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Abstract—To learn more about molecular alterations in the
brain that occur as a consequence of either the chronic
excess or absence of peptide neurotransmitters, we exam-
ined the impact of genetically manipulating the neuropeptide
galanin on the expression of one of its cognate receptors,
galanin receptor 1. First, we examined the distribution of
galanin receptor 1 messenger RNA in the mouse forebrain,
and found it to be abundantly expressed in many brain re-
gions, including in numerous hypothalamic and other fore-
brain regions associated with neuroendocrine function. The
distribution of galanin receptor 1 messenger RNA in the
mouse was similar to previous reports in the rat, with addi-
tional expression noted in the caudate putamen and in sev-
eral midbrain regions. Next, using quantitative in situ hybrid-
ization, we measured cellular levels of galanin receptor 1
messenger RNA in the brains of mice that either overexpress
galanin (galanin transgenic) or lack a functional galanin gene
(galanin knockout). We report that relative to wild-type con-
trols, the expression of galanin receptor 1 messenger RNA
was increased in discrete areas of the brain in galanin-trans-
genic mice, but that depletion of galanin/noradrenergic inner-
vation to the hypothalamus with the neurotoxin 6-hydroxy-
dopamine did not alter levels of galanin receptor 1 messen-
ger RNA. We also report that levels of galanin receptor 1
messenger RNA were not different between galanin-knockout
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and wild-type mice. These results suggest that compensatory
adjustments in the expression of cognate receptors repre-
sent one mechanism by which the developing nervous sys-
tem attempts to maintain homeostasis in response to over-
expression of a peptidergic transmitter. However, the lack of
significant changes in galanin receptor 1 messenger RNA in
galanin-knockout mice suggests that developmentally pro-
grammed levels of receptor expression are maintained even
in the complete absence of ligand. © 2003 IBRO. Published by
Elsevier Science Ltd. All rights reserved.
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Overexpression or targeted ablation of some neuropeptide
genes in mice has produced phenotypes that have re-
vealed important—and sometimes surprising—physiologi-
cal functions (e.g. the narcolepsy phenotype following de-
letion of the orexin gene; Chemelli et al., 1999). However,
genetic alteration of other neuropeptides has resulted in
phenotypes that are not as robust as expected. This phe-
nomenon is exemplified by the neuropeptide Y (NPY)
knockout, (Erickson et al., 1996), which has normal body
weight and food intake, despite the well-described role of
NPY as a potent orexigenic molecule. If mutant animals
have mild or absent phenotypes compared with normal
animals, one might infer that the altered gene is relatively
unimportant for either development or physiological ho-
meostasis. Alternatively, it is conceivable that in response
to the congenital absence or excess of a particular ligand,
compensatory alterations in the activity of other compo-
nents within the neural circuit help to rectify the problem
and thus sustain normal phenotypic development.

To learn more about how the nervous system adjusts
to the permanent excess or absence of peptide neuro-
transmitters, we examined the impact of genetically ma-
nipulating the expression of the neuropeptide galanin. Ga-
lanin is expressed throughout the central and peripheral
nervous systems (Cheung et al., 2001; Perez et al., 2001;
Ryan and Gundlach, 1996; Skofitsch and Jacobowitz,
1985) and is a cotransmitter with several classical and
peptidergic neurotransmitters (Melander et al., 1986). Ga-
lanin is highly expressed in the forebrain and hindbrain,
and in the brainstem galanin regulates and is coexpressed
with norepinephrine (Ma et al., 2001). Galanin is a modu-
lator of many diverse neurophysiological processes, in-
cluding the regulation of gonadotropin and growth hor-
mone secretion, neurotrophic and neuroprotective actions,
learning and memory, and nociception (Chan et al., 1996;
Kerr et al., 2001; Marks et al., 1993; McDonald et al., 1998;

0306-4522/03$30.00+0.00 © 2003 IBRO. Published by Elsevier Science Ltd. All rights reserved.

doi:10.1016/S0306-4522(02)00798-4



106 J. G. Hohmann et al. / Neuroscience 117 (2003) 105117

Wynick et al., 2001). One striking aspect of galanin phys-
iology is its robust regulation in the nervous system, par-
ticularly in response to insult and injury, after which galanin
is dramatically up-regulated in both central and peripheral
neurons (Cortes et al., 1990; Zigmond and Sun, 1997).
Galanin has also been implicated in the cognitive decline
experienced by Alzheimer’'s disease patients, where it is
thought to inhibit the actions of acetylcholine in degener-
ating memory circuits of the basal forebrain and hippocam-
pus (Chan-Palay, 1988; Steiner et al., 2001).

Galanin signals through at least three different G pro-
tein-coupled receptor subtypes in the brain. Two of these,
galanin receptor 1 (GALR1) and galanin receptor 2
(GALR2), are highly expressed in the rat brain (Burgevin et
al.,, 1995; Gustafson et al., 1996; Landry et al., 1998;
Mitchell et al., 1997; O’'Donnell et al., 1999; Parker et al.,
1995; Waters and Krause, 2000). While a preliminary re-
port of the distribution of GALR2 in the mouse has been
published (Holmes et al., 2001), no anatomical studies in
the brain exist for GALR1 in this species. To establish the
anatomical foundation for studies of gene regulation, we
first mapped the distribution of GALR1 messenger RNA
(mRNA) in the forebrain of the mouse. Next, we investi-
gated the impact of genetically increasing or decreasing
endogenous galanin production on the expression of
GALR1 mRNA in the mouse forebrain using two models of
altered galanin expression. One model was a transgenic
mouse that overexpresses galanin under the control of the
dopamine B-hydroxylase promoter (galanin transgenic
[GALTG]) (Mazarati et al., 2000; Steiner et al., 2001). The
other model was a mouse with a targeted deletion of the
galanin gene (GALKO) (Wynick et al., 1998). We postu-
lated that to maintain homeostasis in galanin signaling, the
expression of GALR1 mRNA would be altered during de-
velopment in compensation for the reduction or overabun-
dance of the ligand in galanin-mutant mice.

EXPERIMENTAL PROCEDURES
Animals

All mice used in these studies were bred and maintained in the
mouse colony at the University of Washington. They were main-
tained under constant temperature with a 14-h/10-h light/dark
cycle, and were given free access to water and rodent chow. The
Animal Care Committee of the School of Medicine at the Univer-
sity of Washington approved all experimental procedures in ac-
cordance with the National Institutes of Health (NIH) Guide for
Care and Use of Laboratory Animals. All efforts were made to
minimize the number of animals used and to reduce their discom-
fort. The GALTG and GALKO mice were developed and charac-
terized as previously described (Holmes et al., 2000; Mazarati et
al., 2000; Steiner et al., 2001; Wynick et al., 1998).

Experimental design

Experiment 1. To assess the forebrain distribution of
GALR1 mRNA, young adult male C57BL6/J mice (n=6) were
killed, and 20-pum coronal sections throughout the forebrain were
subjected to in situ hybridization assays with both sense and
antisense riboprobes.

Experiment 2a and 2b.  To examine whether the expression
of GALRT1 is different between GALTG and wild-type (WT) mice,

we measured and compared levels of GALR1 mRNA in young
adult male (experiment 2a) or female (experiment 2b) C57BL6/J
mice (n=>5/6 per sex for each genotype) by in situ hybridization. In
some sections, galanin mRNA expression was evaluated in the
entorhinal cortex and piriform cortex of both WT and GALTG mice.

Experiment 3. To determine whether expression of GALR1
in GALTG mice is affected when noradrenergic/galaninergic neu-
rons are destroyed, the neurotoxin 6-hydroxydopamine (6-OHDA)
was administered to young adult male C57BL6/J WT and GALTG
mice. Mice were housed individually for 1 week prior to treatment.
Mice were separated into four weight-matched groups, and a
single treatment was administered into the lateral ventricles by
freehand injection, as previously described (Hohmann et al.,
2000). The groups were as follows: WT artificial cerebral spinal
fluid (aCSF) (n=5); WT 6-OHDA (n=5); GALTG aCSF (n=6);
GALTG 6-OHDA (n=6). The dose of 6-OHDA (Sigma, St. Louis,
MO, USA) was 50 pg in 5 pl aCSF with 0.04% ascorbic acid, and
control animals were dosed with 5 wl aCSF with 0.04% ascorbic
acid. Rectal temperatures were obtained each hour for the first 3 h
after treatment, and then again on day 5. Body weight and food
consumption were monitored daily throughout the course of the
experiment. After 7 days, mice were killed under isoflurane anes-
thesia, brains dissected and quick-frozen to —80 °C until in situ
hybridizations were performed. A separate group of young adult
male WT mice was given either 6-OHDA (n=5) or aCSF (n=5)
(supra vide); body temperatures, food intake and consumption
were measured as described above; and then, the animals were
killed for measurement of catecholamine content in the hypothal-
amus, hippocampus and brainstem.

Experiment 4. To determine whether the expression of
GALR1 is different between GALKO and WT littermate mice, we
measured and compared levels of GALR1 mRNA (n=6 for each
genotype) by in situ hybridization.

Generation of GALR1 and galanin riboprobes

Total MRNA was extracted from mouse hypothalamus with a
Totally RNA isolation kit (Ambion, Austin, TX, USA). M-MLV re-
verse transcriptase (Gibco, Gaithersburg, MD, USA), and oligo-dT
primers (Ambion) were used for generation of total cDNA. PCR
cloning was performed with the CloneAMP pAMP system (Gibco)
and deoxy-UMP containing primers. PCR primers were as follows:
GALR1, 5-CAUCAUCAUCAUCTTTTCAGGCCACCGTGTATG-3'
(forward primer) and 5-CUACUACUACUAGATGAGCAGTA-
AGGGCAGAAGG-3' (reverse primer). For PCR, the initial melting
temperature was 95 °C for 5 min, followed by 35 cycles at 94 °C
for 30 s, 60 °C for 30 s, and 72 °C for 1 min, with a final extension
of 72 °C for 10 min. PCR was performed with TagDNA polymer-
ase (Gibco) in a reaction volume of 50 pl. Products were visual-
ized on a 1% agarose gel and purified with a QlAprep Miniprep kit
(Qiagen, Valencia, CA, USA) and cloned into pAMP plasmids
(Gibco). The insert was sequenced and verified to be a 377
base-pair (bp) cDNA, corresponding to bases 590-967 of GALR1
mRNA (Wang et al., 1997).

To make galanin riboprobe templates, the plasmid vector
pGemT-Easy containing a 493-bp cDNA corresponding to the
entire coding region of preprogalanin was kindly provided by Dr.
James Hyde of the University of Kentucky. The plasmid was
linearized with Sacll and transcribed with SP6 to generate a
complementary RNA (cRNA) antisense probe complementary to
mouse galanin mRNA. A sense probe was generated by lineariz-
ing the plasmid with Pstl, and transcribed with T7. To produce
galanin-receptor riboprobe templates, PAMP plasmids were lin-
earized by digestion with EcoR1 (New England Biolabs, Beverly,
MA, USA) and transcribed with SP6 RNA polymerase (Roche,
Indianapolis, IN, USA) for generation of antisense cRNA probes,
or linearized with BamH1 (New England Biolabs) and transcribed
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with T7 RNA polymerase (Roche) for generation of sense probes.
The probes were treated with DNAse one (Roche) and purified on
Quick Spin columns (Pharmacia, Piscataway, NJ, USA), as de-
scribed previously (Cheung et al., 2001).

In situ hybridization

Single-label in situ hybridization was performed on coronal brain
sections (20 wm) that were cut on a cryostat, collected in 1:4
series and thaw-mounted onto Superfrost Plus slides (VWR Sci-
entific, West Chester, PA, USA), as previously described (Cheung
et al., 2001). A hybridization solution containing 33P-labeled (0.3
pmol/ml for GALR1) or 35S-labeled (0.25 pg/mi/kb for galanin)
cRNA probes and yeast tRNA (2 mg/ml) was applied on the tissue
(80 pl/slide). The slides were cover-slipped and incubated in
humid chambers overnight at 60 °C. Slides were then treated with
RNAse A (Sigma) and washed under conditions of increasing
stringency, including two hot incubations at 65 °C, followed by
dehydration and air-drying. The slides were finally dipped in either
Kodak NTB-3 or Kodak NTB-2 emulsion (Kodak, Rochester, NY,
USA), exposed for 7—10 days, developed and counterstained with
Cresyl Violet.

Image analysis

Slides were anatomically matched with the aid of a mouse brain
atlas (Franklin and Paxinos, 1997) so that an equivalent number of
slides from each region of interest could be analyzed for each
experimental group. Analysis of mMRNA expression in the hypo-
thalamus was performed with the MCID image analysis system
(Imaging Research, St. Catherines, Ontario, Canada). Sections
were visualized with a Nikon Optiphot II microscope (Meridian
Instruments, Kent, WA, USA) with a 10X objective, under dark-
field illumination. Video images were captured with a DAGE model
65 camera (Dage-MTI, Michigan City, IN, USA) and were pro-
jected to a monitor. Each region of interest was outlined, and the
average gray levels within the outline were measured to obtain an
estimate of the signal. A similar-sized region devoid of specific
signal was also outlined, and the average gray level of this region
was measured to determine the background level. The signal-to-
background ratio [SBR=(signal level)/(background level)] was cal-
culated for each area. For the hippocampus and diagonal band
measurements, individual cells were counted, and the number of
silver grains in each mRNA-positive cell was quantified. This was
performed with an image processing system consisting of a Scion
VG-5 video acquisition board (Scion Corporation, Frederick, MD,
USA) attached to a Macintosh G3 computer (Apple Computer
Corporation, Cupertino, CA, USA). The sections were viewed
under a Zeiss Axioscope microscope (Zeiss, New York, NY, USA)
equipped with a 40X epi-illumination dark-field objective. Video
images were obtained with a Cohu model 4915 CCD camera
(Cohu, Inc., San Diego, CA, USA) attached to the microscope. For
distribution studies of GALR1 and galanin in the mouse forebrain,
each expressing region was scored qualitatively for both number
of cells and intensity of labeling within cells. Cell numbers were
scored from low (+) to very high (++++), based on the percent-
age of positively labeled cells compared with the total number of
cells in each region. Intensity was scored qualitatively from weak
(+) to very dense (++++) for the strength of signal per cell in
each region. Representative sense probe slides for both GALR1
and galanin were examined for all analyzed brain regions to
assess for specificity of labeling. No specific signal was observed
in any region with either sense probe. A reader unaware of either
the genotype or treatment group performed the image analysis.

Catecholamine measurements

To extract catecholamines, tissues were homogenized in the fol-
lowing volumes of 0.1-M perchloric acid with 0.01% cysteine:

brainstem, 400 pl; hippocampus, 200 pl; hypothalamus, 200 pl;
and forebrain, 600 pl. 3,4-diydroxybenzylamine (DHBA) was used
as an internal standard at 10,000 pg/10 wl. A 400-pl aliquot was
sonicated and spun in a centrifuge at 18,700 Xg for 10 min. A
100-pl aliquot of supernatant was added to 20 mg of acid-washed
alumina and 400 pl of 0.5-M Tris buffer with 2% EDTA and rotated
overnight. The alumina was washed twice with 1 ml of distilled
water, and then catecholamines were desorbed with 100 pl of
0.1-M perchloric acid buffer with 0.01% cysteine. Norepinephrine
and dopamine content was measured by electrochemical detec-
tion, as previously described (Liebmann and Matsumoto, 1990).
The HPLC was run at a flow rate of 1 ml/min, and an injection
volume of 20 pl was used. The working potential of the electro-
chemical detector was +0.8 V, and the full-scale sensitivity was 5
nA for all tissues. Quantification of catecholamines was done by
comparing the peak heights of unknowns to those of known quan-
tities of catecholamine standards and DHBA, with an HP 3393A
integrator. The lower limit of detection ranged from 10 to 100 pg.
Samples that were below the limit of detection were assigned a
value equal to the limit of detection. All catecholamine levels were
normalized per milligram of protein. Protein was determined by the
Bio-Rad protein microassay (Hercules, CA, USA).

Statistical analysis

For all experiments, Student’s unpaired t-test was used to com-
pare differences between either genotypes or treatment groups.
Results of statistical tests were considered significant at P<<0.05.
Results are expressed as mean values+S.E.M.

RESULTS

Distribution of GALR1 mRNA in the forebrain of the
mouse

The distribution of cells expressing GALR1 mRNA in the
forebrain of the mouse was mapped by in situ hybridization
analysis to establish an anatomical benchmark for further
studies. GALR1 mRNA-containing cells were found to be
widely distributed (Table 1). The thalamus was the most
densely labeled region in the forebrain. In the thalamic
nuclei that expressed GALR1 mRNA, labeled cells were
generally so tightly packed that they appeared as a con-
tinuum of cells covering the entire region. Thalamic areas
that were densely labeled included the paraventricular nu-
clei (PVN), the central medial nucleus, the paracentral
nucleus, and the mediodorsal nucleus (Fig. 1b, c; Fig. 2c).
In the epithalamus, both the medial and lateral habenula
had discrete clusters of positively labeled cells (Fig. 1c;
Fig. 2c).

The hypothalamus was also a region showing exten-
sive receptor expression, with most major nuclear groups
exhibiting GALR1 mRNA signal. The most densely labeled
regions were the dorsomedial nucleus (DMN), the periven-
tricular nucleus (PeN), the ventromedial nucleus (VMN),
and the medial preoptic area (Fig. 1a, c). Many other
hypothalamic areas exhibited moderate numbers of
GALR1 mRNA-positive cells, including the lateral anterior
nucleus, lateral hypothalamic area (LH), posterior hypo-
thalamus, and supraoptic nucleus. Another major area of
GALR1 mRNA expression in the forebrain was the amyg-
dala, with several nuclei displaying dense labeling. The
highest-expressing area was a continuous band of cells
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Table 1. Distribution of galanin receptor 1 (GAL-R1) messenger RNA (mRNA) in the forebrain of the mouse

Area Cell number Intensity Area

Telencephalon

Dorsal peduncular cortex ++ +
Nucleus accumbens + ++4
Olfactory tubercle +4+ ++
Caudate putamen ++ ++
Lateral septum +4+++ 4+
Vertical limb of the diagonal band ++ ++
Horizontal limb of the diagonal band ++ ++
Bed nucleus of the stria terminalis +++ +++
Ventral palladium +4+ ++
Substantia innominata ++ ++
Basal nucleus of Meynert ++ ++
Central amygdaloid nucleus ++ ++
Medial amygdaloid nucleus +++ +++
Basomedial amygdaloid nucleus +++ +++
Interstitial nucleus of the posterior limb + ++
of the anterior commissure
Hippocampus + +
Dentate gyrus (ventral) ++ ++
Amygdalohippocampal area ++ ++
Retrosplenial granular cortex +++ +
Pre-subiculum ++ T4
Subiculum ++ 44+
Entorhinal cortex 4+ 4+
Diencephalon
Medial habenula ++ ++
Lateral habenula ++ ++
Parasubthalamic nucleus + ++
Zona incerta ++ ++
Thalamus
Paraventricular thalamic nucleus ++++ ++++
Central medial nucleus ++++ ++++
Central lateral nucleus +++ ++++
Mediodorsal nucleus +4+++ ++++
Paracentral nucleus +++ 4+
Intermediodorsal nucleus +++ ++++
Interanteromedial nucleus ++ ++++

Cell number Intensity
Reunions nucleus + ++
Xiphoid nucleus + ++
Hypothalamus
Anteroventral periventricular nucleus ++ ++
Periventricular nucleus ++ +++
Ventrolateral preoptic nucleus + ++
Lateral preoptic nucleus ++ ++
Medial preoptic area +++ ++
Anterodorsal preoptic nucleus ++ ++
Lateral hypothalamus +++ ++
Paraventricular nucleus ++ ++
Supraoptic nucleus + +++
Lateroanterior hypothalamic nucleus +++ +++
Anterior hypothalamic area posterior part ++ ++
Dorsomedial nucleus +++ +++
Ventromedial nucleus +++ ++
Arcuate nucleus + +
Posterior hypothalamic area ++ ++
Premammillary nucleus ++ +++
Mammillary nucleus ++ ++
Ventral tuberomammillary nucleus + ++
Mesencephalon
Peripeduncular nucleus ++ +++
Olivary pretectal nucleus ++ ++
Medial pretectal nucleus ++ ++
Nucleus of posterior commissure ++ ++
Sub-geniculate nucleus + ++
Geniculate nucleus ++ ++
Substantia nigra (compacta and reticulata) ++ ++
Edinger-Westphal nucleus + +++
Superior colliculus +++ ++
Periaqueductal gray (dorsal to aqueduct +++ ++
of Sylvius)
Sub-brachial nucleus + ++
Interpeduncular nucleus + ++
Deep mesencephalic nucleus + ++

GAL-R1 mRNA-positive cells were qualitatively scored for total cell count (cell number) and relative expression level per cell (intensity) in each
forebrain region examined. Scoring for cell count was: + low, ++ moderate, +++ high, ++++ very high. Scoring for intensity was: + weak, ++
moderate, +++ dense, ++++ very dense. Young adult male C57BL6/J mice (n=6) were used for analysis, and results from all animals were

combined for scoring.

extending from the medial amygdaloid nucleus (dorsal and
ventral) to the basomedial amygdala (Fig. 1d).

In the telencephalon, the caudate putamen was la-
beled throughout its rostral-caudal extent with scattered
GALR1 mRNA-expressing cells (Fig. 2a). All divisions of
the lateral septum were densely labeled, and this region
contained among the highest numbers of GALR1 mRNA-
positive cells seen anywhere in the forebrain (Fig. 1a; Fig.
2a). A few scattered cells were seen in the nucleus ac-
cumbens, in both the core and shell regions. The ventral
palladium exhibited a moderate clustering of labeled cells
just below the anterior commissure (anterior part) (Fig. 2b).
Both the vertical and horizontal limbs of the diagonal band
had moderate numbers of labeled cells, but the medial
septum was virtually devoid of specific signal (Fig. 1b).
Distinct, but faintly labeled cells were seen in the dorsal

peduncular cortex. Most divisions of the bed nucleus of the
stria terminalis had moderate to high numbers of GALR1
mRNA-expressing cells, especially at the coronal level of
the preoptic area. The basal nucleus of Meynert and sub-
stantia innominata also had moderate numbers of scat-
tered cells.

Although no labeling was observed in the rostral hip-
pocampus, the caudal hippocampus exhibited low to mod-
erate levels of GALR1 mRNA expression, including the
pyramidal cell regions of ammon’s horn (CA1 and CA3)
and the ventral-most part of the dentate gyrus (Fig. 2d).
Groups of labeled cells were also identified in the amyg-
dalohippocampal area and peripeduncular nucleus (Fig.
2d). In the caudal regions of the forebrain, several areas
exhibited low to moderate numbers of GALR1 mRNA-
expressing cells. The areas showing the most prominent
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Fig. 1. Photomicrographs showing coronal sections of galanin recep-
tor 1 (GALR1) messenger RNA (mRNA) distribution in the hypothala-
mus and amygdala of the wild-type mouse. (a) lateral septum (LSI),
periventricular nucleus (PeN), medial preoptic area (MPA) and hori-
zontal limb of the diagonal band (HDB); (b) paracentral thalamic
nucleus (PC), central medial thalamic nucleus (CM), paraventricular
hypothalamic nucleus (PVN); (c) paraventricular thalamic nucleus
(PV), lateral hypothalamus (LH), lateral habenula (LHb), dorsomedial
hypothalamic nucleus (DMN), ventromedial hypothalamic nucleus
(VMN); (d) basomedial amygdaloid posterior nucleus (BMP), medial
amygdaloid posterior dorsal nucleus (MePD). A 33P-labeled riboprobe
corresponding to bases 590-967 of mouse GALR1 mRNA was ap-
plied to 20-pm fresh-frozen sections, which were dipped in photo-
graphic emulsion, and exposed for 10 days. Sharpness, contrast and
brightness were adjusted in Adobe Photoshop. Bar=200 pm.

expression were the various subdivisions of the mammill-
ary nuclei, the superior colliculus (Fig. 2f), and a region of
the periaqueductal gray just dorsal to the aqueduct of
Sylvius. In the caudal cortex, many moderately labeled
cells were seen throughout the extent of the retrosplenial
granular cortex (Fig. 2f), and parts of the entorhinal cortex
were densely labeled for GALR1 mRNA (Fig. 2e). These
two areas were the only cortical regions of the forebrain
that expressed detectable amounts of GALR1 mRNA.

Regulation of GALR1 mRNA in GALTG mice

To test the hypothesis that galanin regulates the expres-
sion of its own GALR1 receptor mRNA, we compared
levels of GALR1 mRNA in various brain regions between
groups of male mice that either overexpressed galanin
(GALTG) or expressed galanin at normal levels (WT).

In the hypothalamus, levels of GALR1 mRNA were sig-
nificantly higher in the GALTG compared with WT mice in
several areas, including the PeN, DMN and VMN (Fig. 3a;
Fig. 4). As galanin is a sexually dimorphic neuropeptide, we
sought to determine whether GALR1 is also up-regulated in
the hypothalamus of female GALTG mice. In females, as in
males, levels of GALR1 mRNA were significantly higher in
GALTG than WT, and this proved to be the case in the same
three hypothalamic areas—the PeN, the DMN and the VMN
(Table 2). Other hypothalamic regions, including the PVN did
not express GALR1 differently between WT and GALTG in
either male or female mice (data not shown).

We investigated whether altered expression of GALR1
occurs in other brain regions by measuring mRNA levels in
two additional areas previously shown to be neurochemically
altered in GALTG mice. The first target for exploration was
the horizontal limb of the diagonal band (HDB), as in GALTG
mice this area exhibits reductions in levels of choline acetyl-
transferase, the enzyme responsible for the synthesis of ace-
tylcholine (Steiner et al., 2001). To determine whether, as in
the case of the hypothalamus, we might also observe a
compensatory increase in GALR1 expression in the HDB, we
compared levels of GALR1 mRNA between GALTG and WT
animals in this region. We had previously discovered a clear
increase of galaninergic innervation into the HDB (Steiner et
al., 2001), but despite this we observed no difference in the
expression of GALR1 mRNA between genotypes in any part
of the HDB (Fig. 3b).

We also measured GALR1 mRNA in the CA1 region of
the hippocampus, and found that the number of expressing
cells was significantly higher in GALTG than in WT mice
(Fig. 3c). To determine whether this increase in GALR1
might result from an increase in galaninergic input to the
hippocampus, we examined galanin mRNA levels in the
entorhinal cortex, which provides a major hippocampal
projection through the perforant path (Dolorfo and Amaral,
1998). WT mice did not express galanin at all in this region,
but GALTG mice exhibited a massive ectopic expression
of galanin in the entorhinal cortex, as well as in the rostral
piriform cortex (Fig. 5).

Regulation of GALR1 mRNA after lesioning
noradrenergic/galaninergic neurons with 6-OHDA

To test the hypothesis that the expression of GALR1
mRNA responds acutely to alterations of exposure to its
ligand, the noradrenergic neurons that overexpress gala-
nin in GALTG mice were destroyed to reduce galanin
hyperinnervation to the hypothalamus, and levels of
GALR1 mRNA were compared between lesioned and
sham-lesioned animals. Mice were given a single injection
of the neurotoxin 6-OHDA, and the effectiveness of the
treatment was verified by documenting the reduction in
core temperature known to occur following this lesion
(Cleren et al., 1999) (Fig. 6a). In a separate group of mice,
catecholamine content was measured after placement of
the lesion, confirming a significant and selective decline in
norepinephrine (but not dopamine) content in all areas
examined (i.e. hypothalamus, hippocampus, and brain-
stem) following 6-OHDA treatment (Table 3). 6-OHDA-
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Fig. 2. Photomicrographs showing coronal sections of galanin receptor 1 (GALR1) messenger RNA (mRNA) distribution in the forebrain of the
wild-type mouse. (a) caudate putamen (CPu), lateral septum (LS), lateral ventricle (LV); (b) anterior part of anterior commissure (aca), ventral
palladium (VP); (c) medial habenula (MHb), paraventricular thalamic nucleus (PV); (d) dentate gyrus (DG), peripeduncular nucleus (PP); (e) entorhinal
cortex (Ent); (f) retrosplenial granular cortex (RSG), superior colliculus (s.c.). A *3*P-labeled riboprobe corresponding to bases 590-967 of mouse
GALR1 mRNA was applied to 20-um fresh-frozen sections, which were dipped in photographic emulsion, and exposed for 10 days. Sharpness,

contrast and brightness were adjusted in Adobe Photoshop. Bar=200 pm.

lesioned mice exhibited a transient loss of weight and a
reduction in food intake compared with vehicle-treated
animals, but these differences were significant only at the
24-h mark after treatment (data not shown). Seven days
following the lesion, levels of GALR1 mRNA in the hypo-
thalamus were measured and compared. No differences
were observed between GALTG mice treated with
6-OHDA and those treated with vehicle (Fig. 6b).

Regulation of GALR1 mRNA in GALKO mice

We examined whether galanin receptor expression is altered
when galanin is completely absent by comparing levels of
GALR1 mRNA in the hypothalamus and hippocampus of
GALKO and WT mice. The overall pattern of GALR1 gene
expression in GALKO mice was very similar to that observed
in WT mice, and there were no significant differences be-
tween GALKO and WT mice in levels of GALR1 mRNA in the
hypothalamus (Fig. 7) or hippocampus (data not shown).

DISCUSSION
Distribution of GALR1 in the forebrain of the mouse

Several differences were evident in the distribution pattern
of GALR1 mRNA between the mouse and that previously
reported in the rat (Burgevin et al., 1995; Gustafson et al.,
1996; Landry et al., 1998; Mitchell et al., 1997; O’Donnell
etal.,, 1999; Parker et al., 1995; Waters and Krause, 2000).
In the telencephalon, we found many GALR1 mRNA-pos-
itive cells throughout the rostral to caudal extent of the
caudate putamen. In contrast, virtually no expression of
GALR1 has been reported in the caudate of the rat. Also,
in the rat a robust expression of GALR1 mRNA has been
reported in the piriform cortex (O’Donnell et al., 1999),
whereas in mice no expression of GALR1T mRNA was
found in any piriform cortex region. This curious finding
could be explained by the species difference in the piriform
cortex distribution of galanin mRNA. In the rat, galanin
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Fig. 3. Galanin receptor 1 messenger RNA levels of wild-type (WT)
and galanin transgenic (GALTG) mice in (a) periventricular (PeN),
dorsomedial (DMN) and ventromedial (VMN) nuclei of the hypothala-
mus; (b) horizontal limb of the diagonal band (HDB); (c) CA1 region of
the hippocampus. Data are presented as mean signal to background
ratio (hypothalamus) or mean cell counts (horizontal limb of diagonal
band and CA1)£S.E.M. (n=6 animals per genotype).

mRNA is present in the piriform cortex (Ryan and Gund-
lach, 1996), but no galanin mMRNA has been reported in the
piriform cortex of the mouse (Cheung et al., 2001). It may
be that in the absence of galanin production in this region,
expression of the receptor is not required. GALR1 mRNA
was observed in other cortical areas such as the retrosple-
nial granular and entorhinal cortices. Curiously, the ento-
rhinal cortex also exhibited ectopic expression of galanin in
GALTG mice, but whether the same cells that express
galanin also express GALR1 in these regions is not known.
In the amygdala, the regions having the highest levels of
GALR1 mRNA expression were the basomedial and me-
dial nuclei (both dorsal and ventral). These nuclei are both
reciprocally connected to the hypothalamus, and to cortical
regions involved in processing of emotional memories. The
medial amygdaloid nucleus is considered to be an essen-
tial link between cortical circuits and regions of the hypo-
thalamus that regulate sexual and maternal behaviors
(Aggleton, 2000). The abundance of GALR1 in medial
amygdala regions suggests that galanin mediates limbic
system processing of neuroendocrine behaviors.

In the diencephalon, there is a remarkably good agree-
ment in the distribution of GALR1 mRNA between the rat
and mouse. The region having the densest expression of
GALR1 mRNA was the thalamus, especially the midline

and intralaminar nuclei, several of which project to the
hypothalamus (Campeau and Watson, 2000) In the hypo-
thalamus itself, GALR1 mRNA—like its ligand galanin—
was distributed widely in all major nuclear groups. All
regions of the preoptic area exhibited robust labeling for
GALR1 mRNA, with highest levels in the medial preoptic
area. As this region is involved in controlling sexual and
reproductive behaviors, this underscores the putative role
of galanin as a mediator of these processes. Nearly every
nucleus associated with neuroendocrine functions had at
least moderate amounts of GALR1 mRNA, including the
PeN, PVN, DMN, LH and VMN. The exception to this was
the arcuate nucleus, where only a few GALR1 mRNA-
expressing cells were noted, which may not be surprising
since in the mouse galanin is only expressed in a limited
subset of cells in the arcuate nucleus (Cheung et al.,
2001).

In the mesencephalon, relatively litle GALR1 mRNA
has been reported in the rat, except in the superior collicu-
lus, central gray, and (in some studies) the substantia nigra
(Burazin et al., 2000; Parker et al., 1995). In contrast, in the
mouse we found GALR1 mRNA to be widely distributed
throughout the midbrain, suggesting a more important role
for galanin in these regions of this species compared with
the rat. For example, the expression of GALR1 mRNA in
the geniculate, pretectal and superior collicular areas im-
plies that in the mouse, galanin has a role in visual pro-
cessing, as these are all relay nuclei for input to visual
cortex (Watanabe et al., 2001). Notably, a robust signal for
GALR1 mRNA was observed in the peripeduncular nu-
cleus, a region closely associated with maternal and sex-
ual behaviors (Wedemeyer et al., 1999). Overall, the ex-
pression pattern of GALR1 mRNA in the forebrain of the
mouse supports a role for this receptor as an important
mediator of behavioral and physiological components of
neuroendocrine circuitry.

Regulation of GALR1 expression in GALTG mice

In GALTG mice, galanin gene expression was placed un-
der the control of the dopamine B-hydroxylase promoter,
resulting in overexpression of galanin in all noradrenergic
(NE) cells in the brain. Galanin is a cotransmitter with
norepinephrine in the forebrain, and one expected conse-
quence of overexpressing galanin in noradrenergic neu-
rons is increased release of galanin in noradrenergic pro-
jection fields regions such as the hypothalamus and hip-
pocampus (Steiner et al., 2001). The increase of GALR1
mRNA in these brain regions of GALTG mice supports the
hypothesis that regulation of receptor gene expression is
part of a compensatory homeostatic mechanism, which
maintains normal galaninergic tone in the face of chroni-
cally elevated levels of galanin. The hypothalamic regions
where both male and female GALTGs expressed elevated
levels of GALR1 compared with WT (PeN, DMN and VMN)
are known to be centers of neuroendocrine integration
(Bernardis and Bellinger, 1998; Rohner-Jeanrenaud,
1995; Simerly, 1998). Cells in these nuclei are richly en-
dowed with receptors for both neuropeptides and sex ste-
roids, and neurons in these regions send and receive
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Fig. 4. Photomicrographs showing coronal sections of galanin receptor 1 (GALR1) messenger RNA (mRNA) levels in the hypothalamus between
wild-type (WT) (a and c) and galanin transgenic (GALTG) mice (b and d). (a) WT periventricular nucleus (PeN); (b) GALTG PeN; (c) WT dorsomedial
nucleus (DMN) and ventromedial nucleus (VMN); (d) GALTG DMN and VMN. Optic chiasm (ox), third ventricle (3V). A 33P-labeled riboprobe
corresponding to bases 590-967 of mouse GALR1 mRNA was applied to 20-pum fresh-frozen sections, which were dipped in photographic emulsion,
and exposed for 10 days. Sharpness, contrast and brightness were adjusted in Adobe Photoshop. Bar=200 pm.

projections to and from other hypothalamic areas (Gu and
Simerly, 1997; Luiten and Room, 1980; Thompson et al.,
1996). If galanin signaling in these nuclei were important
for maintaining proper neuroendocrine function, then miti-
gating the impact of galanin overexpression by altering
galanin receptor expression would be beneficial as an
adaptive mechanism to limit potentially harmful swings in
the secretion of this neuropeptide.

If the increase in GALR1 expression in GALTGs helps
to compensate for elevated galaninergic activity in these
animals, then ligand-bound GALR1 should ultimately lead
to an inhibition of galanin secretion. This inhibition could
result from the direct activation of GALR1 expressed by
galanin neurons themselves, or it could be mediated by
GALR1 receptors located in other neurons that interact
with galanin neurons. GALR1 and galanin mRNAs have
overlapping patterns of expression in the mouse forebrain

Table 2. Galanin receptor 1 messenger RNA levels in female galanin
transgenic (GALTG) mice and wild-type (WT) controls

Region Female WT Female
GALTG
DMN 1.17+0.03 1.53+0.07*
VMN 1.16+0.03 1.34%+0.07*
PeN 1.08+0.03 1.24+0.05*

* P<0.05 compared to female WT.

Data are expressed as mean signal to background ratio+S.E.M.
(n=6 per group). DMN indicates dorsomedial nucleus; VMN, ventro-
medial nucleus; PeN, periventricular nucleus.

and midbrain (J. Hohmann, unpublished observation),
which is consistent with a putative autoregulatory role for
this receptor. It has also been established in the rat that
galanin and GALR1 coexist in the same forebrain neurons
(Landry et al., 1998; Miller et al., 1997). Thus, it is conceiv-
able that an increase in the expression of inhibitory GALR1
autoreceptors plays a compensatory role for elevated ga-
lanin tone in GALTGs. If this were the case, we would
expect levels of GALR1T mRNA to be elevated in neurons
that (1) express galanin and (2) receive projections from
neurons that overexpress galanin in GALTGs (i.e. NE neu-
rons). Of the three hypothalamic nuclei in which GALTGs
express elevated levels of GALR1 mRNA, the PeN and
DMN have been shown to contain galanin-expressing neu-
rons, identifying these nuclei as possible sites for GALR1
autoregulation (Cheung et al., 2001; Landry and Hokfelt,
1998).

The DMN receives afferent input from NE neurons in
the brainstem, particularly from the locus coeruleus (Palko-
vits, 1999) where virtually all of the NE neurons normally
coexpress galanin and show dramatic overexpression of
galanin in the GALTGs (Holets et al., 1988; Steiner et al.,
2001). Whether galaninergic/NE efferents from brainstem
neurons activate GALR1 autoreceptors in the DMN is un-
known. However, it is plausible that GALR1 is up-regulated
in the DMN as a presynaptic receptor in terminal fields of
projections from the DMN, such as the PVN. Galanin-
containing neurons provide a major input to the parvocel-
lular PVN, where they are thought to regulate the release
of hormones from the anterior pituitary (Ceccatelli et al.,
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Fig. 5. Photomicrographs showing coronal sections of galanin messenger RNA in (a) the entorhinal cortex of wild-type (WT) mice; (b) the entorhinal
cortex of galanin transgenic (GALTG) mice; (c) the piriform cortex of WT mice; (d) the piriform cortex of GALTG mice. A 3°S-labeled riboprobe
corresponding to the entire coding region of preprogalanin was applied to 20-u.m fresh-frozen sections, which were dipped in photographic emulsion,
and exposed for 7 days. Sharpness, contrast and brightness were adjusted in Adobe Photoshop. Bar=200 pm.

1992; Levin et al., 1987). This same region of the PVN also
receives afferent input from the noradrenergic brainstem
(Palkovits, 1999). This being the case, it could be impor-
tant for the release of galanin into the PVN from these dual
afferents (the DMN and brainstem nuclei) to be tightly
controlled, perhaps in part through the regulation of
GALR1 expression. The lack of a difference between
GALTG and WT in their expression of GALR1 mRNA in the
PVN is particularly surprising, given the potentially impor-
tant role of galanin in regulating the activity of this nucleus.
Notwithstanding, it is conceivable that differential expres-
sion of GALR1 mRNA would become manifest between
genotypes, but only following physiological or experimental
challenges, such as fasting or gonadectomy.

At least some of the GALR1 that is up-regulated in
GALTGs belongs to neurons that do not contain galanin.
The expression of GALR1 is also influenced by genotype
in the VMN, an area where little or no galanin has been
detected in either the rat or the mouse (Cheung et al.,
2001; Ryan and Gundlach, 1996). However, the VMN

receives a direct projection from the subiculum (Fahrbach
et al., 1989; Kita and Oomura, 1982). Although galanin is
not produced in the subiculum of normal WT mice, it is
ectopically expressed at high levels there in GALTG mice
(Steiner et al., 2001). Thus, it seems reasonable to infer
that GALR1 is up-regulated postsynaptically in the VMN to
compensate for the anomalous effects of increased gala-
nin input from subicular areas in the transgenic animals. A
similar argument can be made for the CA1 region of the
hippocampus, where GALR1 expression in GALTGs was
significantly increased, possibly due to the massive ectopic
increase in galaninergic input from the entorhinal cortex.
The increased expression of GALR1 mRNA in the
PeN, DMN and VMN of GALTG mice occurred following
life-long exposure to elevated levels of galanin. Several
studies have demonstrated changes in GALR1 expression
acutely after lesions that lead to altered expression levels
of galanin (Landry and Hokfelt, 1998; Zhang et al., 1998).
Often, changes in the expression of galanin mRNA and
GALR1 mRNA are inversely related; for example as a
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temperaturex=S.E.M. (b) Galanin receptor 1 messenger RNA levels in
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result of colchicine treatment, hypophysectomy, or axo-
tomy. To determine whether expression of GALR1 mRNA
in GALTG mice can also be influenced by acute changes

Table 3. Levels of norepinephrine (NE) and dopamine (DA) in 6-hy-
droxydopamine-treated (6-OHDA) or sham-treated (aCSF) mice

Region aCSF-treated 6-OHDA-treated
Hypothalamus

NE 34.1x1.1 18.1+3.9*

DA 6.4x0.4 6.8+0.3
Hippocampus

NE 12.1+0.7 1.7+0.9*

DA 0.8+0.2 0.8+0.3
Brainstem

NE 18.4+0.3 9.2+0.9*

DA 0.8+0.1 1.0=0.1

* P<0.01 compared to aCSF-treated mice. Data are presented as
mean ng/ml=S.E.M. (n=5 mice per group).
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Fig. 7. Galanin receptor 1 messenger RNA levels of wild-type (WT)
and galanin knockout (GALKO) mice in the periventricular (PeN),
dorsomedial (DMN) and ventromedial (VMN) nuclei of the hypothala-
mus. Data are presented as mean signal to background ratio+S.E.M.
(n=6 animals per genotype).

in galanin levels, we examined the effects of lesioning
NE/galanin projections from the brainstem with 6-OHDA.
We used a dose of 6-OHDA that had previously been
shown to selectively deplete stores of NE in the hypothal-
amus (Cleren et al., 1999), and which should also reduce
levels of the cotransmitter galanin. Because all available
hypothalami from lesioned mice were needed for the anal-
ysis of either mRNAs or catecholamine measurements, it
was not possible to directly assay galanin content or in-
nervation after 6-OHDA treatment. However, as expected,
NE content was dramatically reduced in all regions exam-
ined, demonstrating that brainstem noradrenergic/galanin-
ergic neurons were seriously compromised by the neuro-
toxin. Also, body temperatures of lesioned mice were dra-
matically (but transiently) lower after treatment, reflecting
the temporary hypothermic effect of massive release of NE
into thermoregulatory regions of the hypothalamus. To our
surprise, no changes in GALR1 mRNA were observed in
any hypothalamic region as a result of this 6-OHDA insult,
suggesting that acute changes in ligand exposure were not
sufficient to alter levels of GALR1 mRNA. However, an-
other plausible explanation is that the 6-OHDA lesion was
not successful in reducing galanin levels in the hypothal-
amus to the degree necessary to be recognized by the
GALR1 control system. This could result from the contin-
ued release into the hypothalamus of galanin ectopically
produced in the subiculum and/or piriform cortex of
GALTG mice, which presumably were unaffected by
6-OHDA lesions. Also, as we only measured levels of
GALR1 mRNA at one time point after placement of the
lesion (7 days), it is possible that sampling at earlier or later
time points might have revealed changes between treat-
ment groups. Further studies will be necessary to differen-
tiate between the chronic and acute effects of altered
galanin gene expression on GALR1 expression, but evi-
dence from these lesion studies suggests that basal re-
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ceptor mRNA levels may be primarily determined by some
other developmental mechanism.

Regulation of GALR1 expression in GALKO mice

In contrast to what was observed in GALTG mice, no
changes in GALR1 mRNA levels were noted in GALKO
mice compared with WT mice in either the hypothalamus
or hippocampus. This finding suggests that a certain level
of receptor expression is genetically and developmentally
programmed, and is not dependent on the presence of the
ligand. This is different from the situation in GALTG mice,
where brain circuits respond to the chronic “insult” of high
galanin levels by activating counter-regulatory mecha-
nisms. Thus, it would appear that in the complete absence
of ligand in the GALKO, there would be nothing gained by
changing levels of GALR1 receptor expression, and it
would be more advantageous developmentally to alter the
expression of other molecules that could functionally com-
pensate for the loss of galanin. A potential compensatory
molecule would be galanin-related peptide, a neuropeptide
that is expressed in the hypothalamus and is known to
activate galanin receptors (Ohtaki et al., 1999).

A caveat to these receptor studies is the fact that we
examined only one component of the receptor regulatory
process—control at the mRNA level, which may or may
not accurately reflect the levels of protein present. It is
conceivable that GALR1 activity is altered in GALKO mice
by other mechanisms, such as posttranslational process-
ing, receptor insertion into the membrane, internalization,
or turnover. Notwithstanding, it is worth noting that a recent
study has shown that when levels of hypothalamic galanin
mRNA are experimentally induced, this is accompanied by
an increase in both GALR1 mRNA and protein, suggesting
that stimulation of GALR1 mRNA is accompanied by
higher protein production (Burazin et al., 2001). Although
levels of GALR1 protein were not examined in our study,
levels of its mMRNA certainly reflect one important aspect of
functional regulation; thus, it seems reasonable to infer
that transcriptional regulation of the receptor gene is not a
primary mechanism for compensation in the GALKO ani-
mal.

Another potential mechanism for compensatory adjust-
ment in galanin-mutant mice could be alterations in the
expression of other galanin receptor subtypes such as
GALR2, which is also broadly expressed in the mouse
brain (Holmes et al., 2001). Preliminary evidence from our
laboratory suggests that GALR2 mRNA is down-regulated
in GALTG mice, in contrast to the up-regulation seen with
GALR1 mRNA (J. G. Hohmann, unpublished observation).
The apparent differential regulation of these two receptor
subtypes in GALTG mice may not be too surprising con-
sidering their unique roles as mediators of galanin’s ac-
tions. Based on studies involving a GALR2 specific ago-
nist, Lui et al. have suggested that GALR1 activation
subserves galanin’s antinociceptive effects, whereas acti-
vation of GALR2 may actually decrease pain threshold (Liu
et al.,, 2001). Also, GALR1 and GALR2 are oppositely
regulated following manipulations that alter levels of gala-
nin mRNA, implying distinct physiological roles for each

receptor subtype (Burazin et al., 2001; Zhang et al., 1998).
Conclusive evidence for alterations in neuropeptide recep-
tor mRNA as a function of ligand overexpression is scant.
However, a recent report showing differential regulation for
two of the NPY receptor subtypes in NPY knockout mice
suggests that remodeling of receptor circuits may be func-
tionally important (Trivedi et al., 2001). Our results, dem-
onstrating altered expression of GALR1 in galanin-overex-
pressing mice, suggest that compensatory adjustments in
the expression of cognate receptors represent one mech-
anism by which the nervous system attempts to maintain
homeostasis in the face of permanent alterations in the
availability of neuropeptide transmitters.
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