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Abstract The GLW-amide family is a neuropeptide family
found in cnidarian species and is characterized by the C-
terminal amino acid sequence -Gly-Leu-Trp-NH2. To detect
mammalian peptides structurally related to the GLW-amide
family, we examined rat brain by immunohistochemistry
with an anti-GLW-amide antibody. GLW-amide-like immu-
noreactivity (GLW-amide-LI) was observed in thin varicose
fibers in some regions of the brain. Most neurons showing
GLW-amide-LI were observed in the laterodorsal tegmental
nucleus, pedunculopontine tegmental nucleus, and trigem-
inal/spinal ganglia. These results strongly suggest that the

rat nervous system contains as yet unidentified GLW-
amide-like peptides, and that GLW-amide-LI in the brain is
a good marker for ascending projections from mesopontine
cholinergic neurons.
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Introduction

Neuropeptides play important roles in a variety of brain
functions. Because of their significance, strategies to isolate
novel neuropeptides have been pursued for several decades.
Among these, a comprehensive identification of bioactive
peptides in a freshwater cnidarian species, Hydra magni-
papillata, has proven to be useful (Takahashi et al. 1997).
This “peptidome” analysis, which is composed of two
steps, has been described in detail elsewhere. Briefly, as a
first step, peptides extracted from Hydra were systemati-
cally purified to homogeneity without any biological assay.
Next, the effects of each isolated peptide on gene
expression in Hydra were examined by differential-display
polymerase chain reaction (Liang and Pardee 1992).
Isolated peptides that affected gene expression were
selected as candidate bioactive peptides, and their structures
and biological activities were finally analyzed. This
approach allowed the isolation of several hundred bioactive
peptides from Hydra.

The identification of a number of novel Hydra peptides
prompted us to examine the existence of homologs in the
mammalian brain. Among the many peptides identified by
the peptidome analysis mentioned above, we have focused
on Hydra GLW-amide family peptides. The GLW-amide
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family is characterized by the C-terminus sequence -Gly-
Leu-Trp-NH2 (Leviev and Grimmelikhuijzen 1995; Leviev
et al. 1997; Takahashi et al. 1997). The first identified
member of this GLW-amide family was metamorphosin A, a
peptide that regulates metamorphosis of the lower metazoan,
the cnidarian, Hydractinia echinata (Leitz et al. 1994).
GLW-amide peptides are expressed in neurons and probably
function as neuropeptides in cnidaria and Hydra (Gajewski
et al. 1996; Leitz and Lay 1995; Takahashi et al. 2003).

Here, we demonstrate that the GLW-amide antiserum
intensely labels thin varicose fibers in various regions of the
rat brain and spinal cord. The distribution pattern of GLW-
amide-like immunoreactivity (GLW-amide-LI) strongly
suggests the presence of novel neuropeptides structurally
related to the Hydra GLW-amide family.

Materials and methods

Preparation of tissues

Seven adult male Wistar rats (200–300 g) were used for the
neuroanatomical mapping of GLW-amide-LI. Two received an
intraventricular injection of colchicine (80 µg in 10 µl saline)
to enhance the staining of cell bodies (Hökfelt et al. 1977).
Colchicine-treated rats were killed 24 h after injection. The
colchicine-treated rats were deeply anesthetized by pentobar-
bital (Nembutal; Abbott Laboratories, Chicago, USA) and
perfused through the ascending aorta with saline followed by
4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB,
pH 7.3). The brains and spinal cords were rapidly removed
and postfixed overnight in the same fixative. The tissues were
then immersed in 0.1 M PB containing 20% (w/v) sucrose for
24 h at 4˚C for cryoprotection. Whole brains were cut into
50-µm-thick serial sections on a freezing microtome, and two
adjacent coronal sections were taken at 250-µm intervals. The
sections were stored at 4˚C in phosphate-buffered saline
(PBS, pH 7.3). One of the two adjacent sections was stained
with 0.25% thionin for nuclear identification, and the other
was used for immunohistochemistry.

Immunohistochemistry

Frozen sections were rinsed with PBS containing 0.3% Triton
X-100 (PBST) for 30min and preincubated for 1 h with PBST
containing 5% normal goat serum (PBST-NGS). Then, the
sections were incubated with rabbit anti-GLW-amide antisera
(Takahashi et al. 2003) diluted 1:4000 in PBST-NGS at 4˚C
overnight. After several rinses with PBST, the sections were
incubated with biotinylated goat anti-rabbit IgG (Vector,
Calif., USA) diluted 1:400 in PBST-NGS for 1 h at room
temperature, rinsed with PBS several times, incubated with
avidin-biotin complex reagent (PK-6100, Vector) for 1 h, and

rinsed with PBS for 40 min. The peroxidase reaction product
was revealed with 0.06% ammonium nickel sulfate, 0.02%
diaminobenzidine, and 0.005% hydrogen peroxide in PBS
under visual control. The sections were then mounted on
gelatin-coated glass slides, dehydrated, and coverslipped
with Permount (Fisher Scientific, PA., USA).

Specificity of GLW-amide antiserum

To determine the specificity and epitope of the GLW-amide
antiserum, we treated sections of spinal cord with the
secondary antibody and avidin-biotin complex reagent after
incubation with primary antibody that had been preincu-
bated for 1 h at 37˚C with an excess (10 µg/ml) synthetic
peptides including CGLW-NH2, LW-NH2, W-NH2,
GPMTGLW, and GPPPGLW. The latter two peptides are
non-amidated forms of the Hydra GLW-amide peptides
(Takahashi et al. 1997) Hym-54 and Hym-331, respectively.

Results

To investigate the possibility that GLW-amide-like peptides
exist in the rat brain, we immunostained rat brain tissues
with anti-GLW-amide antiserum, which had been raised
against the synthetic peptide CGLW-NH2 conjugated to
hemocyanin (Takahashi et al. 2003). We detected GLW-
amide-LI in several regions of the rat central nervous
system, including spinal cord.

Evaluation of the specificity of anti-GLW-amide antiserum

To determine the specificity and epitope of the antiserum,
we preabsorbed the antiserum with an excess amount of
synthetic peptides, including CGLW-NH2, LW-NH2, and
W-NH2 (Fig. 1b-d), and with GPMTGLW and GPPPGLW,
which correspond to the Hydra GLW-amide family peptides
Hym-54 and Hym-331, respectively, but lack the C-
terminal amidation (Fig. 1e, f). Preincubation with 10 µg/
ml CGLW-NH2 resulted in a complete loss of staining
(Fig. 1b), whereas preincubation with W-NH2, Hym-54-
OH, or Hym-331-OH did not change the immunoreactivity
compared with the staining pattern seen with non-absorbed
antiserum (Fig. 1a). Preincubation with LW-NH2 abolished
most, but not all, of the immunoreactivity (Fig. 1c). These
data indicated that the anti-GLW-amide antiserum predom-
inantly recognized GLW-NH2 or LW-NH2.

GLW-amide-like immunoreactivity in rat brain and spinal
cord

We examined the distribution pattern of GLW-amide-LI in
the rat brain and spinal cord by immunohistochemistry. In
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general, GLW-amide-LI was observed as thin fibers with
small varicosities in several regions of the brain and spinal
cord. The regions in which GLW-amide-LI was detected are
listed in Table 1. Because it was difficult to detect somata
positive for GLW-amide-LI(hereafter referred to more
briefly as GLW-amide-positive cells) in the sections from
non-colchicine-treated rats, we immunostained the sections
from the colchicine-treated rats and detected cell bodies
showing GLW-amide-LI (abbreviations are taken from the
rat brain atlas of Paxinos and Watson 1996).

Rhinencephalon

No GLW-amide-positive cell bodies were detected in this
region. GLW-amide-positive varicose fibers were occasion-
ally observed in the glomerular layer (Gl), olfactory nerve
layer, and external plexiform layer. In the Gl, GLW-amide-
positive fibers were distributed in the surrounding glomer-
uli (data not shown).

Telencephalon

GLW-amide-positive cell bodies were not detected in this
area. GLW-amide-positive fibers were observed in the
prelimbic cortex (PrL), cingulate cortex, agranular insular
cortex, amygdaloid complex, hippocampus, and some of
the basal nuclei. A high density of GLW-amide-positive

fibers was observed in the PrL, especially in layers II and V
(Fig. 2a, b). In the cingulate cortex 1 (Cg1) adjacent to the
PrL, we detected fewer immunolabeled fibers than in the
PrL (Fig. 2a). In addition to the Cg1, a low density of
GLW-amide-positive fibers was observed in the agranular
insular cortex (data not shown). We could not find GLW-
amide-positive fibers in other areas of the cerebral cortex.

In the amygdaloid complex, the central (Fig. 2c, d) and
medial amygdaloid nucleus contained a moderate density of
GLW-amide-positive fibers, and the basolateral amygdaloid
nucleus contained a low density of GLW-amide-positive
fibers. In the hippocampus, a low density of GLW-amide-
positive fibers was found in the stratum radiatum and
stratum oriens of the CA1 (Fig. 2e), CA2, and CA3 regions.

In the basal nuclei, high densities of GLW-amide-
positive fibers were observed in the dorsal taenia tecti,
septohippocampal nucleus, lateral septum nucleus, and
indusium griseum (Fig. 3). Moderate to low densities of
GLW-amide-positive fibers were detected in the ventral
taenia tecti, the bed nucleus of the stria terminalis (see
below), the nucleus of the horizontal limb of the diagonal
band, and the island of Calleja.

Diencephalon

A small number of multipolar GLW-amide-positive cell
bodies were detected in the dorsal tuberomammillary nucleus.

Fig. 1 Specificity and epitope
determination of the anti-
GLW-amide antiserum. In the
spinal cord (a), GLW-amide-like
immunoreactivity (GLW-
amide-LI) is mainly observed in
the dorsal horn, especially in
Rexed’s laminae I and II. GLW-
amide-LI is considerably
decreased after preincubation
with an excess amount
(10 µg/ml) of synthetic peptides
CGLW-NH2 (b, +CGLWamide)
or LW-NH2 (c, +LWamide),
prior to the immunohistochemi-
cal procedure. Preincubation
with W-NH2 (d, +Wamide),
Hym-54-OH (GPMTGLW)
(e, +Hym-54-OH), or Hym-331-
OH (GPPPGLW) (f, +Hym-
331-OH) does not affect the
pattern of GLW-amide-LI.
Bar 100 µm
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In the epithalamus, the highest density of GLW-amide-
positive fibers was found in the medial region of the lateral
habenula (LHbM) (Fig. 4a, b). In the medial habenula,
GLW-amide-positive fibers were found along the dorsal
third ventricle (Fig. 4b).

In the thalamus, GLW-amide-positive fibers were pre-
dominantly distributed in the intralaminar and midline
thalamic nuclei. A moderate density of GLW-amide-
positive fibers was observed in the central medial thalamic
nucleus and the intermediodorsal thalamic nucleus (Fig. 5a,
b). A low density of GLW-amide-positive fibers was found
in the paracentral thalamic nucleus, the parafascicular
thalamic nucleus, and the mediodorsal thalamic nucleus.

In the hypothalamus, a moderate density of GLW-amide-
positive fibers was observed in the arcuate nucleus. The
periventricular hypothalamic nucleus, suprachiasmatic nu-
cleus, paraventricular hypothalamus nucleus, anterior

Table 1 Distribution of GLW-amide-positive fibers and cell bodies in
rat brain (densities of the fibers and cell bodies were rated as follows:
+++ high, ++ moderate, + low, − absent)

Brain regions Fibers Cell bodies

Rhinencephalon

Glomerular layer + −
Olfactory nerve layer + −
External plexiform layer + −
Telencephalon

Prelimbic cortex +++ −
Cingulate cortex 1 ++ −
Agranular insular cortex + −
Dorsal taenia tecti +++ −
Ventral taenia tecti ++ −
Indusium griseum +++ −
Septohippocampal nucleus +++ −
Lateral septum nucleus +++ −
Septofimbrial nucleus + −
Bed nucleus of the stria terminalis ++ −
Nucleus of the horizontal limb of the
diagonal band

+ −

Ventral pallidum + −
Islands of Calleja + −
Central amygdaloid nucleus ++ −
Basolateral amygdaloid nucleus + −
Medial amygdaloid nucleus ++ −
Hippocampus CA1, CA2, CA3 + −
Diencephalon

Dorsal tuberomammillary nucleus − +

Lateral habenula +++ −
Medial habenula (medial) + −
Central medial thalamic nucleus ++ −
Mediodorsal thalamic nucleus + −
Paracentral thalamic nucleus + −
Posteromedian thalamic nucleus + −
Paraventricular thalamic nucleus + −
Intermediodorsal thalamic nucleus ++ −
Parafascicular nucleus + −
Rhomboid thalamic nucleus + −
Zona incerta + −
Subincertal nucleus + −
Medial preoptic area + −
Retrochiasmatic area + −
Supraoptic nucleus + −
Paraventricular hypothalamic nucleus + −
Arcuate nucleus ++ −
Periventricular hypothalamic nucleus + −
Anterior hypothalamic area + −
Dorsomedial hypothalamic nucleus + −
Posterior hypothalamic area + −
Lateral hypothalamic area + −
Tuber cinereum area + −

Table 1 (continued)

Brain regions Fibers Cell bodies

Supramammillary nucleus + −
Premammillary nucleus + −
Lateral mammillary nucleus + −
Mesencephalon

Lateral periaqueductal gray + +

Periaqueductal gray + −
Lateral subnucleus of the interpeduncular
nuclei (IP)

+++ −

Central subnucleus of the IP + −
Dorsal medial subnucleus of the IP + −
Interfascicular nucleus ++ −
Ventral tegmental area ++ −
Substantia nigra + −
Pons

Laterodorsal tegmental nucleus − +++

Pedunculopontine tegmental nucleus − +

Superior colliculus + −
Dorsal raphe nucleus + −
Paramedian raphe nucleus + −
Medulla

Spinal trigeminal nucleus +++ −
Spinal trigeminal tract +++ −
Nucleus of the solitary tract ++ −
Parvicellular reticular nucleus + −
Lateral paragigantocellular nucleus + −
Raphe pallidus nucleus + −
External cuneate nucleus + −
Spinal cord

Lamina I +++ −
Lamina II +++ −
Laminae III, IV, IX + −

18 Cell Tissue Res (2009) 337:15–25



hypothalamic area, posterior hypothalamic area, lateral
hypothalamic area, subincertal nucleus, and supramammil-
lary nucleus all contained a low density of GLW-amide-
positive fibers.

Mesencephalon

A small number of GLW-amide-positive cell bodies, which
had a unipolar or bipolar dendritic arrangement, were
detected in the lateral periaqueductal gray. In addition to
these cell bodies, a small number of GLW-amide-positive
fibers were detected in the periaqueductal gray (Fig. 5d).
Densely packed GLW-amide-positive fibers were observed
in the lateral subnucleus of the interpeduncular nuclei
(Fig. 4c, d). Low densities of GLW-amide-positive fibers
were also detected in the central subnucleus and dorsal

medial subnucleus of the interpeduncular nuclei. A moder-
ate density of GLW-amide-positive fibers was found in the
interfascicular nucleus and ventral tegmental area. The
substantia nigra exhibited a low density of GLW-amide-
positive fibers.

Pons and cerebellum

A considerable number of GLW-amide-positive somata,
most of which were multipolar and large (about 20 µm),
were concentrated in the laterodorsal tegmental area
(LDTg) (Fig. 6a, b). In addition, a small number of small
GLW-amide-positive cell bodies were observed in the
pedunculopontine tegmental nucleus (PPTg). A small
number of GLW-amide-positive fibers were found in the
dorsal and paramedian raphe nuclei and the superior

Fig. 2 Dark-field photomicro-
graphs showing GLW-amide-
positive fibers in the prelimbic
region (a, b), central amygda-
loid nucleus (c, d), and CA1
region of the hippocampus (e). b
Higher magnification of the
dashed rectangle in a. A high
density of GLW-amide-positive
fibers was observed in layers II
and V. d Higher magnification
of the dotted rectangle in c. Cg1
cingulate cortex area 1, PrL
prelimbic cortex, Ce central
amygdaloid nucleus, CA1 CA1
region of the hippocampus, Py
pyramidal layer, Rad stratum
radiatum, Or stratum oriens, I–V
layers of the prelimbic cortex.
Bars 100 µm
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Fig. 3 Dark-field photomicro-
graphs showing GLW-amide-
positive fibers in (a) the dorsal
taenia tecti (DTT), (b) septohip-
pocampal nucleus (SHi), and (c)
lateral septal nucleus (LSN). IG
indusium griseum, cc corpus
callosum, LV lateral ventricle.
Bars 100 µm

Fig. 4 Photomicrographs showing GLW-amide-positive fibers in the
lateral habenula (a, b) and interpeduncular nuclei (c, d); b, d higher
magnifications of boxed areas in a, c, respectively. A high density of
GLW-amide-positive fibers was observed in the medial part of the
lateral habenula (b) and the lateral subnucleus of the interpeduncular
nuclei (d). cc Corpus callosum, D3V dorsal 3rd ventricle, sm stria
medullaris of the thalamus, fr fasciculus retroflexus, HiF hippocampal

fissure, MHb medial habenular nucleus, LHbM lateral habenular
nucleus (medial part), LHbL lateral habenular nucleus (lateral part),
CLi caudal linear nucleus of the raphe, vtgx ventral tegmental
decussation, cp cerebral peduncle, ml medial lemniscus, tfp transverse
fibers of the pons, IPC interpeduncular nucleus (caudal subnucleus),
IPL lateral subnucleus of interpeduncular nucleus, IPDM interpedun-
cular nucleus (dorsomedial subnucleus). Bars 100 µm
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colliculus. We could not find any GLW-amide-positive cell
bodies or fibers in the cerebellum.

Medulla

No GLW-amide-positive cell bodies were found in the
medulla oblongata. GLW-amide-positive fibers were ob-
served in the spinal trigeminal nucleus, the spinal trigem-
inal tract, and the nucleus of the solitary tract. In the spinal
trigeminal nucleus, GLW-amide-positive fibers were pres-
ent in the peripheral region, especially in the most ventral
and dorsal part (Fig. 6c). Thick bundles of GLW-amide-
positive fibers were observed in the most dorsolateral part
of the spinal trigeminal tract (Fig. 6d). A moderate density
of GLW-amide-positive fibers was seen in the nucleus of

the solitary tract (Fig. 5e, f). Low densities of GLW-amide-
positive fibers were detected in the parvicellular reticular
nucleus, the lateral paragigantocellular nucleus, the raphe
pallidus nucleus, the external cuneate nucleus, and the
lateral reticular nucleus.

Spinal cord

NoGLW-amide-positive cell bodies were detected in the spinal
cord. In all segments of the spinal cord, GLW-amide-positive
fibers were concentrated in Rexed’s laminae I and II (Rexed
1954; Fig. 7a, b). Low densities of GLW-amide-positive
fibers were detected in Rexed’s laminae III, IV, IX, and X.
Interestingly, a small bundle of GLW-amide-positive fibers
ran longitudinally just ventral to the central canal (Fig. 7c, d).

Fig. 5 Photomicrographs show-
ing GLW-amide-positive fibers
in the central medial thalamic
nucleus (a, b), the bed nucleus
of the stria terminalis (c), the
lateral periaqueductal gray (d),
and the nucleus of the solitary
tract (e, f). Moderate to low
densities of GLW-amide-
positive fibers were detected in
these regions; b, f higher mag-
nification of boxed areas in a, e,
respectively. IMD intermedio-
dorsal thalamic nucleus, CM
central medial thalamic nucleus,
MD mediodorsal thalamic
nucleus, LV lateral ventricle,
BST bed nucleus of the stria
terminalis, sm stria medullaris of
the thalamus, Aq aqueduct,
LPAG lateral periaqueductal
gray, 4V 4th ventricle, 12 hypo-
glossal nucleus, Sol nucleus of
the solitary tract. Bars 100 µm
(a-d, f), 500 µm (e)
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A small number of GLW-amide-positive cell bodies were
detected in the dorsal root ganglion (DRG) (Fig. 7e, f).
Judging from their size and shape, these cells probably
belong to a population of small DRG neurons. We also
detected small GLW-amide-positive somata in the trigem-
inal ganglia (data not shown).

Hypophysis

No GLW-amide-positive fibers or cell bodies were detected
in the pituitary gland.

Discussion

Here, we demonstrate immunohistochemical evidence that
mammalian peptides structurally related to the Hydra
GLW-amide family exist in the rat brain as neuropeptides.
Most of the immunoreactive structures labeled with the
GLW-amide antiserum were thin varicose fibers, which
were generally observed by means of immunohistochemis-
try of rat brain tissue sections with neuropeptide antibodies.
Furthermore, as is the case with other neuropeptides, GLW-
amide-positive somata were rarely detected, unless rats
were treated with colchicine (Hökfelt et al. 1977). These
morphological features of GLW-amide-LI indicated that the
GLW-amide antiserum labeled neuropeptide-like mole-
cules. To our knowledge, no known peptide shows a

similar distribution pattern to that of GLW-amide-LI. Thus,
the GLW-amide antiserum probably labels unknown mam-
malian neuropeptides.

The GLW-amide antiserum used in this study has been
quantitatively characterized by enzyme-linked immunosor-
bent assay and is reported to react with carboxyl terminal -
GLW-NH2 or -LW-NH2 moieties (Takahashi et al. 2003).
This result is supported by immunohistochemistry with the
GLW-amide antiserum preabsorbed with several synthetic
peptides in the present study. Therefore, we speculate that
the unknown peptides recognized by the GLW-amide
antiserum have the C-terminal sequence -LW-NH2. How-
ever, an antiserum raised against FMRF-amide has been
reported to recognize neuropeptide Y by immunohisto-
chemistry (Sasek and Elde 1985). Thus, we cannot rule out
the possibility that the unknown peptides recognized by the
GLW-amide antiserum do not have C-terminal -LW-NH2

sequences.
The functions of rat GLW-amide-like peptides in the rat

nervous system are not known, but, judging from their
distribution patterns, these peptides may be involved in
sensory mechanisms. In the rat spinal cord, the most intense
GLW-amide-LI has been observed in laminae I and II as
varicose fibers. Because a considerable number of small
GLW-amide-positive neurons have been seen in the spinal
ganglia, the GLW-amide-positive varicose fibers are most
probably derived from the spinal ganglia. Furthermore, we
have detected a high density of GLW-amide-positive fibers

Fig. 6 Photomicrographs show-
ing GLW-amide-positive cell
bodies in the laterodorsal teg-
mental nucleus (arrow in a) and
GLW-amide-positive fibers in
the spinal trigeminal tract and
the spinal trigeminal nucleus (c,
d); b, d higher magnification of
boxed areas in a, c, respectively.
4V 4th ventricle, LDTg latero-
dorsal tegmental nucleus, DTg
dorsal tegmental nucleus, mlf
medial longitudinal fasciculus,
PnR pontine raphe nucleus, me5
mesencephalic trigeminal tract,
scp superior cerebellar peduncle,
PCRt parvicellular reticular
nucleus, Sp5 spinal trigeminal
nucleus, sp5 spinal trigeminal
tract. Bars 500 µm (a, c),
200 µm (b)
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in the spinal trigeminal nucleus and the spinal trigeminal
tract (Fig. 6c, d) and a number of smaller GLW-amide-
positive neurons in the trigeminal ganglia (data not shown).
These distribution patterns of GLW-amide-positive fibers
are similar to that of substance P (Cuello and Kanazawa
1978; Ljungdahl et al. 1978), which is thought to be an
important neuropeptide in the processing of nociceptive
information (Cao et al. 1998; De Felipe et al. 1998). Thus,
we speculate that rat GLW-amide-like peptides are indeed
involved in sensory mechanisms, possibly related to
nociception.

In the rat brain, most GLW-amide-positive somata have
been were detected in the LDTg. In addition, fewer GLW-
amide-positive somata have been observed in the PPTg.
These two nuclei contain a number of cholinergic neurons
and have ascending projections to extensive portions of the
brain (Butcher and Woolf 2003). Tract-tracing studies have

revealed that LDTg neurons innervate various brain
regions, including the medial prefrontal cortex, the septo-
fibrial nucleus, the lateral septal nuclei, the ventral
pallidum, the nucleus of the horizontal limb of the diagonal
band, the thalamus, the lateral habenula, the lateral
hypothalamus, the lateral interpeduncular nuclei, the sub-
stantia nigra, and the periaqueductal gray (Cornwall et al.
1990; Satoh and Fibiger 1986; Woolf and Butcher 1986). In
these regions, we have consistently detected GLW-amide-
positive fibers. The PPTg is also known to innervate a
variety of regions, including the lateral septal nuclei, the
ventral pallidum, the central and medial amygdaloid nuclei,
and the substantia nigra in which GLW-amide-positive
fibers have been observed (Hallanger and Wainer 1988;
Woolf and Butcher 1986). Thus, most of the GLW-amide-
positive fibers in the brain could be derived from the LDTg
and PPTg.

Fig. 7 Photomicrographs show-
ing GLW-amide-LI in the spinal
cord (a-d) and the dorsal root
ganglion (e, f); b, c higher
magnification of boxed areas in
a. b A high density of GLW-
amide-positive fibers was
observed in laminae I and II. c
Around the central canal, a
small bundle of GLW-amide-
positive fibers runs longitudi-
nally ventral to the canal
(arrow). d Sagittal view of the
longitudinal bundle of GLW-
amide-positive fibers shown in
c. f Higher magnification of
boxed area in e (arrows GLW-
amide-positive cell bodies),
asterisks central canal, DH
dorsal horn, VH ventral horn,
DRG dorsal root ganglion, dr
dorsal root, SP spinal cord. Bars
500 µm (a, e), 100 µm
(b, f), 50 µm (c, d)
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The ascending cholinergic projections from the LDTg
and PPTg are thought to be a major component of the
ascending reticular activating system, which plays a central
role in the regulation of arousal and sleep (for a review, see
Siegel 2004). Our results demonstrate that GLW-amide-LI
is a good marker for the ascending reticular activating
system and thus suggest that GLW-amide-like peptides
modulate cholinergic neurotransmission and influence
arousal and sleep.

Many neuropeptides isolated from the nervous systems
of vertebrates are known to exist in invertebrates (Strand
1999). For example, nerve cells of Hydra have been report-
ed to contain cholecystokinin-, substance P-, neurotensin-,
bombesin- oxytocin-, vasopressin-, and gonadotropin-
releasing hormone-like peptides (Grimmelikhuijzen et al.
1980, 1982; Powell et al. 1996; Schot et al. 1981).
Conversely, peptides related to the RF-amide peptide,
which was originally isolated from the ganglia of the Venus
clam (an invertebrate), exist in the nervous systems of
vertebrates (Boer et al. 1980; Yang et al. 1985). These
previous findings strongly suggest that neuropeptides are
phylogenetically conserved among vertebrates and inverte-
brates. Thus, the isolation of peptides structurally related to
novel invertebrate bioactive peptides may be a useful
strategy for the identification of unknown mammalian
neuropeptides. We have tried to isolate GLW-amide-like
peptides from rat brains and have identified a novel peptide
related to GLW-amide family peptides (data not shown).
However, the amino acid sequence of the isolated GLW-
amide-like peptide (Val-His-Leu-Thr-Asp-Ala-Glu-Lys-
Ala-Ala-Val-Asn-Gly-Leu-Trp-NH2) completely corre-
sponds to an N-terminal fragment of rat beta-globin.
Although this peptide has an amidated C-terminal end, we
cannot rule out the possibility that the peptide is artificially
converted, by alpha-amidation activity in plasma or
cerebrospinal fluid (Kapuscinski et al. 1993; Wand et al.
1985), from an N-terminal 2–16 fragment of beta-globin
with a C-terminal glycine residue during the purification
process. Further studies will be required to identify
authentic mammalian GLW-amide-like peptides.
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