ISHH), has been
described previously in a few mammalian species, although these studies were limited by
either the detail provided or the extent of the regions examined. In the present study, we
systematically examined the distribution of GHSR mRNA in the adult rat and mouse brains
and cervical spinal cords by using ISHH with novel cRNA probes specific for the mRNA
encoding functional GHSR (the type la variant). We confirmed GHSR mRNA expression in
several hypothalamic nuclei, many of which have long been recognized as playing roles in
body weight and food intake. GHSR also was found in several other regions previously
unknown to express GHSR mRNA, including many parasympathetic preganglionic neurons.
Additionally, we found GHSR mRNA within all three components of the dorsal vagal com-
plex, including the area postrema, the nucleus of the solitary tract, and the dorsal motor
nucleus of the vagus. Finally, we examined the coexpression of GHSR with tyrosine hydrox-
ylase and cholecystokinin and demonstrate a high degree of GHSR mRNA expression within
dopaminergic, cholecystokinin-containing neurons of the substantia nigra and ventral teg-
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Ghrelin was identified in 1999 as the endogenous ligand
of the growth hormone secretagogue receptor (GHSR; gh-
relin receptor) and was named for its potent growth hor-
mone (GH)-secreting properties (Kojima et al., 1999). It is
synthesized primarily by gastric endocrine cells, and is
also produced by endocrine cells located in other periph-
eral tissues, such as the intestines and pancreas (Kojima
et al., 1999; Date et al., 2000, 2002; Hosoda et al., 2000;
Tschop et al., 2000; Ariyasu et al., 2001; Horvath et al.,
2001; Lee et al., 2002; Volante et al., 2002; Prado et al.,
2004; Wierup et al., 2004; Dezaki et al., 2004). In addition
to its role as a GH secretagogue, ghrelin stimulates gas-
trointestinal motility and gastric acid secretion, affects
blood pressure and heart rate, stimulates neurogenesis,
and affects the release of many hormones, including insu-
lin (Masuda et al., 2000; Asakawa et al., 2001; Date et al.,
2002; Matsumura et al., 2002; Trudel et al., 2002; Egido et
al., 2002; Ishizaki et al., 2002; Lee et al., 2002; Arosio et
al., 2003; Dezaki et al., 2004; Lin et al., 2004; Zhang et al.,
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2004). Several studies have also examined ghrelin’s role in
body weight homeostasis and have established ghrelin as
an important indicator of energy insufficiency (Kamegai et
al., 2000; Tschop et al., 2000; Asakawa et al., 2001, 2003;
Cummings et al., 2001, 2002; Nakazato et al., 2001; Wisse
et al., 2001; Wang et al., 2002; Yasuda et al., 2003). The
central role of ghrelin in body weight homeostasis and the
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critical importance of GHSR in transmitting ghrelin’s en-
ergy balance and GH secretory messages are highlighted
by recent studies on a GHSR knockout mouse model (Sun
et al., 2004). In these mice, global deletion of GHSR re-
sults in a lean phenotype and altered orexigenic and GH-
secretory responses to administration of ghrelin (Sun et
al., 2004).

GHSR expression in the brain has been examined
previously using a variety of techniques, including ribo-
nuclease protection assay, reverse transcriptase—
polymerase chain reaction (RT-PCR), binding studies,
immunohistochemistry (IHC), Western blot analysis,
and in situ hybridization histochemistry (ISHH)
(Howard et al., 1996; Guan et al., 1997; Bennett et al.,
1997; Tannenbaum et al., 1998; Willesen et al., 1999;
Kamegai et al., 1999; Katayama et al., 2000; Mitchell et
al., 2001; Shuto et al., 2001; Gnanapavan et al., 2002).
The ISHH studies have included analyses of rhesus
monkey and rat, both of which were found to express
particularly high levels of GHSR in the arcuate nucleus
(Arc) and ventromedial nucleus (VMH) of the hypothal-
amus (Howard et al., 1996; Bennett et al., 1997; Guan et
al., 1997; Mitchell et al., 2001). The study by Guan et al.
(1997) also described GHSR expression in other hypo-
thalamic and extrahypothalamic structures within the
rat brain, although it included an insufficient number of
photomicrographs to thoroughly assess the distribution
of GHSR in great detail. The study by Mitchell et al.
(2001), in which the distribution of GHSR within rat
and lemur brains was examined, provided significantly
more detail and, for instance, localized GHSR to several
structures not previously reported. However, their anal-
ysis was limited in that it focused on GHSR expression
in the pituitary and in a region spanning the rostral
hypothalamus to the mamillary bodies; the brainstem,
for instance, was not examined (Mitchell et al., 2001). A
few studies have also explored the chemical phenotypes
of arcuate and VMH GHSR neurons within the rat, includ-
ing the degrees of coexpression with growth hormone releas-
ing hormone, neuropeptide Y (NPY), pro-opiomelanocortin
(POMC), somatostatin, and tyrosine hydroxylase (TH)
(Tannenbaum et al., 1998; Willesen et al., 1999; Shuto et
al., 2002). A detailed distribution study on GHSR expres-
sion within the mouse CNS has not yet been reported.
Such information specifically for the mouse will be impor-
tant in future studies with transgenic mouse models that
target GHSR expression or target deletion of such expres-
sion to specific neuronal sites or to neurons of a specific
chemical phenotype.

In the present study, we systematically examined the
distribution of GHSR mRNA throughout the adult rat
brain and cervical spinal cord by using ISHH with a novel
cRNA probe specific for the mRNA encoding the functional
GHSR (type la) variant in the rat. We also assessed the
distribution of GHSR throughout the adult mouse brain
and cervical spinal cord using a mouse GHSR type la
variant-specific riboprobe. In addition, we examined the
TH and cholecystokinin (CCK) contents of neurons ex-
pressing GHSR mRNA within the rat brain in order to
better determine the chemical phenotypes of ghrelin-
responsive neurons and to provide clues as to possible
downstream mediators of ghrelin action.
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MATERIALS AND METHODS
Animals and histology

Adult male pathogen-free Sprague-Dawley rats (250—
350 g; Taconic, Germantown, NY) and adult male
pathogen-free C57BL6/J mice (25-30 g; Jackson Labora-
tory, Bar Harbor, ME) were housed with food and water
available ad libitum in light- and temperature-controlled
environments. For procurement of tissue for histological
examination, animals were deeply anesthetized with in-
traperitoneal injection of chloral hydrate (350 mg/kg for
rats and 500 mg/kg for mice) and subsequently perfused
transcardially with diethylpyrocarbonate (DEPC)-treated
0.9% phosphate-buffered saline (PBS) followed by 10%
neutral buffered formalin. Animals used to examine
GHSR-CCK co-expression were first injected intracere-
broventricularly with colchicine 24 hours prior to tran-
scardial perfusion. Brains and spinal cords were removed,
stored in the same fixative for 4—6 hours at 4°C, immersed
in 20% sucrose in DEPC-treated PBS, pH 7.0 at 4°C over-
night, and cut on a freezing microtome coronally into five
equal series at either 30 pm (rat) or 25 pm (mouse). The
sections were placed at —20°C in an antifreeze solution
(Simmons et al., 1989) until further histological process-
ing.

For each animal, sections extending from the anterior
olfactory nucleus to the cervical region of the spinal cord
were examined histologically. For some of the animals,
adjacent series of sections were stained with thionin to
identify regional boundaries (Marcus et al., 2001). The
animals and procedures used were in accordance with the
guidelines and approval of the Harvard Medical School
and Beth Israel Deaconess Medical Center Institutional
Animal Care and Use Committees.

Generation of GHSR cRNA probes

We generated three novel cRNA probes for use in this
study. The first probe contained 372 ribonucleotides and
was complementary to the first 255 nucleotides (nt) of the
3" untranslated region (3'-UTR) and a small part of the
contiguous upstream coding region (encoding the
C-terminal 38 amino acids and stop codon) of rat GHSR
type 1a mRNA. A similar probe specific for the correspond-
ing region in mouse GHSR type 1a mRNA was also gen-
erated. A third, smaller probe was complementary to the
first 255 nt of the 3’-UTR of rat type 1a mRNA but did not
contain any sequence complementary to the coding region.
These probes were generated by PCR amplification of
either rat brain cDNA or mouse brain ¢cDNA (ClonTech,
Palo Alto, CA) with the following oligonucleotide primer
pairs:M34, 5'-TGAGCTGCAAAGCTGCCAGTAG-3’ and
M35, 5'-AAGTACCGGGTGGCAGTGTTCA-3’ (for the
larger rat probe used for most of the studies on rat tissue),
M36, 5'-AAGTAACCACTGACAGGACTGGT-3' and M37,
5'-CAGGAGAGTGCTGGGAGTTGCA-3' (for the mouse
probe), and M38, 5'-GGAATCCAAGAAGCCACCAG-
CTA-3’ and M39, 5'-TTTATTTGTAAGTCAGCAGGA-
GAGT-3’ (for the shorter rat probe used to confirm the
observations made with the M34/M35-amplified rat
probe). These probes were designed using the published
sequence of rat GHSR (McKee et al., 1997) and mouse
GHSR mRNA sequence data from the Celera Genomics
database (South San Francisco, CA). The amplified PCR
products were gel-purified and then subcloned into PCR4-
TOPO vector (Invitrogen, Carlsbad, CA), according to the



530

manufacturer’s protocol. The sequences and directionali-
ties of the inserts were confirmed by DNA sequencing at
the core DNA sequencing facility at Beth Israel Deaconess
Medical Center. To generate antisense °S-labeled cRNA
to use as probes, the plasmids were linearized by restric-
tion digestion and then subjected to in vitro transcription
with either T3 or T7 RNA polymerases according to the
manufacturer’s protocol (Ambion, Austin, TX). Control
sense riboprobes were similarly generated.

Single-label ISHH

Single-label ISHH was performed as reported previ-
ously by our laboratory (Marcus et al., 2001; Kishi et al.,
2003). One to three series from seven different rat brains
and six different mouse brains were examined. Tissue
sections were mounted onto SuperFrost slides (Fisher Sci-
entific, Pittsburgh, PA), air-dried, and stored in desiccated
boxes at —20°C. Prior to hybridization, sections were fixed
in 4% formaldehyde in DEPC-treated PBS, pH 7.0, for 20
minutes at 4°C, dehydrated in increasing concentrations
of ethanol, cleared in xylenes for 15 minutes, rehydrated
in decreasing concentrations of ethanol, and placed in
prewarmed sodium citrate buffer (95-100°C, pH 6.0).
While in the sodium citrate buffer, slides were placed in a
commercial microwave oven for 10 minutes at 20-70%
power. Afterwards, they were dehydrated, as before, in
graded ethanols and air-dried.

The 2°S-labeled cRNA probes were diluted to 10°
cpm/mL in a hybridization solution containing 50% form-
amide, 10 mM Tris-HCI, pH 8.0, 5.0 mg tRNA (Invitro-
gen), 10 mM dithiothreitol (DTT), 10% dextran sulfate, 0.3
M NaCl, 1 mM EDTA, pH 8.0, and 1X Denhardt’s solu-
tion. The slides with brain sections had hybridization so-
lution and coverslips applied and then were placed at 57°C
for 12-16 hours. Next, coverslips were removed and the
sections were then washed with 2X SSC buffer and incu-
bated in 0.002% RNase A (Roche Molecular Biochemicals,
Indianapolis, IN) with 0.5 M NaCl, 10 mM Tris-HCI, pH
8.0, and 1 mM EDTA for 30 minutes, followed by a 30-
minutes incubation in the same buffer minus the RNase.
The sections were then submitted to stringency washes as
follows:2x SSC, 0.25% DTT at 50°C for 1 hour; 0.2X SSC,
0.25% DTT at 55°C for 1 hour; 0.2X SSC, 0.25% DTT at
60°C for 1 hour. Afterwards, the sections were dehydrated
in increasing concentrations of ethanol containing 0.3 M
NH,OAC followed by a final submersion in 100% ethanol.

Slides were air-dried and placed in X-ray film cassettes
with BMR-2 film (Kodak, Rochester, NY) for 1-3 days.
Slides were then dipped in NTB2 photographic emulsion
(Kodak), dried, and stored in desiccated, foil-wrapped
boxes at 4°C for 2—-3 weeks. Finally, slides were developed
with D-19 developer (Kodak), counterstained with thionin,
dehydrated in graded ethanols, cleared in xylenes, and
coverslipped with Permaslip (Alban Scientific, St. Louis,
MO). Control experiments to confirm the specificity of this
protocol involved hybridization with sense probes and,
alternatively, with antisense probes after treatment of
sections with RNase A. These latter control experiments
showed no evidence of nonspecific labeling.

Dual-label ISHH/immunohistochemistry
(IHC)

Free-floating sections of rat brains were processed se-
quentially by ISHH and THC using a protocol reported
previously by our laboratory (Elias et al., 1998; Liu et al.,
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2003). Series of three different rat brains were processed
for GHSR-TH coexpression and series of five different
colchicine-treated rat brains were processed for GHSR-
CCK coexpression. Brain sections were first rinsed in
DEPC-treated PBS, pH 7.0, and were pretreated with 1%
sodium borohydride (Sigma, St. Louis, MO) in DEPC-
treated PBS for 15 minutes at room temperature. After
thorough washing in DEPC-treated PBS the sections were
rinsed in 0.1 M triethanolamine (TEA, pH 8.0), incubated
in 0.25% acetic anhydride in 0.1 M TEA for 10 minutes,
then washed again in 2X SSC. Next, the sections were
incubated at 57°C for 12—16 hours in the above-described
hybridization solution containing the rat GHSR riboprobe
diluted to 10° cpm/mL. Subsequently, sections were rinsed
in 4X SSC and incubated in 0.002% RNase solution (see
previous section) for 30 minutes at 37°C. Sections were
rinsed with 2X SSC and then with 50% formamide in 0.2X
SSC at 50°C. The sections were then submitted to strin-
gency washes as described in the previous section but
minus the 0.25% DTT.

THC was begun after first washing the ISHH-processed
sections in PBS, pH 7.4. Sections were pretreated with
0.3% hydrogen peroxide in PBS, pH 7.4, for 30 minutes at
room temperature and then were incubated in 3% normal
donkey serum (Jackson ImmunoResearch Laboratories,
West Grove, PA) with 0.25% Triton X-100 in PBS (PBT-
azide) for 1 hour. Next, the slides were incubated over-
night at room temperature in either a TH mouse primary
antiserum (Chemicon International, Temecula, CA,
#MAB318, lot #21082054; 1:20,000 in PBT-azide) or a
CCK-8 rabbit primary antiserum (ImmunoStar, Hudson,
WI, #20078, lot #112030; 1:10,000 in PBT). After washing
in PBS, sections were incubated in either biotinylated
donkey antimouse IgG or biotinylated donkey antirabbit
IgG (Jackson ImmunoResearch Laboratories; 1:1,000) for
1 hour at room temperature, followed by incubation for 1
hour in a solution of avidin-biotin complex (Vectastain
Elite ABC Kit, Vector Laboratories, Burlingame, CA;
1:500) diluted in PBS. The sections were next washed in
PBS and incubated in a solution of 0.04% diaminobenzi-
dine tetrahydrochloride (DAB; Sigma) and 0.01% hydro-
gen peroxide in PBS. Sections were mounted onto Super-
Frost slides and then were processed with X-ray film
followed by photographic emulsion, as described in the
previous section. Control experiments to test the specific-
ity of the IHC reactions included preadsorption of the
CCK-8 rabbit primary antiserum with 50 p.g/mL sulfated
CCK octapeptide (26-33) (Phoenix Pharmaceuticals, Bel-
mont, CA, #069-03, lot #422767), and also omission of each
primary antiserum. Staining was not observed in any of
the adsorption or primary antibody omission controls.

Data analysis and production of
photomicrographs

ISHH patterns were visualized first on autoradio-
graphic film and then by observing slides dipped in pho-
tographic emulsion for direct, cellular visualization. His-
tological detail was noted by examining adjacent brain
sections stained for thionin. Brain sections were viewed
with both a Zeiss Axioskop and a Zeiss Stemi 2000-C
dissecting microscope using both brightfield and darkfield
optics. Photomicrographs were produced with a Zeiss dig-
ital camera attached to the microscopes and a Dell desk-
top computer. Qualitative estimates of GHSR mRNA ex-
pression in specific brain sites were made by considering
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both signal strength and the number of labeled cells. Cri-
teria used to determine whether a TH-IR or CCK-IR cell
coexpressed GHSR mRNA included both 1) brightfield
visualization of silver granules overlying the DAB-stained
cell at 5X the background density of silver granule depo-
sition, and 2) conformation of the overlying silver granules
to the shape of the DAB-stained cell. An image editing
software program, Adobe PhotoShop 7.0 (San Jose, CA),
was used to combine the photomicrographs into plates,
adjust contrast and brightness, and remove any obvious
dust from the darkfield images. In order to better visualize
the silver grains in the low-power photomicrographs rep-
resented in Figure 4A,D and Figure 8A,C, two different
images of the processed brain sections were taken and
merged using Adobe PhotoShop 7.0 as follows: the first
was a brightfield image; the second was a darkfield image
that was subsequently inverted such that the bright areas
representing silver grains now appeared black; this sec-
ond image was layered onto the first image, and then the
two images were merged using the “darken” blend mode.

RESULTS

Hybridization for the type la variant of GHSR was
examined from the level of the olfactory bulbs to the cer-
vical spinal cord in both rats and mice and was found to be
widespread in both rodent species. The nomenclature used
to describe the individual brain nuclei corresponds, for the
most part, to the descriptions in the rat brain and mouse
brain atlases of Franklin and Paxinos (1997) and Paxinos
and Watson (1998). The abbreviations used in the figures
and throughout the text are denoted in Table 1 and the
figure legends. The observed expression patterns are out-
lined in Table 1 and are visually summarized in represen-
tative photomicrographs contained in Figures 1-8.

GHSR mRNA was assessed as highest density, high
density, moderate density, low density, and background
density (undetectable) by considering both signal strength
and the number of labeled cells. In addition, some areas in
which visualization of ¢cRNA signal inconsistently ap-
peared among different runs/series are also noted. In the
case of the rat the expression patterns were confirmed
with a second, smaller riboprobe whose sequence was
complementary to a portion of the 3’-untranslated region
of rat GHSR mRNA only, and did not also include se-
quence complementary to the adjacent terminal coding
region as did the main rat GHSR riboprobe used here
(data not shown). In the case of the mouse the expression
patterns were confirmed by hybridization with the rat
GHSR-specific riboprobe (data not shown).

Sites of GHSR mRNA expression

Hippocampus and septum. Weak hybridization was
observed within the horizontal and vertical limbs of the
nucleus of the diagonal band in the rat, but not the mouse
(Fig. 1B,C). Also in the rat, high-density signal was visu-
alized in the CA2 and CAS fields of Ammon’s horn and the
dentate gyrus, while moderately dense signal was present
in the CAl field (Fig. 1E-L). The differential signal inten-
sities observed in the various fields of Ammon’s horn sug-
gests specific binding of riboprobe to GHSR mRNA in
these regions, as opposed to nonspecific binding, which is
often observed in the hippocampus with other riboprobes.
Signal within the hippocampus of the mouse was observed
on an inconsistent basis (compare the signal in Fig. 2E,F).
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TABLE 1. Relative Densities of GHSR mRNA Expression in the Central
Nervous Systems of Rat and Mouse!

Rat Mouse
Cerebral cortex
Piriform cortex +/- +/—
Hippocampus and septum
Ammon’s horn, CA1 ++ +/-
Ammon’s horn, CA2 +++ +/-
Ammon’s horn, CA3 +++ +/-
Dentate gyrus-DG +++ +/—
Medial septal nucleus + -
Nucleus of the diagonal band, horizontal limb—-HDB + -
Nucleus of the diagonal band, vertical limb—VDB + -
Hypothalamus
Anterior hypothalamic area~AHA - +
Anterodorsal preoptic nucleus - +
Anteromedian nucleus—Ant ++ +4
Anteroventral periventricular nucleus—AVPe + ++
Arcuate nucleus—Arc ++++ ++++
Dorsomedial nucleus-DMH + ++
Lateral mamillary nucleus-LM +++ -
Medial preoptic nucleus + -
Parastrial nucleus - +
Paraventricular nucleus-PVH + ++
Periventricular hypothalamic nucleus—Pe - +
Premamillary nucleus, ventral-PMV - ++
Retrochiasmatic area—RCA + +
Suprachiasmatic nucleus, dorsomedial-SCh ++ +++
Ventral subparaventricular nucleus - +
Ventrolateral preoptic nucleus + -
Ventromedial nucleus, central-cVMH +++ -
Ventromedial nucleus, dorsomedial-dmVMH +4+++ -
Ventromedial nucleus, ventrolateral-vIVMH + ++
Ventromedial nucleus, capsule—capVMH - ++
Ventromedial preoptic nucleus - +
Midbrain, pons, and medulla oblongata
Area postrema—AP +++ ++
Central gray, alpha—CGa - ++
Dorsal motor nucleus of the vagus—DMNV + ++
Dorsal raphe nucleus-DR ++ +
Dorsal tegmental nucleus-DTg - +
Edinger Westphal nucleus—EW ++ ++++
Facial Motor Nucleus, dorsal cap—7 +++ ++
Facial Motor Nucleus, intermediate—7 ++ ++
Facial Motor Nucleus, lateral-7 + -
Facial Motor nucleus, medial-7 +++ ++
Interpeduncular nucleus—IP + -
Lateral parabrachial nucleus, external-exLPB ++ ++
Laterodorsal tegmental nucleus-LDTg +++ -
Magnocellular nucleus of the posterior commissure-MCPC ++ ++
Nucleus ambiguus—Amb +++ +++
Nucleus of the solitary tract-NTS ++ ++
Parabigeminal nucleus-PBG +++ -
Pedunculopontine tegmental nucleus—PPT ++ +
Raphe magnus nucleus—RMg ++ -
Retrorubral field-RRF +++ +4++
Substantia nigra, pars compacta—SNC +++ +++
Substantia nigra, pars lateralis—SNL +++ +++
Substantia nigra, pars reticulata—SNR + -
Superior salivatory nucleus—SuS +++ +++
Ventral tegmental area—VTA +++ ++

1Qualitative estimates of GHSR mRNA expression were made by considering both
signal strength and the number of labeled cells, as described in the Results section. The
following density scale was used: ++++, highest density; +++, high density; ++,
moderate density; +, low density; —, background density; +/—, inconsistent visualiza-
tion

In addition, low-density signal was observed within the
medial septal nucleus of the rat, but not the mouse.
Hypothalamus. Within the hypothalamus of the rat
(Fig. 1E-I), the most abundant and strongest GHSR sig-
nal was observed in the Arc, the VMH, and the lateral
mamillary nuclei. GHSR signal spanned the entire retro-
caudal expanse of the Arc, from the retrochiasmatic area
to the level of the lateral mamillary nucleus. A gradient of
signal strength and density was appreciated within the
VMH, with the dorsomedial part being highest, the center
part being high, and the ventrolateral part being low (Fig.
1F-H). A moderate amount of signal was concentrated
within the dorsomedial subdivision of the suprachias-
matic nucleus (Fig. 1D). The same was true within a
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Figure 1 (Continued)
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Fig. 1.

collection of anteromedian cells (Ant) located at the border
of the posterior hypothalamus and the rostral periaque-
ductal gray (Fig. 11-J). The paraventricular nucleus and
the dorsomedial nucleus both contained low-density
GHSR signal, as did the anteroventral periventricular
nucleus, medial preoptic nucleus, and ventrolateral pre-
optic nucleus (Fig. 1F,H, and not pictured).

Although GHSR distribution within the mouse hypo-
thalamus (Figs. 2A-F, 3) mostly mirrored that in the rat,
there were some differences. The most striking dissimilar-
ity was the expression pattern within the VMH. Whereas
the rat VMH contained one of the highest densities of
GHSR signal, GHSR expression within the mouse VMH
was minimal and was limited to the ventrolateral subdi-
vision and the capsule of the VMH (Figs. 2E, 3C). A
similar disparity was observed in the lateral mamillary
nucleus; specifically, in the rat, GHSR signal was high,
but in the mouse, GHSR signal was absent (Fig. 11-J).
More subtle differences were observed elsewhere. For ex-
ample, GHSR expression in the mouse anteroventral
periventricular, dorsomedial, paraventricular, and supra-
chiasmatic nuclei was more apparent than in the rat (Figs.
1D,F . H, 2A-C,F, and not pictured). Also, moderate den-
sity GHSR signal was observed in the ventral premamil-
lary nucleus and low-density GHSR signal was observed
in the anterior hypothalamic area, anterodorsal preoptic
nucleus, parastrial nucleus, periventricular hypothalamic
nucleus, ventral subparaventricular nucleus, and ventro-

A series of low-power photomicrographs summarizing GHSR type 1a mRNA expression sites in the rat brain and cervical spinal cord.
See Table 1 for an explanation of abbreviations. Scale bars = 2 mm in H (applies to A-H), P (applies to I-P), T (applies to Q-T).

medial preoptic nucleus of the mouse only; no signal was
observed in these same regions within the rat brain (Fig.
2B—C, and not pictured). The reverse was observed for the
medial preoptic nucleus and ventrolateral preoptic nu-
cleus, where low-density signal was observed only for the
rat but not the mouse (not pictured).

Midbrain, pons, and medulla oblongata. Many nu-
clei within the rat midbrain and brainstem contained a
high density of GHSR signal (Figs. 1J-S, 4, 5). These
include the compact and lateral regions of the substantia
nigra, the ventral tegmental area (VTA), the retrorubral
field, the nucleus ambiguus, and the laterodorsal tegmen-
tal, facial motor, parabigeminal, and superior salivatory
nuclei.

Within the rat facial motor nucleus (Figs. 1R, 4G-I),
GHSR cRNA riboprobe bound most intensely and in the
most neurons of the medial subdivision (particularly in
the ventral aspect). Intense expression was also found in
the dorsal aspect of the intermediate subdivision and in
scattered neurons of the dorsal cap. Less intense expres-
sion was observed in the majority of neurons of the ventral
aspect of the intermediate subdivision and in scattered
neurons of the lateral subdivision. As detailed below, all of
these neurons contained CCK-immunoreactivity.

All three components of the dorsal vagal complex of the
rat also contained GHSR mRNA (Figs. 1S, 5). Highest
expression was within the area postrema, with moder-
ately dense signal in the nucleus of the solitary tract and
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low-density signal in the dorsal motor nucleus of the va-
gus. In the rostral part of the area postrema, the GHSR
pattern was mostly centered along the ventral rim, resem-
bling that of a necklace or the letter “V” (Figs. 1S, 5C).
GHSR signal within the more caudal regions of the area
postrema was more diffuse (Figs. 1S, 5E,G). Within the
dorsal motor nucleus of the vagus, GHSR signal was
strongest in the more rostral sections, including the infe-
rior salivatory nucleus (Fig. 5A).

Other regions of the rat midbrain and brainstem contain-
ing GHSR signal included the dorsal raphe nucleus, Edinger
Westphal nucleus, external lateral parabrachial nucleus, in-
terpeduncular nucleus, magnocellular nucleus of the poste-
rior commissure, pedunculopontine tegmental nucleus, ra-
phe magnus nucleus, and substantia nigra pars reticulata.

Only slight differences in GHSR distribution within the
midbrain, pons, and medulla oblongata were noted for the
mouse (Figs. 2G-N, 6) as compared to the rat. Most nota-
bly, expression in the more caudal aspects of the dorsal
motor nucleus of the vagus was more apparent, expression
in the Edinger Westphal nucleus was more intense, and
expression within the laterodorsal tegmental nucleus was
absent. In addition, within the midbrain and hindbrain of
the mouse only, and not the rat, GHSR signal was ob-
served in the dorsal tegmental nucleus and central gray,
alpha (Fig. 2J-K). Conversely, GHSR signal was not ob-
served within the mouse interpeduncular nucleus as it
was for the rat. Interestingly, the same “necklace”-type
pattern of GHSR expression observed along the ventral
rim of the rostral area postrema of the rat was observed
for the mouse (Fig. 6C).

Cervical spinal cord. No GHSR signal was visualized
in the cervical spinal cord in either rat (Fig. 1P) or mouse
(not pictured).

Chemical phenotypes of GHSR-containing
cells

We combined ISHH for GHSR with immunohistochem-
istry for tyrosine hydroxylase in order to demonstrate and
quantify the expression of GHSR within catecholaminer-
gic neurons (Figs. 4A-F, TA-F; Table 2). These included
Dahlstrom-Fuxe’s A12 dopamine cell bodies (Dahlstrom
and Fuxe, 1964) that populate the Arc (Fig. 4A-F). Within
the A12 group, GHSR expression appeared stronger in the
ventral subgroup (the boxed areas of Fig. 4D, which cor-
responds to Fig. 4E) than in the dorsal subgroup (the
nonboxed TH-immunoreactive (TH-IR) cells observed in
Fig. 4D) (see also Table 2). Periventricular A14 cells (Fig.
4A—-C) did not express GHSR. The only other region with
observed catecholaminergic neuronal GHSR expression
was within the midbrain. Within the midbrain, GHSR
signal was observed within A9 dopamine cell bodies pop-
ulating the substantia nigra pars compacta (Fig. 7A-D),
the substantia nigra pars lateralis (Fig. 7B,C,E), the sub-
stantia nigra pars reticulata (Fig. 7B,C), and retrorubral
field (Fig. 7C) and within A10 dopaminergic neurons of the
VTA (Fig. TA-C,F). Within these midbrain structures the
highest amount of coexpression of GHSR and TH was
within the substantia nigra pars lateralis (a little more
than half of all TH-IR neurons in the SNL expressed
GHSR; Table 2). TH-IR cells populating the substantia
nigra pars compacta and VTA included slightly lower per-
centages of TH-GHSR coexpressers (Table 2) and also
occasional GHSR-only neurons. GHSR expression within
TH-IR neurons of the substantia nigra pars reticulata was
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visualized at a lower percentage than in the other segments
of the substantia nigra (Table 2). There was also GHSR
expression within occasional A10 dopamine cells located in
the dorsal mesencephalic raphe nuclei near the aqueduct of
Sylvius (not pictured). In general, GHSR and TH coexpres-
sion involved many more neurons within the midbrain than
within the hypothalamus. Also, we specifically did not visu-
alize GHSR expression in any nondopaminergic, TH-IR cell
bodies, including noradrenaline cells located within the dor-
sal vagal complex and ventrolateral medulla.

We also observed GHSR-expression in a subset of
cholecystokinin-IR cell bodies (Figs. 4G-I, 7G-L). Just as
was observed for TH neurons populating the substantia
nigra pars lateralis, GHSR was localized to a little more
than half of the CCK neurons within the substantia nigra
pars lateralis (Fig. 7TH,K; Table 2). There was also a high
degree of GHSR and CCK coexpression within the sub-
stantia nigra pars compacta and VTA, which was compa-
rable to that observed in these regions for GHSR and TH
(Fig. 7G,H,J; Table 2). GHSR and CCK coexpression was
much lower in the substantia nigra pars reticulata, and
was restricted to the more caudal regions of the nucleus
(Table 2). Approximately 40% of all CCK-IR neurons pop-
ulating the Edinger Westphal nucleus were bound by
GHSR riboprobe (Fig. 71,L; Table 2). The Edinger West-
phal nucleus also contained several obvious GHSR-only
neurons. The GHSR riboprobe also bound to CCK-IR neu-
rons within the facial motor nucleus (Fig. 4G-I) and
within the superior lateral parabrachial subnucleus (not
pictured). Interestingly, there was no localization of
GHSR to CCK-IR neurons within the area postrema or
nucleus of the solitary tract (Fig. 8).

DISCUSSION

In this study we systematically examined the distribu-
tion of GHSR mRNA in the adult rat and mouse brains
and cervical spinal cords by using ISHH with novel cRNA
probes specific for the mRNA encoding functional GHSR
(the type 1la variant). Our findings are consistent with the
proposed roles of ghrelin in regulating body weight ho-
meostasis. We also found expression of GHSR mRNA in
several sites known to regulate autonomic function, in-
cluding several parasympathetic preganglionic neurons.
Finally, we found ghrelin receptor expression in several
sites, such as midbrain dopamine neurons, that suggest
roles for ghrelin in regulating complex behaviors.

Comparison with previous ISHH findings

Our data in the rat hypothalamus is in general agreement
with the study by Mitchell et al. (2001), in which a human
GHSR cRNA probe was used for hybridization. Our study,
however, did demonstrate a more extensive distribution pat-
tern within the hypothalamus. Also, we did not observe
GHSR signal within the lateral hypothalamic area. Our data
also, in general, matched the GHSR distribution map de-
scribed by Guan et al. (1997), in which *P-labeled oligonu-
cleotide probes were used for hybridization. However, as was
the case for the Mitchell et al. study, we demonstrated a
much broader distribution of GHSR both within the hypo-
thalamus and within extrahypothalamic sites. Our study
also differed from that of Guan et al. in that we did not find
GHSR signal within the supraoptic nucleus or the anterior
hypothalamic area of the rat (although we did detect low-
density signal within the mouse anterior hypothalamic
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Fig. 2. A series of low-power photomicrographs summarizing GHSR type 1a mRNA expression sites
in the mouse brain and cervical spinal cord. See Table 1 for an explanation of abbreviations. Scale bars =

1 mm in F (applies to A-F), N (applies to G-N).

area). Furthermore, we identified strong GHSR expression
within the lateral mamillary nucleus, not the tuberomam-
milary nucleus (Guan et al., 1997). In addition, we suggest
that the GHSR signal labeled by Guan et al. as occurring in
the parafascicular thalamic nucleus, at the border of the
posterior hypothalamus and the rostral periaqueductal gray,
is actually a rostral continuation of the Edinger Westphal
nucleus, which we have denoted as the anteromedian nu-
cleus. The sites in which we found GHSR expression that
had not previously been recognized by ISHH in any species
as containing GHSR mRNA were numerous and included
several nuclei in the preoptic region (anterodorsal preoptic

nucleus, medial preoptic nucleus, parastrial nucleus, ventro-
lateral preoptic nucleus, and ventromedial preoptic nucleus)
and several nuclei along the midbrain raphe (including the
raphe magnus nucleus). ISHH visualization of GHSR mRNA
expression also had not previously been reported in the cen-
tral gray, alpha, the magnocellular nucleus of the posterior
commissure, the nucleus ambiguus, the retrochiasmatic
area, the retrorubral field, the substantia nigra pars latera-
lis, the substantia nigra pars reticulata, the three compo-
nents of the dorsal vagal complex, including the area pos-
trema, nucleus of the solitary tract, and the dorsal motor
nucleus of the vagus, or the dorsal tegmental, external lat-
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Fig. 3. A series of high-power photomicrographs demonstrating GHSR type 1a mRNA expression in
the tuberal hypothalamus of the mouse. A,C,E: Rostrocaudally arranged brain sections processed for
GHSR mRNA by ISHH. B,D,F: Nissl-stained brain sections adjacent to those appearing in A,C,E. See
Table 1 for an explanation of abbreviations. Scale bar = 200 pm in E (applies to A-F).
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Fig. 4. A series of photomicrographs demonstrating coexpression
of GHSR and tyrosine hydroxylase in the rat arcuate nucleus and
GHSR type 1a mRNA expression in the rat facial motor nucleus.
A,D: Rostrocaudally arranged brain sections through the tuberal
hypothalamus. TH-IR cell bodies are stained orange-brown. Cells
expressing GHSR type 1a mRNA have overlying black silver granules.
The boxed areas in A,D are magnified in B,E, and the boxed areas in
B,E are magnified in C,F. G: Facial motor nucleus. Cells expressing
GHSR type la mRNA have overlying black silver granules. The

eral parabrachial, parabigeminal, pedunculopontine teg-
mental, superior salivatory, ventral premamillary, and ven-
tral subparaventricular nuclei.

The reason for the aforementioned discrepancies among
the various ISHH studies is unclear, but likely includes
differences in sensitivity and/or specificity of the respective
probes used. For instance, the oligonucleotide probes, full-
length cRNA riboprobes and nonspecies-specific probes used
in the previous GHSR ISHH distribution studies could all
potentially bind to either non-GHSR mRNA species or to the
alternatively spliced GHSR mRNA species that encodes the
biologically inactive GHSR variant (type 1b) (McKee et al.,
1997). Regardless, our novel cRNA probes provided an ex-
cellent hybridization signal-to-noise ratio. Therefore, our
probes may have allowed us to detect even low levels of

orange-brown coloration indicates CCK-IR. The boxed area in G is
magnified in H, and the boxed area in H is magnified in I. Black
arrows indicate examples of neurons doubly labeled with GHSR ribo-
probe and either anti-TH or anti-CCK antisera. dc, dorsal cap subdi-
vision of facial motor nucleus (7); i, intermediate subdivision of 7; 1,
lateral subdivision of 7; m, medial subdivision of 7. Scale bars = 200
pm in D (applies to A,D); 50 pm in E (applies to B,E), G; 20 pm in F
(applies to F,C); 25 pm in H; 10 pm in L.

hybridization above background that had not been described
in the other studies.

In addition, our study is the first report detailing the
distribution of GHSR within the mouse CNS. Such informa-
tion specifically for the mouse will be important in future
studies with transgenic mouse models that target GHSR
expression or target deletion of such expression to specific
neuronal sites or to neurons of a specific chemical phenotype.

Differential GHSR expression in the mouse
and rat

We found GHSR expression within rat and mouse to be

highly similar. When differences were observed between

these two rodent species they mostly involved differences

in signal density. Some notable differences, though, did
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exist, for instance, in the lateral mamillary and laterodor-
sal tegmental nuclei. Similarly, the VMH of the rat con-
tained one of the highest densities of GHSR signal within
the brain, while the VMH of the mouse contained signal
limited to the capsule of the VMH and scattered cells

J.M. ZIGMAN ET AL.

Fig. 5. A series of high-power
photomicrographs demonstrating
GHSR type 1a mRNA expression
in the dorsal vagal complex of the
rat. A,C,E,G: Rostrocaudally ar-
ranged brain sections processed
for GHSR mRNA by ISHH.
B,D,F,H: Nissl-stained brain sec-
tions adjacent to those appearing
in A,C,E,G. See Table 1 for an ex-
planation of abbreviations. Scale
bar = 200 pm in G (applies to
A-H).

within the ventrolateral subdivision. GHSR signal within
the rat VMH had previously been demonstrated in multi-
ple studies, although within the lemur VMH, GHSR sig-
nal specifically was not demonstrated (Howard et al.,
1996; Bennett et al., 1997; Guan et al., 1997; Tannenbaum
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Fig. 6. A series of high-power photomicrographs demonstrating GHSR type 1a mRNA expression in
the dorsal vagal complex of the mouse. A,C: Rostrocaudally arranged brain sections processed for GHSR
mRNA by ISHH. B,D: Nissl-stained brain sections adjacent to those appearing in A,B. See Table 1 for an
explanation of abbreviations. Scale bar = 200 um in C (applies to A-D).

et al., 1998; Willesen et al., 1999; Mitchell et al., 2001;
Nogueiras et al., 2004). Certainly, the demonstration of
ghrelin-responsive neurons within the VMH, as might be
suggested by the finding of GHSR expression within that
nucleus, might help to clarify the mechanisms by which
the VMH contributes to body weight homeostasis
(Elmquist et al., 1999; Majdic et al., 2002). However, the
marked differences in GHSR expression within the VMH
of the rat as compared to the mouse and lemur might
suggest that the VMH is not a key site of ghrelin action,
especially regarding ghrelin’s effects on body weight. Sup-
porting such a view, previous studies have failed to dem-
onstrate c-fos induction within the VMH following intra-
cerebroventricular infusion of ghrelin (although c-fos was
induced with a synthetic GHSR agonist) (Lawrence et al.,
2002). In addition, direct microinjection into the VMH
results in a significant increase in food intake, but only in
the second hour postinjection (and only at doses that are
likely higher than physiologic) (Wren et al., 2001). Fur-

thermore, although fasting or central infusion of leptin
both increase GHSR expression within the Arc, which is a
site implicated by many studies as being a main target of
ghrelin orexigenic action, no such difference in GHSR
expression was observed for the VMH (Nogueiras et al.,
2004). Of course, this last finding does not address the
possibility that the GHSRs within rat VMH are important
for ghrelin’s other, non-body weight homeostasis-related
functions.

Functional implications

Feeding behavior. Ghrelin plays an important role in
signaling energy insufficiency. Human studies have found
a preprandial rise and a postprandial decline in plasma
ghrelin levels, suggesting that ghrelin plays a physiologi-
cal role in hunger and meal initiation (Cummings et al.,
2001, 2002, 2004). Fasting-associated elevations in ghre-
lin also occur in animals, both acutely and with chronic
food deprivation (Tschop et al., 2000; Wisse et al., 2001).



Fig. 7. A series of photomicrographs demonstrating coexpression
of GHSR with tyrosine hydroxylase and with cholecystokinin in the
rat midbrain. A-F: Coexpression of GHSR and TH. A-C: Rostrocau-
dally arranged brain sections through the midbrain. The boxed areas
in A—C are magnified in D-F. D: SNC. E: SNL. F: VTA. TH-IR neurons
are stained orange brown. Cells expressing GHSR type 1la mRNA
have overlying black silver granules. G-L: Coexpression of GHSR and
CCK. The boxed areas in G-I are magnified in J-L. G: VTA and SNC.

J.M. ZIGMAN ET AL.

H: SNC and SNL. I: EW. J: VTA (upper left corner) and SNC (lower
right corner). K: SNL. L: EW. CCK-IR neurons are stained orange-
brown. Cells expressing GHSR type 1a mRNA have overlying black
silver granules. See Table 1 for an explanation of abbreviations. Black
arrows indicate examples of neurons doubly labeled with GHSR ribo-
probe and either anti-TH or anti-CCK antisera. Scale bars = 500 pm
in C (applies to A—C); 20 um in F (applies to D-F); 100 pm in I (applies
to G-I); 20 pm in L (applies to J-L).
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TABLE 2. Estimates of Coexpression of GHSR mRNA in TH-
Immunoreactive and CCK-Immunoreative Neurons®

% TH-IR % CCK-IR
Approximate distance neurons neurons
of section to coexpressing coexpressing
Nucleus interaural line? GHSR GHSR
Arc (dorsal)®
7.3 mm* 0.0 = 0.0 —
6.5 mm* 41*18 —
5.5 mm 152 + 3.3 —
Arc (ventral)®
7.3 mm 0.0 £0.0 —
6.5 mm 65.3 +44 —
5.5 mm 70.7 = 2.8 —
EW
4.3 mm — 46.6 = 4.6
3.4 mm — 39.8 = 12.0
2.8 mm — 38.8 =215
VTA
4.3 mm* 46.6 = 4.6 355+ 4.2
3.4 mm* 23.2 + 3.4 35.5 + 11.7
2.8 mm* 25.6 + 3.9 42.7+9.8
SNC
4.3 mm 404 =43 53.2*+38
3.4 mm 46.2 = 6.9 43.8 =+ 6.5
2.8 mm 31.3*+94 38.3+9.3
SNR
4.3 mm 0.0 £0.0 —
3.4 mm 17.3 £ 2.2 —
2.8 mm 263+ 34 21.9 = 10.6
SNL
4.3 mm — —
3.4 mm 56.0 = 9.0 53.9 = 8.0
2.8 mm® 36.1 + 11.2 54.6 = 15.5

1The percentage of TH-IR and CCK-IR neurons coexpressing GHSR mRNA was deter-
mined, at three different levels through the tuberal hypothalamus and at three differ-
ent levels through the midbrain. Strict criteria (described in Materals and Methods)
were used to make these estimates. The data are reported as the mean percentage *
SEM for 3-5 different brains.

Dashes indicate regions without TH-IR or CCK-IR neurons.

2These approximate distances were determined by comparison to figures within the rat
brain atlas of Paxinos and Watson (1998) and/or the study by Gonzalez-Hernandez and
Rodriguez (2000).

3«Dorsal” and “ventral” refer to the dorsal and ventral subgroups of Dahlstrom-Fuxe’s
A12 dopamine cell bodies located within the Arc; although these subgroups are difficult
to distinguish at the 7.3 mm level, there nonetheless are no doubly labeled TH/GHSR
neurons at this level.

“Representative low-power photomicrographs of these levels can be found in Figures 4
and 7, as follows: 7.3 mm, Fig. 4A; 6.5 mm, Fig. 4D; 4.3 mm, Fig. 7A; 3.4 mm, Fig. 7B;
and 2.8 mm, Fig. 7C.

5Percentages listed at the 2.8 mm level of the SNL include TH-IR or CCK-IR neurons
populating both the SNL and the retrorubral field.

Importantly, these elevations in ghrelin have a functional
consequence aimed at reversing the state of energy deficit
in which they arise. For example, anti-ghrelin IgG and
GHSR antagonists suppress feeding in rodents, while gh-
relin administration strongly stimulates feeding (Ka-
megai et al., 2000; Tschop et al., 2000; Asakawa et al.,
2001, 2003; Nakazato et al., 2001; Wang et al., 2002;
Yasuda et al., 2003). This strong orexigenic property,
along with effects on energy expenditure and metabolic
fuel preference, is believed to contribute to ghrelin’s abil-
ity to increase adiposity and body weight (Tschop et al.,
2002; Wortley et al., 2004).

Our description of hypothalamic GHSR expression sup-
ports many previous studies indicating the importance of
the hypothalamus—particularly arcuate NPY/agouti-
related protein neurons and arcuate POMC/cocaine- and
amphetamine-regulated transcript neurons—in mediat-
ing ghrelin’s orexigenic actions (see Zigman and Elmquist,
2003, for review). GHSR expression in other hypothalamic
and extrahypothalamic sites is also likely involved in gh-
relin’s effects on food intake. For instance, a recent study
by Shuto et al. (2002) directly implicates the involvement
of GHSR-containing TH-neurons in GH secretion and
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body weight homeostasis. In this latter study, transgenic
rats expressing an antisense GHSR mRNA under the
control of the TH promoter were shown to have attenuated
GHSR expression in TH-IR, Arc neurons (Shuto et al.,
2002). These rats ate less, both at baseline and in response
to administration of a GHSR agonist, and they were also
leaner than controls (Shuto et al., 2002). Furthermore,
these rats had reduced GHSR agonist-stimulated GH se-
cretion. These effects were attributed to alterations in the
ghrelin-responsiveness of arcuate TH neurons, although
the possible contribution of TH neurons expressing GH-
SRs outside of the Arc was not considered (Shuto et al.,
2002). Interestingly, the report by Shuto et al. suggests
that the arcuate TH/GHSR neurons are distinct from ar-
cuate NPY/GHSR neurons. Our current study confirms
the finding by Shuto et al. of GHSR-TH coexpression
within the Arc. We also found even higher numbers of TH
and GHSR coexpressing neurons within the substantia
nigra pars compacta, substantia nigra pars lateralis, ret-
rorubral field, and VTA, as well as occasional coexistence
in the substantia nigra pars reticulata and the most dorsal
aspect of the dorsal raphe nucleus. Thus, it is plausible for
these extra-arcuate GHSR-TH coexpressing neurons to be
involved in the normal orexigenic and adipogenic path-
ways lacking in the previously described transgenic rats.

One of our most significant findings was the demonstra-
tion of GHSR mRNA within all three components of the
dorsal vagal complex, including the area postrema, nu-
cleus of the solitary tract, and dorsal motor nucleus of the
vagus of both the rat and the mouse. Consistent with
these observations, a growing body of evidence suggests
that direct interactions by both ghrelin and leptin with
neural circuits originating in these caudal brainstem nu-
clei are important for control of feeding behaviors. For
example, Ob-Rb (leptin receptor) mRNA is found in many
brainstem nuclei involved in food intake, including the
dorsal vagal complex (Elmquist et al., 1998; Grill et al.,
2002). The findings in our current study complement some
recent IHC studies that demonstrated GHSR-IR within
the dorsal vagal complex, although these studies were not
in complete agreement. In one study, GHSR-IR was dem-
onstrated in the nucleus of the solitary tract and the
dorsal motor nucleus of the vagus but not the area pos-
trema (Lin et al., 2004). In another study, GHSR-IR was
noted in only the dorsal motor nucleus of the vagus (Zhang
et al., 2004). This latter study also found GHSR within the
dorsal motor nucleus of the vagus by RT-PCR. The pres-
ence of ghrelin and leptin receptors in the brainstem likely
contributes to the c-fos induction in the brainstem follow-
ing ghrelin or leptin administration (Van Dijk et al., 1996;
Elias et al., 2000; Nakazato et al., 2001; Lawrence et al.,
2002; Lee et al., 2002). In the case of ghrelin, one study
reported c-fos induction in the nucleus of the solitary tract
and area postrema (Lawrence et al., 2002), while another
demonstrated c-fos induction in the nucleus of the solitary
tract and the dorsal motor nucleus of the vagus (Date et
al., 2001). Additionally, delivery of ghrelin to the caudal
brainstem, via injection into the 4th ventricle, increases
cumulative food intake, number of meals, and size of
meals during the first few hours after treatment and de-
creases the time until first meal onset, while similar treat-
ment with leptin decreases food intake (Grill et al., 2002;
Faulconbridge et al., 2003). Intriguingly, the changes in-
duced by ghrelin infusion into the 4th ventricle were com-
parable to those elicited by identical injections into the 3rd



544

Fig. 8. A series of photomicrographs demonstrating distinct ex-
pression patterns for GHSR and cholecystokinin in the dorsal vagal
complex of the rat. A,C: Rostrocaudally arranged brain sections
through the dorsal vagal complex. CCK-IR cell bodies are stained
orange-brown. Cells expressing GHSR type 1a mRNA have overlying

ventricle, in which ghrelin would be exposed to the arcu-
ate nucleus (Faulconbridge et al., 2003). Similarly, the
hyperphagia achieved by microinjection of ghrelin into the
dorsal vagal complex was elicited using a dose (10 pmol)
lower than the lowest effective dose (30 pmol) previously
shown to induce hyperphagia upon microinjection into the
Arc (Wren et al., 2001; Faulconbridge et al., 2003).
Autonomic function. When GHSR expression within
the dorsal motor nucleus of the vagus is viewed in con-
junction with the finding of strong GHSR expression
within areas including the Edinger Westphal nucleus,
superior salivatory nucleus, and nucleus ambiguus, it be-
comes apparent that GHSR is expressed in a continuum of
central sites, from the level of the midbrain down to the
caudal brainstem, that regulate autonomic function. No-
tably, GHSR expression within parasympathetic pregan-
glionic neurons based in the dorsal motor nucleus of the
vagus may be directly involved with ghrelin’s ability to
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black silver granules. The boxed areas in A and C are magnified in
B,D. Black arrows indicate examples of neurons singly labeled with
GHSR riboprobe. White arrows indicate examples of neurons singly
labeled with anti-CCK antiserum. Scale bars = 200 pm in C (applies
to A,C); 50 pm in D (applies to B,D).

strongly stimulate motility in the stomach and small in-
testine (Masuda et al., 2000; Edholm et al., 2004). Ghrelin
has the ability to reverse postoperative gastric ileus, and
is considered the most potent known agent tested to ac-
celerate gastric emptying in rodents (Inui et al., 2004).
Ghrelin action via GHSR expression in the nucleus am-
biguus might potentially be involved in esophageal motil-
ity, although this has not yet been investigated. GHSR
expression in the dorsal vagal complex is also likely in-
volved in ghrelin’s actions on stimulating gastric acid se-
cretion (Masuda et al., 2000; Date et al., 2001). Ghrelin’s
stimulatory effects on gastrointestinal motility and gas-
tric acid secretion are consistent with ghrelin’s actions on
food intake and body weight homeostasis. Similarly con-
sistent, GHSR expression in the superior and inferior
salivatory nuclei would seem to predict that ghrelin also
may help regulate the production of saliva.
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GHSR expression in the dorsal vagal complex is also
likely involved in ghrelin’s autonomic effects on the car-
diovascular system. A number of studies have demon-
strated that ghrelin can lower systemic vascular resis-
tance and improve left ventricular function (Nagaya et al.,
2001; Enomoto et al., 2003; Nagaya and Kangawa, 2003;
Van Der Lely et al., 2004). Importantly, unilateral micro-
injection of low doses of ghrelin into the nucleus of the
solitary tract has recently been shown to decrease mean
arterial pressure, heart rate, and renal sympathetic nerve
activity (Lin et al., 2004).

Interestingly, the cholinergic system seems to be a key
player in controlling ghrelin secretion. For instance, sub-
diaphragmatic vagotomy prevents fasting-induced in-
creases in ghrelin, although it has no effects on baseline
ghrelin levels (Williams et al., 2003). Atropine also has the
same suppressive effect on fasting-induced ghrelin re-
lease, in both rodents and humans (Williams et al., 2003;
Maier et al., 2004). It is as yet unclear how GHSR expres-
sion in the dorsal vagal complex might contribute to vagal
control of ghrelin release.

Also of note, the “necklace”-type pattern of GHSR ex-
pression within the rostral area postrema is reminiscent
of the pattern of CCK expression previously described by
Horst and colleagues for this same region (Horst et al.,
1990; Horst and Saper, 1990). These CCK-IR area pos-
trema neurons, along with CCK-IR neurons in the adja-
cent dorsomedial NTS subnucleus, were shown by Horst
and colleagues to innervate the outer portion of the exter-
nal lateral parabrachial subnucleus (Horst et al., 1990;
Horst and Saper, 1990). However, despite the apparent
similarities in the distributions of GHSR neurons and
CCK neurons within the area postrema, our dual-label
studies demonstrate that these patterns do not overlap.
Rather, within the dorsal vagal complex the GHSR ribo-
probe labels a cell population that is distinct from neurons
containing CCK-immunoreactivity. Thus, it is probable
that the neurons within this region that are responsive to
ghrelin regulate a subset of autonomic functions distinct
from those regulated by CCK-containing neurons project-
ing to the parabrachial nucleus.

Reward behaviors and locomotor activity. As dis-
cussed above, we found high levels of GHSR expression
within TH-IR neurons in the VTA. Interestingly, these
dopaminergic VTA neurons have been highly studied due
to their involvement in brain reward circuits, such as
those associated with addictive substances (Nestler,
1996). Ghrelin-responsivity by these TH-neurons may ex-
plain the motivational properties recently demonstrated
for ghrelin, in which ghrelin produced a significant in-
crease in break point compared to saline in rats trained to
lever-press under a progressive ratio 1 reinforcement
schedule (Jewett et al., 2003). Such elicitation of goal-
directed behaviors by ghrelin would be aimed at increas-
ing intake of nutrients.

Given our finding of high levels of GHSR-TH coexpres-
sion within the VTA, as well as within the substantia
nigra pars compacta and substantia nigra pars lateralis, it
is not surprising that we also found equally high levels of
GHSR-CCK coexpression within these midbrain struc-
tures. In fact, multiple studies, including those by Hokfelt
and colleagues, have demonstrated coexpression of CCK
and TH within the VTA and substantia nigra (Hokfelt et
al., 1980; Seroogy et al., 1989a,b; Kiyama et al., 1991;
Gonzalez-Hernandez and Rodriguez, 2000). Within the
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substantia nigra pars lateralis, virtually 100% of neurons
express both TH and CCK (Seroogy et al., 1989b; Kiyama
et al., 1991; Gonzalez-Hernandez and Rodriguez, 2000).
Our data indicates that a little more than half of these
substantia nigra pars lateralis TH/CCK neurons express
GHSR. Within the substantia nigra pars compacta, about
60-70% of dopaminergic neurons also contain CCK, and
within the substantia nigra pars reticulata and ret-
rorubral field, occasional TH/CCK neurons exist (Seroogy
et al., 1989b; Gonzalez-Hernandez and Rodriguez, 2000).
In general, about 50% of all TH-expressing cells within the
VTA coexpress CCK; both TH-only and CCK-only cells
also exist in the VTA (Seroogy et al., 1989b). Retrograde
tracer and lesion experiments confirm that the majority of
these dopaminergic, CCK midbrain neurons give rise to
the ascending mesotelencephalic system projecting to var-
ious forebrain structures such as the caudate-putamen
and nucleus accumbens (Seroogy et al., 1989b). Our pat-
tern of observed GHSR mRNA coexistence with TH and
with CCK suggests that a large number of these mesote-
lencephalic neurons are potentially ghrelin-responsive.
The specific role of CCK in these dopaminergic neurons is
not well understood, and therefore it is difficult to specu-
late how engagement of these neurons by ghrelin may
differentially affect dopamine or CCK release, and how
that, in turn, might affect more global behavioral changes.

Expression of GHSR within the substantia nigra may be
related to possible effects of ghrelin on locomotion. Dopa-
minergic neurons of the substantia nigra have been im-
plicated in effecting meal-induced changes in motor activ-
ity (Levin, 2000). Importantly, a recent study also has
demonstrated a direct effect of ghrelin on locomotor activ-
ity (Tang-Christensen et al., 2004). In this study, central
administration of ghrelin led to a sustained decrease in
spontaneous locomotor activity, although this change was
delayed and independent from increased food intake and
also was similar to the effects induced by AgRP (Tang-
Christensen et al., 2004).

Expression in the facial motor nucleus. GHSR ex-
pression has been noted in the facial motor nucleus of the
rat previously (Guan et al., 1997), although its distribu-
tion within the various facial motor nucleus subdivisions
has not been previously discussed. These subdivisions in-
clude three main ones (medial, intermediate, and lateral),
each of which contains about 30% of the facial motoneu-
rons, as well as a fourth (dorsal cap) that contains about
10% of the neurons and a fifth, much smaller group of
neurons (suprafacial nucleus) that lies dorsally (Martin
and Lodge, 1977; Ashwell, 1982; Watson et al., 1982; Hin-
richsen and Watson, 1984; Komiyama et al., 1984; Friauf
and Herbert, 1985). Importantly, a well-established mus-
culotopic organization within the facial motor nucleus
subdivisions exists for many species, including the rat and
mouse, in which the anteroposterior axis of the face is
projected lateromedially on the facial motor nucleus (Mar-
tin and Lodge, 1977; Ashwell, 1982; Watson et al., 1982;
Hinrichsen and Watson, 1984; Komiyama et al., 1984;
Friauf and Herbert, 1985). As such, the soma of motoneu-
rons controlling nasolabial muscles are located in the lat-
eral subdivision, while those innervating perioral, orbital,
and neck muscles are in the intermediate subdivision and
those innervating the external ear are in the medial sub-
division. Additionally, the dorsoventral relationship of fa-
cial muscles is maintained within the facial motor nu-
cleus, albeit not with the same precision for all facial
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muscle groups. According to this myotopic organization, it
would appear that for both the rat and mouse GHSR
expression is most intense and abundant in the facial
motor nucleus subdivisions that control the movements of
the external ear and eyelids. There is less intense and less
abundant expression within the soma of motoneurons that
project to the perioral and neck musculature, and even
less intense and less abundant expression in the subdivi-
sion containing the motoneurons that innervate the mus-
cles controlling the movement of whiskers. It is unclear
how the distribution of GHSR among these facial motor
nucleus subdivisions relates to its known functions.

Expression in areas without immediate access cir-
culating ghrelin. Some of the sites of GHSR expression,
such as the Arc and the dorsal vagal complex, likely have
direct access to ghrelin circulating in the bloodstream. For
the Arc, this notion is supported by studies in which
peripheral ghrelin and ghrelin mimetic administration
induce c-fos in the Arc (Hewson and Dickson, 2000; Hew-
son et al., 2002; Traebert et al., 2002; Wang et al., 2002).
However, it is as yet unclear how circulating ghrelin (es-
pecially with its unique acetyl modification) would gain
access to and influence the activity of neurons in other
areas of GHSR expression that are more distantly situ-
ated from circumventricular organs, calling into question
the physiologic relevance of GHSR in many of these other
sites. One possible explanation for GHSR expression in
those sites without immediate access to the blood—brain
barrier comes from the observations of ghrelin-producing
central neurons (Kojima et al., 1999; Hosoda et al., 2000;
Tomasetto et al., 2000; Horvath et al., 2001; Lu et al.,
2002; Volante et al., 2002; Cowley et al., 2003; Van Der
Lely et al., 2004). In such a scenario, centrally produced
ghrelin and not circulating ghrelin would be readily avail-
able to engage the GHSRs. However, the source(s) and
physiological significance of CNS ghrelin remains to be
determined. Another possible answer to the question of
physiologic relevance of GHSR expression in these other
central sites comes from the work of Holst (2003, 2004) in
which GHSR transfected into COS-7 cells and HEK 293
cells was shown to be highly constitutively active (~50% of
its maximal activity, which occurs in the presence of gh-
relin). Such high ligand-independent signaling activity by
GHSR in situ would have a profound effect on the func-
tioning of the neurons in which it is expressed and also
might indicate the presence of an as-yet unidentified, po-
tentially centrally-produced inverse agonist counterpart
to ghrelin.

CONCLUSION

In conclusion, our study confirms and extends the pre-
vious descriptions of central GHSR expression and sug-
gests that there are several potential target sites within
the brain for ghrelin. These sites likely contribute differ-
entially to ghrelin’s many actions, including its many im-
portant roles in inducing varied behavioral, neuroendo-
crine, and autonomic responses to changes in nutritional
availability.
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