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Urocortin (Ucn) III, or stresscopin, is a new member of the
corticotropin-releasing factor (CRF) peptide family identified in
mouse and human. Pharmacological studies showed that Ucn
III is a high-affinity ligand for the type 2 CRF receptor (CRF-R2).
To further understand physiological functions the peptide may
serve in the brain, the distribution of Ucn III neurons and fibers
was examined by in situ hybridization and immunohistochem-
istry in the rat brain. Ucn III-positive neurons were found pre-
dominately within the hypothalamus and medial amygdala. In
the hypothalamus, Ucn III neurons were observed in the median
preoptic nucleus and in the rostral perifornical area lateral to the
paraventricular nucleus. The Ucn III fibers were distributed
mainly in the hypothalamus and limbic structures. Hypotha-
lamic regions that were innervated prominently by Ucn III fibers
included the ventromedial nucleus, medial preoptic nucleus,

and ventral premammillary nucleus. Outside the hypothalamus,
the densest projections were found in the intermediate part of
the lateral septum, posterior division of the bed nucleus stria
terminalis, and the medial nucleus of the amygdala. Several
major Ucn III terminal fields identified in the present study,
including the lateral septum and the ventromedial hypothala-
mus, are known to express high levels of CRF-R2. Thus, these
anatomical data strongly support the notion that Ucn III is an
endogenous ligand for CRF-R2 in these areas. These results
also suggest that Ucn III is positioned to play a role in mediating
physiological functions, including food intake and neuroendo-
crine regulation.
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The corticotropin-releasing factor (CRF) family consists of a
growing number of peptides identified in a variety of species
(Perrin and Vale, 1999). In addition to CRF, three CRF-related
peptides, urocortin (Ucn) (Vaughan et al., 1995), Ucn II (Reyes et
al., 2001), and Ucn III (Lewis et al., 2001), have been identified in
humans, rodents, and other mammalian species. Human Ucn III,
also known as stresscopin (Hsu and Hsueh, 2001), is the latest
addition to this family. Sequence analysis shows that the pre-
dicted human and mouse Ucn III mature peptides are 90%
identical and closely related to a urocortin-related peptide iden-
tified originally in pufferfish (Brunner et al., 2000) but exhibit less
relatedness to the other mammalian family members (Lewis et
al., 2001). In vitro binding studies showed that both human and
mouse Ucn III bound the type 2 CRF receptor (CRF-R2) with
high affinity but did not bind to the other known receptor for the
family, CRF-R1 (Hsu and Hsueh, 2001; Lewis et al., 2001).
Accordingly, Ucn III stimulated cAMP production in cells ex-
pressing CRF-R2 but not in cells expressing CRF-R1 (Hsu and
Hsueh, 2001; Lewis et al., 2001). These data identify Ucn III as
a high-affinity ligand for CRF-R2.

In brain, CRF-R2 is expressed in discrete regions, including
the lateral septum and ventromedial hypothalamus in the fore-
brain and dorsal raphe and nucleus of the solitary tract in the
hindbrain (Chalmers et al., 1995; Van Pett et al., 2000). Cen-
tral CRF-R2 has been implicated as playing important regula-
tory roles in feeding (Spina et al., 1996; Makino et al., 1998;
Nishiyama et al., 1999; Ohata et al., 2000), gastric motility
(Martinez et al., 1997; Martinez and Tache, 2001), anxiety
(Bale et al., 2000; Coste et al., 2000; Kishimoto et al., 2000),
and stress-associated learning (Radulovic et al., 1999). How-
ever, an important question that has remained unresolved is
the ligand responsible for the activation of CRF-R2 in the
brain. Ucn was originally proposed to be an endogenous ligand
for CRF-R2 in the brain based on its high affinity for the
receptor (Vaughan et al., 1995). However, anatomical data
have shown that most major sites of CRF-R2 expression are
poorly innervated by Ucn-containing projections (Kozicz et al.,
1998; Bittencourt et al., 1999), suggesting that additional fam-
ily peptides, such as Ucn II or Ucn III, might serve as endog-
enous ligand for CRF-R2 in some brain regions.

To further characterize the distribution of Ucn III in the brain
and to highlight potential functional associations, we performed
immunohistochemical studies examining the distribution of Ucn
III neurons and fibers in the rat brain. The wide distribution of
Ucn III fibers observed in the present study suggests that the
peptide may be involved in a variety of physiological functions. In
addition, the presence of Ucn III fibers in many brain regions that
also express CRF-R2 strongly suggested that Ucn III could func-
tion as an endogenous ligand for CRF-R2.
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MATERIALS AND METHODS
Perfusion and fixation. Adult male Sprague Dawley rats weighing 275–350
gm were used for the present studies. To facilitate the visualization of
Ucn III cell body by immunohistochemistry, some animals (n � 5)
received 10 �l of colchicine (10 �g/�l in 0.9% saline) into a lateral
ventricle 2 d before perfusion. Animals were anesthetized with an
overdose of choral hydrate (1 gm/kg body weight, i.p.) and perfused
transcardially with 150 ml of saline, followed by 350 ml of 4% parafor-
maldehyde in borate buffer, pH 9.5. The brains were removed and
post-fixed in 25% sucrose in the same fixative at 4°C overnight. They were
then quickly frozen in dry ice and sectioned at 25 �m using a sliding
microtome and stored in cryoprotectant at �20°C until use. All animal
procedures were approved by the Salk Institute Institutional Animal
Care and Use Committee.

Antiserum and controls. Anti-Ucn III serum (PBL #6570) was raised in
rabbit against synthetic human GlyTyr-Ucn III conjugated to human
�-globulins via bisdiazotized benzidine. To test the specificity of the
antiserum for immunohistochemistry, the antiserum (1:200) was prein-
cubated for 24 hr at 4°C with 0–300 �M synthetic human or mouse Ucn
III, mouse Ucn II, rat Ucn, human–rat CRF, or fish urotensin I before
incubation with brain sections.

Immunohistochemistry. Brain sections were removed from cryopro-
tectant and rinsed in 0.05 M potassium PBS (KPBS), followed by treat-
ment with 1% NaBH4-KPBS solution. Sections were incubated in rabbit
anti-Ucn III antiserum (1:19,000 final dilution) in KPBS with 0.4%
Triton X-100 at room temperature for 1 hr and then at 4°C for 48 hr. The
tissues were then rinsed in KPBS and incubated in biotinylated donkey
anti-rabbit IgG (1:700; Jackson ImmunoResearch, West Grove, PA) in
KPBS with 0.4% Triton X-100 for 1 hr at room temperature. This was
followed by another 1 hr incubation at room temperature in avidin–
biotin complex solution (Vectastain ABC Elite kit; Vector Laboratories,
Burlingame, CA). The antibody–peroxidase complex was visualized with
a mixture of nickel sulfate (25 mg/ml), 3,3-diaminobenzidine (0.2 mg/
ml), and 3% H2O2 (0.83 �l /ml) in 175 mM sodium acetate solution. When
the staining had reached the appropriate intensity, the tissue was rinsed
in KPBS and mounted on gelatin-coated glass slides. Slides were dehy-
drated through graded alcohols, cleared in xylenes, and coverslipped with
DPX mountant (Electronic Microscope Science, Fort Washington, PA).
Adjacent series of brain sections were processed for Nissl staining for
reference purposes.

In situ hybridization. Animals were quickly decapitated, and the brains
were removed and frozen in dry ice. Coronal sections (20 �m thick) were
cut on a cryostat, thaw-mounted onto glass slides, and stored at �80°C
until use. An antisense cRNA probe was transcribed from a linearized
528 bp mouse Ucn III cDNA and labeled with [ 35S]UTP (PerkinElmer
Life Sciences, Emeryville, CA). The specific activity of the probe was
�1–3 � 10 8 dpm/�g cRNA. The saturating concentration for the probe
used in the assay was 0.3 �g/ml�Kb.

The procedure for in situ hybridization has been described previously
(Li et al., 1998). Briefly, the brain sections were fixed in 4% paraformal-
dehyde and treated with 0.25% acetic anhydride in 0.1 M triethanol-
amine, pH 8.0, followed by a rinse in 2� SSC, dehydrated through a
graded series of alcohols, delipidated in chloroform, rehydrated through
a second series of alcohols, and then air dried. The slides were exposed
to the cRNA probe overnight in humidified chambers at 55°C. After
incubation, the slides were washed in SSC of increasing stringency, in
RNase, and then in 0.1� SSC at 63°C, dehydrated through a graded

series of alcohols, and dried. Slides were dipped in NTB-2 emulsion
(Eastman Kodak, Rochester, NY), exposed for 10 d at 4°C, and devel-
oped. After development, the slides were counterstained with cresyl
violet.

Imaging. Slides were examined using a Leica (Nussloch, Germany)
light microscope, and images were captured onto Kodak Ektachrome
64T (tungsten) films. The films were scanned into a computer using a
Nikon (Tokyo, Japan) LS1000 35 mm film scanner. The images were
cropped and adjusted to balance brightness and contrast in Adobe
Photoshop (version 5.5; Adobe Systems, San Jose, CA) before import
into Canvas (version 6.0) for assembly into plates. Schematic mapping of
Ucn III neurons and fibers in brain sections was performed in Adobe
Illustrator (version 7.01) using coronal brain plates from the rat brain
atlas of Swanson (Swanson, 1999) as templates. The brain plates were
then imported into Canvas for reordering.

RESULTS
Antiserum specificity
To evaluate the specificity of the anti-Ucn III serum, the anti-
serum was preincubated with synthetic peptides of varying con-
centrations before use for immunohistochemistry. The results of
the competition studies are summarized in Table 1. Staining for
Ucn III cells and fibers in the brain was completely abolished by
preincubation of the antiserum with synthetic mouse or human
Ucn III at concentrations in the low micromolar range [Fig. 1,
Tables 1, 2 (Table 2 includes a list of abbreviations used in the
figures)]. Ucn, Ucn II, and urotensin I each failed to block the
Ucn III-specific staining, even at the highest concentration used
(Table 1). CRF was also ineffective in competing Ucn III-specific
staining in all areas examined, except the external zone of the
median eminence, in which the Ucn III immunoreactivity was
blocked by preabsorption with low concentration of CRF. Con-
sequently, Ucn III antiserum was routinely absorbed with 30 �M

CRF before use to eliminate the cross-reactivity observed in the
median eminence.

Distribution of Ucn III cell bodies
Both immunohistochemical and hybridization histochemical
methods detected Ucn III-positive neurons in several restricted
areas in the brain. The distribution of Ucn III-IR neurons iden-
tified by immunohistochemistry in colchicine-treated rats was
similar to that identified by in situ hybridization (Figs. 2, 3),
further validating the specificity of the Ucn III antiserum used in
the present study.

In agreement with our previous hybridization histochemical
analysis (Lewis et al., 2001), Ucn III neurons were found in
discrete subcortical regions of the brain, including the preoptic
region, hypothalamus, and amygdala. In the hypothalamus, la-
beled neurons were localized in two major areas. The first group
of Ucn III neurons was found in the median preoptic nucleus

Table 1. Competition characteristics of Ucn III immunoreactivity in rat brain

Competing peptide

Concentrations (�M)

3 10 30 100 300

Mouse Ucn III � � � � �

Human Ucn III � � � � �

Mouse Ucn II ���� ���� ���� ���� ����

Rat Ucn ���� ���� ���� ���� ����

Human/rat–CRFa ���� ���� ���� ���� ����

Fish urotensin I ���� ���� ���� ���� ����

Staining intensity was rated blind using a five-point scale, with (����) showing that the staining intensity was indistinguishable from that achieved with non-preabsorbed
antiserum and (�) indicating a complete absence of staining.
aUcn III staining in the external zone of the median eminence was blocked by preabsorption with CRF at all concentrations tested.
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(MePO) lining the rostral margin of the third ventricle (Fig.
2A,B), with a few lightly labeled cells found in the ventrolateral
part of the medial preoptic area and also in the lateral preoptic
area. The second group of Ucn III neurons was located in a
poorly defined area closely associated with the fornix (Fig. 2C–F)
at the level of paraventricular nucleus (PVH). The cell group
extended rostrally into several subnuclei of the posterior division
of the bed nucleus of stria terminalis (BST), with a few scattered
cells seen at the caudal part of the anterior division. Intensely
stained cells were observed mostly in the perifornical area be-
tween the fornix and the PVH, with a few cells found in the
anterior parvicellular (Fig. 2C,D) and the magnocellular (Fig.
2E,F) parts of the PVH. More caudally, the cell group remained

closely lateral to the PVH, whereas the fornix gradually shifted
laterally toward the lateral hypothalamic area. A few scattered
cells were found in the rostral part of the dorsomedial hypotha-
lamic area. No Ucn III cells were seen within the hypothalamus
caudal to the level of the compact zone of the dorsomedial
hypothalamus. Scattered Ucn III neurons were present in the
periventricular zone along the third ventricle and in the area
dorsal to the supraoptic nucleus.

Outside the hypothalamus, most of the Ucn III neurons were
found in the amygdala, in which Ucn III neurons were concen-
trated in the dorsal division of the medial nucleus of the amygdala
(MEA). In the anterodorsal division of the MEA, Ucn III cells
were found closely associated with the optic tract (Fig. 3A,B). In
the posterodorsal part of the MEA, the cell population shifted
away from the optic tract and was concentrated in the lateral part
of the MEA. Scattered cells were also observed in the posterior
cortical nucleus of the amygdala and the amygdalohippocampal
transition area. In the brainstem, Ucn III neurons were found in
the auditory complex, including the superior paraolivary nucleus
(Fig. 3E,F) and extending to the nucleus of trapezoid body.

Distribution of Ucn III fibers
Immunohistochemical staining using the Ucn III antiserum re-
vealed staining of axons and varicosities in the subcortical regions,
including several limbic structures and the hypothalamus, al-
though no fibers were found in the cortex and the cerebellum.
The distribution of Ucn III-IR fibers in the brain is illustrated in
Figure 4 at several representative levels.

In the hypothalamus, the densest Ucn III-IR fibers were found
in the ventromedial nucleus (VMH), the predominate site of
CRF-R2 expression within the hypothalamus (Chalmers et al.,
1995; Van Pett et al., 2000). An extremely high concentration of
Ucn III-IR fibers was observed in the dorsomedial part of the
VMH (Fig. 5B), whereas the central and ventrolateral parts of the
nucleus received a somewhat less dense innervation. This pattern
was most salient at caudal levels of the VMH (Fig. 5C). Abundant
Ucn III-IR fibers were also found in the area between the VMH
and the arcuate nucleus and extended into the lateral part of the
arcuate nucleus proper (Fig. 5B). Abundant Ucn III fibers and
terminals also innervated the rostral part of the arcuate nucleus
and extended into the retrochiasmatic area (Fig. 5E). Very few
fibers were found in the dorsomedial nucleus (Fig. 5B,C) and the
lateral hypothalamus (Fig. 4). In the anterior hypothalamic re-
gion, abundant Ucn III-IR fibers were observed in the rostral
perifornical area (Fig. 5D) surrounding the Ucn III neurons. Very
few fibers terminated in the anterior hypothalamus, the supraop-
tic nucleus, and neurosecretory subdivisions of the PVH (Fig.
5D). In the preoptic area, Ucn III-IR fibers were found predom-
inately in the medial preoptic nucleus (Fig. 5A), with scant fibers
observed in the organum vasculosum of lamina terminalis, the
subfornical organ, and the MePO. In the posterior hypothalamic
region, Ucn III-IR fibers coursed through the supramammillary
nucleus and terminated in the ventral premammillary nucleus
(Fig. 5G). Scattered fibers were found in posterior hypothalamus.
In the median eminence, Ucn III-IR fibers were seen only in the
internal zone (Fig. 5F).

Outside the hypothalamus, Ucn III-IR fibers were most abun-
dant in discrete aspects of limbic structures, including the lateral
septum (LS), the posterior division of the BST, and the medial
amygdala, areas also known to express high levels of CRF-R2
(Chalmers et al., 1995; Van Pett et al., 2000). In the LS, an
exceedingly dense Ucn III terminal field in a crescent-shaped

Figure 1. Representative photomicrographs showing Ucn III immuno-
staining in the LS (A, B) and VMH (C, D) with (B, D) or without (A, C)
preabsorbing the anti-Ucn III serum with 3 �M human Ucn III before use.
The dense crescent-shaped Ucn III terminal field in the LS (A) and
abundant fibrous staining in the VMH (C) were effectively blocked by
preabsorption with Ucn III (B, D). Note that some Ucn III-positive cells
(arrow) in the dorsal hypothalamic area in C were also blocked (D). Scale
bars, 50 �m.
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Table 2. List of abbreviations used in the figures

3V Third ventricle
4V Fourth ventricle
aco Anterior commissure
AD Anterior nucleus of thalamus
AHA Anterior hypothalamic area
AHN Anterior hypothalamic nucleus
AHNa Anterior hypothalamic nucleus, anterior part
AHNc Anterior hypothalamic nucleus, central part
AHNp Anterior hypothalamic nucleus, posterior part
Amd Anteromedial nucleus thalamus, dorsal part
AQ Cerebral aqueduct
ARH Arcuate nucleus of hypothalamus
AT Anterior tegmental nucleus
AV Anteroventral nucleus thalamus
AVP Anteroventral preoptic nucleus
B Barrington’s nucleus
BLAa Basolateral nucleus amygdala, anterior part
BLAp Basolateral nucleus amygdala, posterior part
BMAa Basomedial nucleus amygdala, anterior part
BST Bed nucleus of stria terminalis
BSTad Bed nucleus of stria terminalis, anterior divi-

sion, anterodorsal area
BSTal Bed nucleus of stria terminalis, anterior divi-

sion, anterolateral area
BSTdl Bed nucleus of stria terminalis, posterior divi-

sion, dorsal nucleus
BSTif Bed nucleus of stria terminalis, posterior divi-

sion, interfascicular nucleus
BSTmg Bed nucleus of stria terminalis, anterior divi-

sion, magnocellular nucleus
BSTpr Bed nucleus of stria terminalis, posterior divi-

sion, principle nucleus
BSTrh Bed nucleus of stria terminalis, anterior divi-

sion, rhomboid nucleus
BSTtr Bed nucleus of stria terminalis, posterior divi-

sion, transverse nucleus
BSTv Bed nucleus of stria terminalis, posterior divi-

sion, ventral nucleus
CA3 Field CA3, Ammon’s horn
cc Corpus callosum
CEAI Central nucleus amygdala, lateral part
CEAm Central nucleus amygdala, medial part
CL Central lateral nucleus of thalamus
CM Central medial nucleus thalamus
Cpd Cerebral peduncle
CSI Superior central nucleus raphe, dorsal part
CSm Superior central nucleus raphe, medial part
cst Corticospinal tract
CUN Cuneiform nucleus
dg Dentate gyrus
DGmb Dentate gyrus, medial blade
DMH Dorsomedial hypothalamus
DMHa Dorsomedial hypothalamus, anterior part
DMHp Dorsomedial hypothalamus, posterior part
DR Dorsal raphe
EPv Endopiriform nucleus, ventral part
f Fornix
fi Fimbria
fr Fasciculus retroflexus
GPI Globus pallidus, lateral segment

Table 2. Continued

GPm Globus pallidus, medial segment
IA Intercalated nuclei amygdala
IAM Interanteromedial nucleus thalamus
iCe Inferior colliculus, external nucleus
Int Internal capsule
LC Locus coeruleus
LDT Laterodorsal tegmental nucleus
LGd Lateral geniculate complex, dorsal part
LGvl Lateral geniculate complex, ventrolateral part
LH Lateral habenula
LHA Lateral hypothalamic area
ll Lateral lemniscus
LM Lateal mammillary nucleus
LPO Lateral preoptic area
LSi Lateral septal nucleus, intermediate part
LSv Lateral septal nucleus, ventral part
LV Lateral ventricle
MA Magnocellular preoptic nucleus
MD Mediodorsal nucleus thalamus
MDc Mediodorsal nucleus thalamus, central part
ME Median eminence
MEA Medial nucleus amygdala
MEAad Medial nucleus amygdala, anterodorsal part
MEApv Medial nucleus amygdala, posterodorsal part
MePO Median preoptic nucleus
MH Medial habenula
ml Medial lemniscus
mlf Medial longitudinal fascicle
MPN Medial preoptic nucleus
MPNl Medial preoptic nucleus, lateral part
MPO Medial preoptic area
MRN Mesencephalic reticular nucleus
MS Medial septal nucleus
MT Medial terminal nucleus accessory optic tract
mtV Mesencephalic tract of the trigeminal nerve
MV Medial vestibular nucleus
NB Nucleus brachium inferior colliculus
NDB Nucleus of the diagonal band
NLL Nucleus of the lateral lemniscus
NTB Nucleus of the trapezoid body
och Optic chiasm
opt Optic tract
OVLT Vascular organ of the lamina terminalis
PA Posterior nucleus amygdala
PAG Periaqueductal gray
PBmm Parabrachial nucleus, medial part
PCN Paracentral nucleus thalamus
PF Parafascicular nucleus
PH Posterior hypothalamic nucleus
PMd Dorsal premammillary nucleus
PMv Ventral premammillary nucleus
POR Periolivary region
PR Perireuniens nucleus
PRNc Pontine reticular nucleus
PRNr Pontine reticular nucleus, rostral part
PSV Principle sensory nucleus of the trigeminal
PT Parataenial nucleus
Pva Anterior periventricular nucleus hypothalamus
PVHam Paraventricular nucleus hypothalamus, anterior

magnocellular part

Table 2 continues.
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pattern occupied the lateral edge of the intermediate part of the
LS along the lateral ventricle (Fig. 6A). At this level, a few
scattered fibers were also observed around the anterior commis-
sure. In the BST, dense Ucn III-IR fibers were found occupying
the posterior division (Fig. 4E, 6B), whereas very few labeled
fibers were observed in the rostral division. In the amygdala (Fig.
6C), the majority of the Ucn III-IR fibers were observed in the

medial nucleus, including both its dorsal and ventral subnuclei.
Scattered fibers also extended into the basomedial subnuclei and
the posterior cortical nuclei of the amygdala. More caudally, Ucn
III-IR fibers extended into the ventral hippocampus (Fig. 6D). In
the thalamus, a few scattered fibers were found in the posterior
part of the paraventricular nucleus and in the lateral habenula.

In the midbrain and brainstem, scattered fibers were observed
in several areas with low levels of CRF-R2 expression (Van Pett
et al., 2000). These areas include the dorsal and dorsolateral
columns of the periaqueductal gray, the superior and inferior
colliculi, and the ventral lateral lemniscus (Fig. 4O). Very few or
no fibers were observed in the dorsal raphe, interpeduncular
nucleus, area postrema, and the nucleus of the solitary tract,
regions with moderate to high levels of CRF-R2 expression.

DISCUSSION
Ucn III neuronal distribution
In the present study, Ucn III-expressing neurons were identified by
in situ hybridization and immunohistochemistry. The immuno-
staining was blocked by preabsorbing the antiserum with either
mouse or human Ucn III but not by structurally related peptides,
including CRF, Ucn, and Ucn II. In addition, the distributions of
Ucn III perikarya revealed by the two methods were in close
accord, and neither approach produced any evidence of cross-
reactivity with other known CRF family members (Swanson et al.,
1983; Kozicz et al., 1998; Bittencourt et al., 1999). These results
thus support the specificity of the localization reported here. The
present findings confirm previously reported (Lewis et al., 2001)
major sites of Ucn III mRNA expression in the brain, including the
MePO and the rostral perifornical area in the hypothalamus, dorsal
division of the MEA, and the auditory complex in the brainstem.
Colchicine pretreatment did not reveal additional populations of
Ucn III-expressing neurons in the brain.

Ucn III fiber distribution
As summarized in Figure 4, Ucn III-positive fibers showed a
distribution distant from those of CRF and Ucn (Swanson et al.,
1983; Kozicz et al., 1998; Bittencourt et al., 1999). An important
characteristic of the fiber distribution, shown in Table 3, is that
most of the Ucn III fiber terminal fields in the forebrain also
express CRF-R2 (Chalmers et al., 1995; Van Pett et al., 2000).
Areas with densest Ucn III innervation include the VMH, the
LS, the posterior division of the BST, and the MEA, areas known
to express high levels of CRF-R2. The close association between
Ucn III terminal fields and the expression of the CRF-R2 sup-
ports the notion that Ucn III is an endogenous ligand for CRF-R2
in these areas. In the hindbrain, however, some discrepancy
between the distribution of Ucn III fibers and the expression of
CRF-R2 was observed. Very few or no Ucn III fibers were found
in the dorsal raphe, area postrema, and the nucleus of the solitary
tract, regions that contain high levels of CRF-R2 (Chalmers et al.,
1995; Van Pett et al., 2000). Interestingly, as summarized in Table
3, these areas are innervated by Ucn fibers (Bittencourt et al.,
1999), suggesting that the endogenous ligand for CRF-R2 in these
areas is Ucn rather than Ucn III. Together, the evidence suggests
that Ucn III is positioned to serve as a major ligand for CRF-R2
in the forebrain, whereas Ucn mediates the effects of CRF-R2 in
the hindbrain. Several brain regions, including the hippocampus
and the cortical regions, have been shown to express CRF-R2
(Chalmers et al., 1995; Van Pett et al., 2000) but fail to possess
impressive Ucn inputs (Bittencourt et al., 1999) or Ucn III inner-
vations (present study). It is conceivable that another CRF-R2-

Table 2. Continued

PVHap Paraventricular nucleus hypothalamus, anterior par-
vicellular part

PVHm Paraventricular nucleus hypothalamus, magnocellu-
lar division

PVHp Paraventricular nucleus hypothalamus, parvicellular
division

Pvi Intermediate periventricular nucleus hypothalamus
PVp Posterior periventricular nucleus hypothalamus
PVT Paraventricular nucleus thalamus
RCH Retrochiasmatic area
REa Nucleus reuniens, anterior part
RM Nucleus raphe magnus
RT Reticular nucleus thalamus
rust Rubospinal tract
SAG Nucleus sagulum
SBPV Subparaventricular zone hypothalamus
SC Superior colliculus
SCH Suprachiasmatic nucleus
scp Superior cerebellar peduncle
SF Septofimbrial nucleus
SFO Subfronical organ
sm Stria medullaris
SMT Submedial nucleus thalamus
SON Supraoptic nucleus
SOr Supraoptic nucleus, retrochiasmatic part
SPFm Subparafascicular nucleus thalamus, magnocellular

part
SPO Superior paraolivary nucleus
st Stria terminalis
STN Subthalamic nucleus
SUT Supratrigeminal nucleus
TRN Tegmental reticular nucleus, pontine gray
TRS Triangular nucleus septum
tsp Tectospinal pathway
TU Tuberal area hypothalamus
V Motor nucleus of the trigeminal nerve
VAL Ventral anterior-lateral complex thalamus
Vhc Ventral hippocampal commissure
VIIIn Vestibulocochlear nerve
VM Ventral medial nucleus thalamus
VMH Ventromedial nucleus hypothalamus
VMHa Ventromedial nucleus hypothalamus, anterior part
VMHc Ventromedial nucleus hypothalamus, central part
VM-

Hdm
Ventromedial nucleus hypothalamus, dorsomedial

part
VMHvl Ventromedial nucleus hypothalamus, ventrolateral

part
VPL Ventral posterolateral nucleus thalamus
VPM Ventral posteromedial nucleus thalamus
ZI Zona incerta
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Figure 2. Representative dark-field (lef t) and bright-field (right) photomicrographs showing the distribution of Ucn III mRNA and Ucn III
immunoreactivity, respectively, in selected hypothalamic areas. In the MePO (A, B), both methods detected Ucn III-positive neurons along the midline
of the rostral end of the third ventricle. In the rostral perifornical area near the anterior part of the PVH (C, D), both preparations labeled a cluster of
cells medial to the fornix. At the level of mid-PVH (E, F ), Ucn III neurons were observed medial to the fornix and lateral to the PVH, whereas only
a few cells were found inside the PVH. Scale bars, 50 �m.

Figure 3. Representative dark-field (lef t) and bright-field (right) photomicrographs showing Ucn III neurons in the MEA and the superior paraolivary
nucleus (SPO) detected by in situ hybridization (lef t) and immunohistochemistry (right), respectively. In the MEA (A, B), Ucn III-positive neurons were
seen closely associated with the optic tract (opt). In the brainstem (C, D), scattered Ucn cells (arrowheads) were found close to the medial edge of the
superior paraolivary nucleus (E, F ). Scale bars, 50 �m.
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selective ligand, Ucn II, may innervate these areas. A detailed
analysis of Ucn II distribution may resolve this issue.

The distribution of Ucn III-IR fibers observed in the present
study also appears to confirm the results from anatomical studies
demonstrating the projections of major Ucn III cellular expres-

sion sites. It has been shown that neurons in the rostral perifor-
nical area project heavily into the LS, the posterior division of the
BST, and the VMH (Wiegand and Price, 1980; Kita and Oomura,
1982; Risold et al., 1994). MEA has also been shown to project to
the hypothalamus, including the VMH and the ventral premam-

Figure 4. Schematic drawings of 25 �m coronal sections showing the distribution of Ucn III-immunoreactive cells bodies (black dots) and fibers in the
rat brain. (Figure 4 continues.)
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millary nucleus, as well as to the BST and the amygdala (Canteras
et al., 1995). This anatomical data suggests that Ucn III neurons
in the perifornical area and the MEA are positioned to provide
the majority of the Ucn III innervations in the brain.

It has been shown that the MePO projects heavily to neurose-

cretory neurons in the magnocellular part of the PVH and the
supraoptic nucleus (Sawchenko and Swanson, 1983; Weiss and
Hatton, 1990) and into the circumventricular organs (Camacho
and Phillips, 1981; Lind et al., 1982; Oldfield et al., 1992). How-
ever, in the present study, only a few Ucn III fibers were observed

Figure 4 continued.
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in these areas, although Ucn III-positive cells were found in the
MePO. It should be pointed out that the MePO appeared to
express relatively low levels of Ucn III mRNA compared with
other Ucn III-expressing loci, such the rostral perifornical areas
and the medial amygdala. Thus, it is possible that the peptide
expression levels in these areas are beneath the level of detect-
ability by the antiserum.

Functional implication of Ucn III in the terminal fields
The involvement of CRF receptors and their ligands in the
regulation of feeding has been extensively studied. Activation of
CRF receptors in the brain by central administration of CRF
ligands suppresses food intake (Spina et al., 1996; Cullen et al.,

2001). Furthermore, injections of Ucn into the VMH significantly
inhibits food intake (Ohata et al., 2000), suggesting that CRF-R2
in the VMH is involved in the regulation of feeding. Several
studies have shown that the expression levels of CRF-R2 mRNA
in the VMH are sensitive to the energy status of the animals
(Makino et al., 1998; Nishiyama et al., 1999), further supporting
the importance of CRF-R2 in the VMH in regulating energy
homeostasis. The majority of the CRF-R2 in the VMH was
found in the dorsomedial part of the nucleus (Chalmers et al.,
1995; Van Pett et al., 2000), which coincided with the pattern of
Ucn III fibers in this nucleus observed in the present study. Thus,
Ucn III is likely to be the endogenous ligand in the VMH

Figure 5. Dark-field photomicrographs showing abundant Ucn III-immunoreactive fibers in discrete hypothalamic areas, including the medial preoptic
nucleus (A), the rostral (B) and caudal part (C) of the ventromedial nucleus, the rostral part of the arcuate nucleus (E), and the ventral premammillary
nucleus (G), whereas only a few fibers were found in the PVH (D). Also note that only a few scatter fibers were found in the dorsomedial nucleus (C). In
the median eminence (F; ME), Ucn III fibers (indicated by arrowheads) were found only in the internal zone of the median eminence. Scale bar, 50 �m.

Figure 6. Representative dark-field photomicrographs showing dense Ucn III-immunoreactive fibers in the intermediate (LSi) and ventral (LSv) parts
of the LS (A), the posterior part of the BST (B), the MEA (C), and the caudal part of the hippocampus and amygdaloid areas (D). Note that the rostral
portion of the anterior hypothalamus and supraoptic nucleus (SON ) received little Ucn III innervation ( B). Scale bars, 50 �m.
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mediating the effect of CRF-R2. In addition to the VMH, Ucn III
fibers were also present in areas such as the arcuate nucleus of the
hypothalamus and the posterior amygdalohippocmapal area.
These areas not only express CRF-R2 (Van Pett et al., 2000) but
are also known to be involved in the regulation of food intake
(King et al., 1994; Sawchenko, 1998; Coscina et al., 2000). To-
gether, this data suggests that central Ucn III may regulate
feeding by acting through CRF-R2.

It has been shown that the CRF-R2-deficient mice exhibited
heightened anxiety levels (Bale et al., 2000; Coste et al., 2000;
Kishimoto et al., 2000), suggesting that CRF-R2 is involved in the
modulation of anxiety. Other studies have proposed that CRF-R2
in the LS might play an important role in stress-induced anxiety
(Radulovic et al., 1999; Ho et al., 2001). Ucn has been considered
as a candidate endogenous ligand for CRF-R2 (Kozicz et al.,
1998; Bittencourt et al., 1999) in the LS, in which Ucn terminals
occupy the medial part of the LS near the medial septum. The
present study shows that dense Ucn III fibers were localized in the
intermediate and ventral parts of the LS along the lateral ventri-
cle. Thus, Ucn and Ucn III inputs into the LS appear to be
organized to occupy different subdivisions of the LS. It is not
clear whether the two ligands mediate the same effects or are
involved in different functions. Additional studies are needed to
elucidate this issue.

Currently, the function of CRF-R2 in the MEA has not been

examined in detail. Therefore, it is difficult to predict the function
of Ucn III in this region. Anatomical and physiological studies
have shown that the MEA is involved in the regulation of neu-
roendocrine and autonomic nervous system functions (Docke et
al., 1983; Pfeiffer and Johnston, 1994; Canteras et al., 1995). In
addition, the MEA has been suggested to modulate reproduction-
related behavior (Rajendren and Moss, 1993; Dominguez et al.,
2001). Therefore, Ucn III and CRF-R2 in the MEA may play an
important role in mediating neuroendocrine status and behaviors.

Similar to the MEA, the ventral premammillary nucleus has
been viewed as part of the circuitry involved in neuroendocrine
and autonomic regulation (Beltramino and Taleisnik, 1985; Can-
teras et al., 1992) and in mediating agonistic behavior (Van den
Berg et al. 1983; Yokosuka et al., 1999). However, no known CRF
receptors have been found in this area (Van Pett et al., 2000),
suggesting that either the levels of CRF receptors are very low or
can only be detected under certain conditions. In addition, it
cannot be ruled out that a new splice variant of known CRF
receptors or a new receptor might be present in this area for
mediating the actions of Ucn III.

In conclusion, the close association of the identified Ucn III
terminal fields with the expression of CRF-R2 in most of brain
areas examined strongly suggests that Ucn III is an endogenous
ligand for CRF-R2 in these regions. These results also provide an
anatomical framework to facilitate an understanding of the func-
tion of Ucn III and CRF-R2 in the brain.
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