THE JOURNAL OF COMPARATIVE NEUROLOGY 464:220-237 (2003)

Overlapping Distributions of Orexin/
Hypocretin- and Dopamine-f3-
Hydroxylase Immunoreactive Fibers in
Rat Brain Regions Mediating Arousal,
Motivation, and Stress

BRIAN A. BALDO,* ROGER A. DANIEL,' CRAIG W. BERRIDGE,?
AND ANN E. KELLEY'?

'Department of Psychiatry, University of Wisconsin-Madison Medical School,
Madison, Wisconsin 53719
ZDepartment of Psychology, University of Wisconsin-Madison, Madison, Wisconsin 53719

ABSTRACT

A double-label immunohistochemical study was carried out to investigate overlap between
dopamine-B-hydroxylase (DBH) -immunopositive projections and the projections of hypothalamic
neurons containing the arousal- and feeding-related peptide, orexin/hypocretin (HCRT), in rat
brain. Numerous intermingled HCRT-immunopositive and DBH-immunopositive fibers were
seen in a ventrally situated corridor extending from the hypothalamus to deep layers of the
infralimbic cortex. Both fiber types avoided the nucleus accumbens core, caudate putamen, and
the globus pallidus. In the diencephalon, overlap was observed in several hypothalamic areas,
including the perifornical, dorsomedial, and paraventricular nuclei, as well as in the paraven-
tricular thalamic nucleus. Intermingled HCRT-containing and DRH-containing fibers extended
from the hypothalamus into areas within the medial and central amygdala, terminating at the
medial border of the lateral subdivision of the central nucleus of the amygdala. Dense overlap
between the two fiber types was also observed in the periaqueductal gray, particularly in the
vicinity of the dorsal raphe, as well as (to a lesser extent) in the ventral tegmental area, the
retrorubral field, and the pedunculopontine tegmental nucleus. Hypocretin-containing cell bod-
ies, located in the perifornical and lateral hypothalamus, were embedded within a dense plexus
of DBH-immunopositive fibers and boutons, with numerous cases of apparent contacts of DH-
containing boutons onto HCRT-immunopositive soma and dendrites. HCRT-containing fibers
were observed amid the noradrenergic cells of the locus coeruleus, and in the vicinity of the A1,
A2, and A5 cell groups. Hence, the projections of these two arousal-related systems, originating
in distinctly different parts of the brain, jointly target several forebrain regions and brainstem
monoaminergic nuclei involved in regulating core motivational processes. J. Comp. Neurol. 464:
220-237, 2003.  © 2003 Wiley-Liss, Inc.

Indexing terms: norepinephrine; hypothalamus; locus coeruleus; extended amygdala; behavioral
state

It is well-established that central noradrenergic sys-
tems participate in the neural control of arousal, atten-
tion, and behavioral state (Foote et al., 1980; Foote and
Morrison, 1987). For example, electrophysiological studies
have demonstrated that discharge rates of locus coeruleus
neurons, the principal source of norepinephrine in the
forebrain, are positively related to electroencephalo-
graphic (EEG) and behavioral indices of arousal both
across the sleep—wake cycle and within the waking state
(Hobson et al., 1975; Foote et al., 1980; Aston-Jones and
Bloom, 1981a). Moreover, pharmacologic manipulations
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Abbreviations

12 hypoglossal nucleus Me5
3V third ventricle MeAD
Tn facial nerve MePV
ac anterior commissure MG
aca anterior commissure, anterior part MHb
AcbC nucleus accumbens core ml
AcbSh nucleus accumbens shell MM
ACo anterior cortical amygdaloid nucleus Mob
AH anterior hypothalamic area mp
AOP anterior olfactory nucleus, posterior part MPA
AP area postrema MS
Aq aqueduct mt
Arc arcuate nucleus MTu
AVDM anteroventral thalamic nucleus, dorsomedial part MVePC
BIC nucleus of the brachium of the inferior colliculus opt
BLA basolateral amygdaloid nucleus, anterior part ox
BLP basolateral amygdaloid nucleus, posterior part Pa
BLV basolateral amygdaloid nucleus, ventral part PCRt
BMA basomedial amygdaloid nucleus, anterior part PF
BMP basomedial amygdaloid nucleus, posterior part PH
BSTIA bed nucleus of the stria terminalis, intra-amygdaloid divi- PLd

sion PMV
BSTL bed nucleus of the stria terminalis, lateral division Pn
BSTM bed nucleus of the stria terminalis, medial division PnC
BSTMA bed nucleus of the stria terminalis, medial division, ante- PnV

rior part PPTg
CeC central amygdaloid nucleus, capsular part PrC
CeL central amygdaloid nucleus, lateral division PrLL
CeM central amygdaloid nucleus, medial division Pr5
Cl claustrum PSTh
CM central medial thalamic nucleus PT
cp cerebral peduncle PV
CPu caudate/putamen PVA
D3V dorsal third ventricle PVP
DEn dorsal endopiriform nucleus Py
DLG dorsal lateral geniculate nucleus Re
DMD dorsomedial nucleus of the hypothalamus, dorsal part Rh
DP dorsal peduncular cortex RRF
DpMe deep mesencephalic nucleus s5
DR dorsal raphe SCh
DBH dopamine B hydroxylase scp
ec external capsule SFi
f fornix SHi
Gi gigantocellular reticular nucleus SI
GP globus pallidus SIB
HCRT orexin/hypocretin SID
HDB nucleus of the horizontal limb of the diagonal band SIV
ic internal capsule sm
icp inferior cerebellar peduncle SNC
IL infralimbic cortex SNR
InfCol inferior colliculus SO
10 inferior olive Sol
IPAC interstitial nucleus of the posterior limb of the anterior SOR

commissure Sp5
IPACL IPAC, lateral part spb
IRt intermediate reticular nucleus Sp5C
KF Kolliker-Fuse nucleus SpbI
LaDL lateral amygdaloid nucleus, dorsolateral part SpVe
LaVL lateral amygdaloid nucleus, ventrolateral part SPO
LaVM lateral amygdaloid nucleus, ventromedial part st
LC locus coeruleus STh
LGP lateral globus pallidus SubB
LH lateral hypothalamic area SubCD
LHb lateral habenular nucleus SubCV
LPGi lateral paragigantocellular nucleus SuM
LPO lateral preoptic area SupCol
LRt lateral reticular nucleus VLG
LSD lateral septal nucleus, dorsal part VMH
LSI lateral septal nucleus, intermediate part VO
LV lateral ventricle VP
mcep middle cerebellar peduncle VPM
MCPO magnocellular preoptic nucleus VRe
MD mediodorsal thalamic nucleus VTA

MdD medullary reticular nucleus, dorsal part 71

mesencephalic trigeminal nucleus

medial amygdaloid nucleus, anterodorsal part
medial amygdaloid nucleus, posteroventral part
medial geniculate nucleus

medial habenular nucleus

medial lemniscus

medial mamillary nucleus

motor trigeminal nucleus

mamillary peduncle

medial preoptic area

medial septum

mamillothalamic tract

medial tuberal nucleus

medial vestibular nucleus, parvicellular part
optic tract

optic chiasm

paraventricular nucleus of the hypothalamus
parvicellular reticular nucleus
parafascicular thalamic nucleus

posterior hypothalamic area
paralambdoid septal nucleus
premamillary nucleus, ventral part
pontine reticular nucleus

pontine reticular nucleus, caudal part
pontine reticular nucleus, ventral part
pedunculopontine tegmental nucleus
precommissural nucleus

prelimbic cortex

principal sensory trigeminal nucleus
parasubthalamic nucleus

parataenial thalamic nucleus
paraventricular thalamic nucleus
paraventricular thalamic nucleus, anterior part
paraventricular thalamic nucleus, posterior part
pyramidal tract

reuniens thalamic nucleus

rhomboid thalamic nucleus

retrorubral field

sensory root of the trigeminal nerve
suprachiasmatic nucleus

superior cerebellar peduncle
septofimbrial nucleus

septohippocampal nucleus

substantia innominata

substantia innominata, basal part
substantia innominata, dorsal part
substantia innominata, ventral part

stria medullaris of the thalamus
substantia nigra pars compacta
substantia nigra pars reticulata
supraoptic nucleus

nucleus of the solitary tract

supraoptic nucleus, retrochiasmatic part
spinal trigeminal nucleus

spinal trigeminal tract

spinal trigeminal nucleus, caudal part
spinal trigeminal nucleus, interpolar part
spinal vestibular nucleus

superior paraolivary nucleus

stria terminalis

subthalamic nucleus

subbrachial nucleus

subcoeruleus nucleus, dorsal part
subcoeruleus nucleus, ventral part
supramammillary nucleus

superior colliculus

ventral lateral geniculate nucleus
ventromedial nucleus of the hypothalamus
ventral orbital cortex

ventral pallidum

ventral posteromedial thalamic nucleus
ventral reuniens thalamic nucleus
ventral tegmental area

zona incerta
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that increase firing rates of locus coeruleus neurons, or
that stimulate postsynaptic noradrenergic receptors, in-
crease cortical EEG patterns and behavioral concomitants
of alert waking (Berridge and Foote, 1991, 1996, Berridge
and O’Neill, 2001). In addition to arousal-related changes
in the tonic activity of locus coeruleus cells, there are
phasic changes, observed during alert waking states, in-
duced by the presentation of salient stimuli (Foote et al.,
1980; Aston-Jones and Bloom, 1981b). Thus, the extensive
noradrenergic projection originating in the locus coeruleus
participates in neural events underlying both the transi-
tion between sleeping and waking and, within waking, the
processing of salient sensory information.

It was recently discovered that the hypothalamic pep-
tide orexin/hypocretin (HCRT) also plays a crucial role in
the central regulation of behavioral state. Initially, HCRT
was thought to be primarily a feeding-related peptide
(Sakurai et al., 1998). However, there is considerable ev-
idence supporting a prominent role of HCRT in arousal-
related processes. For example, the genetic basis for ca-
nine narcolepsy is a mutation that inactivates the
hypocretin-2 receptor subtype (Lin et al., 1999). Similarly,
human narcoleptics have abnormally low levels of HCRT
in their cerebrospinal fluid (Nishino et al., 2000) and re-
duced numbers of hypothalamic HCRT-containing neu-
rons (Thannickal et al., 2000). Ex vivo studies in rats
showed that the activity of HCRT-containing neurons, as
indexed by expression of the immediate early gene product
Fos is positively correlated with behavioral state, such
that a greater number of HCRT-containing cells express
Fos in association with wakefulness (Estabrooke et al.,
2001). Moreover, intraventricular infusion of HCRT in-
creases cortical EEG indices of arousal and wakefulness in
rats (Piper et al., 2000; Espana et al., 2001).

Given the similar state-modulatory actions of the nor-
adrenergic and hypocretin systems, it is possible that
these two systems act within a common set of neural
circuits to achieve these actions. In support of this hypoth-
esis, it has been shown both norepinephrine and HCRT
increase time spent awake when injected into a circum-
scribed region of the basal forebrain extending from the
anterior portion of the medial septum and nucleus accum-
bens shell to the posterior aspect of the medial preoptic
area (Berridge et al., 1996; Berridge and Foote, 1996,
Espana et al., 2001). In addition, the locus coeruleus re-
ceives a dense HCRT innervation (Peyron et al., 1998;
Cutler et al., 1999; Hagan et al., 1999; Horvath et al.,
1999) and HCRT acts in the vicinity of this brainstem
structure to increase firing rates of locus coeruleus neu-
rons (Hagan et al., 1999; Horvath et al., 1999; Bourgin et
al., 2000). Hence, there is anatomic and physiological ev-
idence that many of the arousal-related effects of the locus
coeruleus—noradrenergic and HCRT systems are, at least
in part, mediated by actions within a common set of ter-
minal fields. Moreover, these two neurotransmitter sys-
tems display some degree of reciprocal connectivity in that
the HCRT system innervates the locus coeruleus and mod-
ulates locus coeruleus—noradrenergic neurotransmission.
Currently, the extent to which HCRT-synthesizing neu-
rons receive noradrenergic innervation remains unknown.

Noradrenergic and HCRT projections target a wide
range of brain regions associated with state-dependent
physiological, affective, motivational, and cognitive pro-
cesses. For example, as determined in separate single-
label studies of these two systems, structures such as the
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central amygdala and bed nucleus of the stria terminalis,
which have extensive connections to autonomic or endo-
crine effector systems and are activated by stressful envi-
ronmental challenges, receive considerable noradrenergic
and HCRT input. Moreover, several brain regions that
mediate appetitive and reward-related processes, includ-
ing the lateral hypothalamus and ventral tegmental area,
contain noradrenergic and HCRT fibers, and, in the case of
the lateral hypothalamus, HCRT-containing cell bodies
(Fuxe et al., 1968; Swanson and Hartman, 1975; Asan,
1993; Peyron et al., 1998; Cutler et al., 1999).

Despite extensive information regarding the distribu-
tion of these two modulatory neurotransmitter systems,
the extent to which they interact and regulate common
substrates within their terminal fields remains unknown.
It is often difficult to overlay and match fiber distributions
from two different single-label studies, because the ana-
tomic sections presented in each of the studies frequently
are not directly comparable. This, in turn, can limit the
detailed assessment of how closely axonal projections of
two different systems co-mingle and jointly respect the
same boundaries within complex structures, an important
consideration given the anatomic heterogeneity of the re-
gions targeted by the norepinephrine and HCRT systems.

Thus, the present study was undertaken to provide a
detailed, systematic description of overlap between the
distributions of noradrenergic and HCRT-containing ax-
ons in the rat brain, using a double-labeling technique.
Our emphasis was on well-established forebrain sub-
strates of arousal and state-dependent cognitive and af-
fective processes. Hypocretin-containing and DRH-
containing fibers were immunohistochemically labeled
and stained distinguishable colors with separate peroxi-
dase reactions. In this manner, HCRT-containing and
DBH-containing axons could be directly examined in the
same tissue sections. Issues of particular interest were (1)
whether HCRT-containing and DBH-containing fibers
jointly respect the boundaries of previously identified com-
partments of anatomically heterogeneous structures, (2)
whether DBH-containing fibers in the hypothalamus are
located in the vicinity of HCRT-containing cell bodies, and
(3) whether the structures innervated by both fiber types
are related either anatomically or by virtue of a common
set of behavioral/physiological processes that they regu-
late.

MATERIALS AND METHODS

Subjects

Male Sprague-Dawley rats (Harlan, Madison, WI), each
weighing 280-300 g upon arrival, were used in this study.
Rats were group-housed in acrylic cages with cob bedding
and maintained in a temperature and light controlled
environment (12 hour light/dark cycle, lights on at 7:00
AM). Standard rat chow and slightly acidified tap water
was available ad libitum. All facilities and procedures
were in accordance with the guidelines regarding animal
use and care put forth by the National Institutes of Health
of the United States, were supervised and approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Wisconsin, and were accredited by the Associa-
tion for the Assessment and Accreditation of Laboratory
Animal Care.
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Histology and Immunohistochemistry

Animals (n = 4) were deeply anesthetized with sodium
pentobarbital (70 mg/kg, i.p.) and perfused transcardially
with heparinized saline (1 unit of heparin/ml 0.9% saline;
heparin was obtained from SoloPak Laboratories, Elk
Grove Village, IL), followed immediately by 500 ml of 4%
paraformaldehyde in 0.01 M phosphate buffer. The brains
were post-fixed in the paraformaldehyde solution over-
night and subsequently taken through graded sucrose so-
lutions (10%—20%-30% sucrose in 0.01 M phosphate-
buffered saline [PBS], pH 7.3) at 4°C until the brains sank
in the 30% sucrose solution (96-120 hours).

The brains were then frozen and 40-p.m coronal sections
were taken through the brain on a cryostat microtome.
Every third section was placed into an individual well
containing 0.1 M PBS with 0.1% sodium azide (pH 7.3)
and stored at 5°C for at least 24 hours.

For immunohistochemical processing, sections were
washed four times (10 minutes each time) in 0.01 M PBS.
Endogenous peroxidase activity was inhibited by incubat-
ing slides in a quenching solution containing 10% metha-
nol and 0.75% hydrogen peroxide in 0.01 M PBS for 10
minutes at room temperature. Sections were then washed
again and incubated for 48 hours at 4°C with primary
rabbit anti-rat prepro-hypocretin antibody #2050 (1:2,000,
a generous gift of Dr. L. de Lecea; see Peyron et al., 1998)
in an antibody dilution buffer (0.1% Triton X-100, 0.1%
casein, and 0.1% sodium azide in 0.1 M PBS, pH 7.2).

After incubation, tissue was rinsed with 0.01 M PBS,
and then exposed to a goat anti-rabbit biotinylated sec-
ondary antibody (Vector Laboratories, Burlingame, CA)
for 2 hours. Tissue was rinsed with 0.01 M PBS, exposed
to an avidin-biotin-peroxidase complex (ABC complex,
Vector Laboratories) for 1 hour, rinsed again with 0.01 M
PBS, and stained with diaminobenzidine (DAB, Vector
Laboratories) to yield a brown precipitate.

Sections were then washed in 0.01 M PBS and exposed
to a monoclonal mouse anti-rat DBH primary antibody
(1:1,500, Chemicon International, Inc., Temecula, CA) di-
luted in the aforementioned antibody dilution buffer. Sec-
tions were exposed to the anti-DBH antibody for 48 hours
at 5°C. After incubation in the anti-DBH primary anti-
body, sections were rinsed with 0.01 M PBS, and taken
through all steps described above (except that a horse
anti-mouse secondary antibody was used), omitting the
quench step. Tissue was exposed to the Vector SG chroma-
gen (Vector Laboratories), which stained DBH-containing
neurons and processes a blue—gray color. Sections were
mounted on Fisher Superfrost Plus slides (Fisher Scien-
tific, Pittsburgh, PA), air-dried for 24 hours, taken
through graded alcohols (95-100%), cleared in xylene for 5
days, and cover-slipped with Permount (Fisher Scientific)
mounting medium.

Light microscopy and image analysis

Brightfield images in Figures 2, 3, and 5 were captured
with a SPOT Diagnostics Inc. CCD camera coupled to a
Leica DMR light microscope, using SPOT software version
2.2 on a PC-based microcomputer. Images in Figure 4
were captured with a Zeiss AxioCam HRC CCD camera
mounted on a Zeiss AxioScope 2 light microscope, inter-
faced with a PC-based microcomputer. Images were im-
ported into Adobe Photoshop, where contrast, sharpness,
and color balance were modified slightly to match the
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actual stained tissue. Under brightfield microscopy,
hypocretin-containing cell bodies and processes, which
were stained with DAB, appeared brown, whereas DRH-
containing processes (stained with the Vector SG chroma-
gen) appeared blue—gray.

RESULTS
Cortex

The majority of the neocortex contained very light over-
lap between HCRT-containing and DBH-containing axons.
A moderate-to-dense network of DBH-containing fibers
was observed throughout the majority of the cortex, sim-
ilar to that previously described (for review, see Foote et
al., 1983). These fibers were thin and branching, and
contained small, evenly spaced boutons. Scattered ran-
domly throughout these DBH-containing fibers were a few
thick, varicose HCRT-containing axons.

One notable exception to this pattern was a region ex-
tending from the ventral border of anterior infralimbic
cortex, through the dorsal peduncular cortex, and into the
tenia tecta (Fig. 1A). This area contained a dense collec-
tion of thick, varicose HCRT-immunopositive fibers inter-
mingled with numerous DRH-containing axons. This dual
innervation was located in the deep layers of cortex adja-
cent to the ventral portion of the corpus callosum and
spread ventrolaterally beneath the tip of the corpus callo-
sum to fill an area between the corpus callosum and the
medial border of the anterior commissure.

Septal regions

Lateral septum. The lateral septum contained consid-
erable overlap between HCRT- and DBH-immunopositive
fibers. There was a collection of long, thin DBH-containing
fibers with a few small varicosities coursing dorsally from
the region of the olfactory tubercle though the lateral
septum. These were likely fibers of passage ascending
toward targets in the cortex or hippocampus, as described
previously (see Swanson and Hartman, 1975). Dispersed
among these axons were thin, branching DH-containing
fibers with numerous large boutons (Fig. 1C-E). Of inter-
est, there was a very dense, discrete patch of these thin,
varicose processes located in the central part of the lateral
septum, approximately midway between midline and the
lateral ventricle (Fig. 1E). Intermingled with the DRH-
immunopositive elements throughout the lateral septum
were numerous short, thick, HCRT-containing fibers with
many large boutons. There was a patch of particularly
dense HCRT innervation abutting the corpus callosum
and the dorsal portion of the lateral ventricle (Fig. 1D,E).

At more posterior levels in which the fornix and the
decussation of the anterior commissure were visible, the
HCRT and DBH innervation of dorsal portions of the lat-
eral septum was considerably less dense. Nevertheless,
there were numerous thick, varicose HCRT-immunopositive
fibers observed in the dorsolateral sectors of the septum,
particularly in the zone directly adjacent to the lateral
ventricle (Fig. 1F). In addition, the ventral sector of the
lateral septum contained a moderately dense overlap of
thin DBH-containing processes and thick, HCRT-
immunopositive axons (Fig. 1F).

Medial septum/diagonal band. The entire antero-
posterior extent of the diagonal band and the medial sep-
tum contained moderate to high densities of overlapping
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Fig. 1. A-U: Chartings representing anatomic distributions and
relative densities of orexin/hypocretin (HCRT) -immunopositive and
dopamine-B-hydroxylase (DBH) -immunopositive fibers in the rat
brain. HCRT-containing axonal processes are shown as orange-
colored representations of axonal fibers, and areas containing DRH-
containing processes are mapped out with a solid blue color. For both
neuromodulator systems, regional fiber densities are depicted as

HCRT-containing and DBH-containing fibers. This dual
HCRT/ DBH innervation mainly skirted the nucleus ac-
cumbens shell, thereby delineating the medial border of

B.A. BALDO ET AL.

largely absent, light, moderate, or heavy, as indicated in the key.
HCRT-containing cell bodies are indicated by small red circles and
DBH-containing cell bodies by small blue squares; each circle or
square represents approximately four cells. Coronal brain sections
and labels were adapted from the atlas of Paxinos and Watson (1998).
Numbers indicate distance in millimeters from bregma. For abbrevi-
ations, see list.

this structure, although a few fibers crossed into the nu-
cleus accumbens shell (Fig. 1B,C). The density of HCRT-
containing fibers was particularly heavy in the dorsome-
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Figure 1 (Continued)

dial portions of the diagonal band and medial septum and
somewhat lighter in the ventrolateral sector of the diago-
nal band. At the level of the decussation of the anterior
commissure, moderate to heavy distributions of thin DH-
containing fibers with large boutons intermingled with
thick, varicose HCRT-containing fibers were observed in
the most ventromedial portion of the medial septum, im-
mediately ventral to the fornix (Fig. 1F).

Basal ganglia

Caudate putamen and globus pallidus. The caudate
putamen was mostly devoid of HCRT- or DBH-containing

fibers. Two exceptions were the anterior caudate putamen
and the ventrolateral striatum. The anterior caudate pu-
tamen contained a low density of long, varicose HCRT-
containing fibers (Fig. 1B). The ventrolateral sector of the
striatum contained a moderately dense patch of HCRT-
containing fibers. This innervation, consisting of thick,
branching axons with numerous large boutons, appeared
to be associated with a collection of HCRT-
immunopositive fibers located immediately lateral to the
striatum within the claustrum and deep layers of sur-
rounding cortex (Fig. 1C). These fibers spread medially
across and underneath the ventral tip of the corpus callo-
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Figure 1 (Continued)

sum to innervate the striatum. Apart from these two ar-
eas, only a very few randomly scattered HCRT- or DH-
containing fibers were noted in the caudate putamen.
Similarly to the caudate putamen, the globus pallidus
contained few, sparsely distributed HCRT- or DBH-
containing fibers (Fig. 1G,H).

Nucleus accumbens and ventral pallidum. The most
anterior sectors of the nucleus accumbens contained very
few HCRT- or DBH-immunopositive fibers. Proceeding
caudally, the HCRT innervation grew progressively
denser in two areas: the most medial aspects of the shell,
and the region of the nucleus accumbens directly ventral
to the lateral ventricle (Fig. 1B,C). In the medial shell,
HCRT-containing fibers were interspersed with DBH-
immunopositive axons; the density of both fiber types was
light in the middle of the anteroposterior extent of the
accumbens and became progressively heavier as one pro-
ceeded caudally. The intermingled HCRT and DBH inner-
vation of the medial shell appeared to represent a contin-
uation of the dense innervation of the medial septum/
diagonal band area by these two fiber types (Figs. 1B,C,
2B).

The density of both HCRT-immunopositive and DH-
immunopositive fibers increased dramatically in the cau-
dal nucleus accumbens, and particularly in the transition
zone between the nucleus accumbens and the bed nucleus
of the stria terminalis. Within the caudal shell, there were
many thin, branching DEH-containing fibers with large

boutons; these fibers were especially dense in two bands
following the medial boundaries of the accumbens shell
and ventral pallidum (Fig. 2E; see also Zaborszky and
Cullinan, 1996; Berridge et al., 1997; Delfs et al., 1998). In
the transition zone between the nucleus accumbens and
the bed nucleus of the stria terminalis, the DpH-
immunopositive fibers were most dense in a crescent-
shaped zone outlining the medial edge of the anterior
commissure and thinned somewhat, although still re-
maining quite dense, medially toward and within the ven-
tral pallidum (Fig. 1E). The DBH immunoreactivity was
intermingled with thick- and thin-gauge HCRT-
containing fibers with many large boutons. This dual in-
nervation was largely absent from the nucleus accumbens
core, caudate putamen, and interstitial nucleus of the
posterior limb of the anterior commissure; these regions
presented as a homogeneous area containing a few, ran-
domly dispersed fibers (Figs. 1C-E, 2A).

Bed nucleus of the stria terminalis and
substantia innominata

The bed nucleus of the stria terminalis contained among
the highest levels of HCRT/DBH overlap of any structure
in the brain. A dense network of highly arborized DRH-
immunoreactive fibers with many large boutons was ob-
served in the bed nucleus of the stria terminalis, with the
highest concentrations of fibers located in the ventral por-
tion of this nucleus (Figs. 1F,G, 2C). Indeed, the DRH
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Fig. 2. Brightfield images depicting lack of HCRT- and DBH-
containing fibers in the nucleus accumbens core (A), and intermingled
HCRT- and DBH-containing fibers in the nucleus accumbens shell (B),
bed nucleus of the stria terminalis (C), and dorsal substantia innomi-
nata (D). A-D are higher-magnification images of the boxed areas
depicted in the three photomicrographs in the left column. A,B: Areas
found on the section on Figure 1D. C,D: Areas seen on sections 1G and

1H, respectively. HCRT-immunopositive axons, stained with diami-
nobenzidine, appear reddish—brown, whereas DBH-immunoreactive
elements, stained with the Vector SG chromagen, appear bluish—
gray. For abbreviations, see list. Scale bars = 600 pm in the top
photomicrograph in the left column (applies to all three photomicro-
graphs in the left column), 125 um in B (applies to A-D).
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staining in this region was sufficiently intense as to be
plainly apparent to the naked eye, and appeared in the
microscope as a dense plexus of immunoreactive boutons.
Dorsal to the anterior commissure, the DBH innervation
thinned somewhat, although still remaining quite dense.
Distributed throughout the bed nucleus of the stria termi-
nalis, and intermingled with DBH-containing elements
both dorsal and ventral to the anterior commissure, were
numerous varicose, branching HCRT-immunoreactive
processes. At more anterior levels, these fibers were par-
ticularly heavily concentrated in the dorsal regions of the
bed nucleus of the stria terminalis, in a triangle-shaped
territory bounded by the anterior commissure and the
internal capsule (Fig. 1F); the axons in this subregion
appeared to be contiguous with the HCRT innervation of
the most caudal aspect of the nucleus accumbens. There
were also considerable numbers of HCRT-containing fi-
bers distributed throughout the dense patch of DRH im-
munoreactivity in the ventral bed nucleus of the stria
terminalis (Figs. 1F,G, 2C); these axons were typically
thick with many large boutons.

The dense DBH innervation of the ventral bed nucleus
of the stria terminalis appeared to be contiguous with a
heavy patch of immunopositive fibers and boutons visible
at more posterior levels in the ventral part and sections of
the basal part of the substantia innominata (Fig. 1F,G; see
also Chang, 1989). Within the substantia innominata,
there was considerable overlap of these DBH fibers with
thick, varicose HCRT-containing axons, particularly in
the zone abutting the medial border of the globus pallidus,
where the anterior portion of the internal capsule was
visible (Figs. 1G,H, 2D). This dual innervation dropped off
sharply within the globus pallidus, thereby distinctly de-
fining the globus pallidus/substantia innominata bound-
ary.

Starting in the dense patch of DBH-immunoreactive
boutons in the substantia innominata and continuing dor-
sally along the medial perimeter of the globus pallidus and
anterior portion of the internal capsule, many long, thin
DBH-containing fibers, likely fibers of passage, were ob-
served. Intermingled with these axons were long, thin,
varicose HCRT-containing fibers oriented in parallel to
the DRH-containing axons.

In the basal substantia innominata, the dual HCRT/
DBH innervation was less dense. A light distribution of
HCRT-containing fibers was noted in this region, inter-
mixed with a moderate density of DBH-immunopositive
elements.

Hypothalamus

Both HCRT-immunoreactive and DBH-innunoreactive
axons were present in abundance in the medial and lat-
eral preoptic areas (Fig. 1F-H). The HCRT and DBH in-
nervation of these regions appeared to be contiguous with,
albeit somewhat less dense than, the innervation of the
bed nucleus of the stria terminalis. This dual innervation
extended ventrally to the base of the brain, although the
density of HCRT-containing fibers was somewhat lighter
in the suprachiasmatic nucleus relative to adjacent re-
gions of the medial preoptic area. The supraoptic nucleus
was heavily innervated by DBH-immunopositive fibers
but contained only a few scattered HCRT-containing ax-
ons (Fig. 1H).

Hypocretin-containing cell bodies were observed in the
hypothalamus, concentrated mainly in the perifornical

B.A. BALDO ET AL.

and lateral hypothalamus, with a few cells scattered an-
teromedially in the paraventricular nucleus, and ventro-
laterally in the medial tuberal area (Fig. 1I-L; see also
Peyron et al., 1998; Sakurai et al., 1998). The hypocretin-
containing cell bodies in the perifornical area were embed-
ded within a dense collection of DBH-containing fibers
likely originating in the segment of the principal adrener-
gic bundle that passes through the zona incerta, from
where it sends a branch laterally to innervate the para-
ventricular nucleus and ventral aspect of the dorsomedial
nucleus (Swanson and Hartman, 1975). Accordingly, we
noted smooth, thin DBH-containing fibers, collected into
discrete fascicular bundles (consistent with fibers of pas-
sage), in the vicinity of the zona incerta and internal
capsule. Emanating from these bundles was a dense
swath of DBH-immunopositive fibers and boutons span-
ning the hypothalamus from the zona incerta, through the
hypocretin cell body-rich perifornical area and medial as-
pect of the lateral hypothalamus, to the paraventricular
nucleus (and at more posterior levels, the dorsal portion of
the dorsomedial nucleus; Fig. 1J,K). At more caudal lev-
els, this network of DBH immunoreactivity extended ven-
trally into the ventromedial hypothalamic area and the
medial tuberal nucleus. Within these regions, the DRH-
containing fibers were thin, highly arborized, and con-
tained many large boutons, features indicative of terminal
fields. In many cases, there was the impression of synaptic
contacts between hypocretin cell bodies and DBH-
containing fibers and boutons (Fig. 4A-D).

There was considerable overlap between hypocretin-
containing and DBH-containing fibers in a hypothalamic
zone located between the paraventricular nucleus and the
perifornical area. The paraventricular nucleus itself (as
mentioned above) contained a very dense plexus of DRH-
immunoreactive boutons; the staining in this region was
so intense that it could be seen with the naked eye (Figs.
1H,I, 5A). Thick, varicose hypocretin-containing axons
originating in the perifornical area were also seen in the
paraventricular nucleus intermingled with the DRH-
containing boutons; these hypocretin fibers were most
heavily concentrated in the dorsomedial portion of this
structure, in a region directly above the third ventricle,
although there were also considerable numbers of fibers
distributed throughout the rest of the nucleus (Figs. 1H,I,
5A). At more posterior levels, considerable overlap of
hypocretin-containing and DRH-containing fibers was
noted in the dorsomedial hypothalamic nucleus, especially
in the lateral portion of this nucleus (Fig. 1J,K); this dual
innervation appeared to be contiguous with the dense
concentration of hypocretin- and DBH-immunopositive fi-
bers in the perifornical area.

Extending laterally from the fornix, moderate to heavy
concentrations of intermingled hypocretin-containing and
DBH-containing fibers were observed in an area extending
through the lateral hypothalamus and traversing the zone
between the internal capsule and optic tract toward tar-
gets in the amygdala (Fig. 11,J). Many of the hypocretin-
containing fibers in this region, particularly those directly
adjacent to the optic tract, were smooth, thin, and oriented
in a parallel manner, suggestive of fibers of passage. The
DBH-immunoreactive fibers in this hypothalamus/
amygdala transition zone were varicose and arborized,
compatible with terminal field morphology. Ventral hypo-
thalamic structures, such as the ventromedial nucleus
and the arcuate nucleus, contained moderate densities of



Fig. 3. Brightfield images depicting diverse HCRT- and DBH-
containing fiber distributions and morphologies in the medial (top left,
A) and lateral (middle left, B) subdivisions of the central amygdaloid
nucleus and in the basolateral complex (bottom left, C). A-C: Higher-
magnification images of the boxed areas in the three photomicro-
graphs in the left column represent areas found within the amygdala
on the section shown in Figure 1J. HCRT-immunopositive axons,
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stained with diaminobenzidine, appear reddish—brown, whereas
DBH-immunoreactive elements, stained with the Vector SG chroma-
gen, appear bluish—gray. Arrows in the top and middle photomicro-
graphs of the left column point to the same histologic feature. For
abbreviations, see list. Scale bars = 600 um in the top photomicro-
graph in the left column (applies to all three photomicrographs in that
column), 125 pm in A (applies to A-C).
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Fig. 4. A-D: Brightfield images showing apparent contacts (indicated by arrows) of DBH-
immunoreactive boutons onto HCRT-containing soma and dendrites. HCRT-containing neurons appear
brown, and DBH-containing fibers and boutons appear blue—gray. The boxed areas in A are shown at
higher magnification in B, C, and D. Scale bars = 150 pm in A, 37.5 pm in B (applies to B-D).

hypocretin-containing axons, but moderate-to-light densi-
ties of DBH-immunoreactive fibers (Fig. 1K,L).

Thalamus

There was little overlap between HCRT-containing and
DpBH-containing fibers within the thalamus. The notable
exception to this pattern was the paraventricular tha-
lamic nucleus, which contained among the highest levels

of HCRT/DBH overlap in the entire brain. Both fiber sys-
tems respected the lateral borders of the paraventricular
thalamic nucleus to a striking degree; the neighboring
habenular structures contained only scattered HCRT- or
DBH-immunoreactive axons (Figs. 1I-K, 5).

The source of HCRT-immunopositive axons in the para-
ventricular nucleus of the thalamus was a collection of
thick, varicose HCRT-containing axons coursing dorsally



Fig. 5. Brightfield images depicting HCRT- and DBH-containing fi-
bers in the paraventricular nucleus of the hypothalamus (top left, A), the
paraventricular thalamic nucleus (middle left, B), and the posterior
ventral periaqueductal gray, in the vicinity of the dorsal raphe (bottom
left, C). A-C: Higher-magnification images of the boxed areas indicated
in the three photomicrographs in the left column depict areas found on
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the sections shown in Figure 1I, 1K, and 1R, respectively. HCRT-
immunopositive axons, stained with diaminobenzidine, appear reddish—
brown, whereas DBH-immunoreactive elements, stained with the Vector
SG chromagen, appear bluish—gray. For abbreviations, see list. Scale

bars = 600 pm in the top photomicrograph in the left column (applies to
all the photomicrographs in that column), 125 pm in A (applies to A-C).
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along the midline, spanning the diencephalon from the
dorsal portion of the paraventricular nucleus of the hypo-
thalamus up to the base of the dorsal third ventricle (Fig.
1J,K). A segment of this projection branched off to follow
the ventral contour of the centromedial thalamic nucleus,
whereas the remainder of the fibers continued dorsally to
fill, at more anterior levels, the parataenial nucleus (Fig.
1H), and further caudally, the paraventricular thalamic
nucleus (Figs. 1I-K, 5B). The HCRT-containing fibers
were interdigitated with the two heavy patches of DRH
immunoreactivity within the paraventricular thalamic
nucleus. These DBH-containing fibers were highly ar-
borized and varicose, giving the impression at lower mag-
nifications of homogeneous, densely packed immunoreac-
tive boutons concentrated in bilateral oval-shaped patches
within the paraventricular thalamic nucleus (Fig. 5B). At
more posterior levels, the dual HCRT/DBH innervation of
the paraventricular nucleus extended ventrolaterally into
the region of the mediodorsal nucleus (Fig. 1L).

The remainder of the thalamus contained very few
hypocretin-containing fibers, and a thin distribution of
very fine DBH-containing fibers. The dorsomedial part of
the anteroventral thalamic nucleus contained a dense
plexus of DBH-immunopositive axons (Fig. 1I); however,
HCRT-containing fibers were largely absent from this re-

gion.
Amygdala

The distributions and morphologies of DBH- and HCRT-
containing fibers varied considerably among the subre-
gions of the amygdala. A moderately dense network of
intermingled HCRT- and DBH-immunoreactive fibers was
observed extending laterally from the hypothalamus, tra-
versing the hypothalamus/amygdala transition zone, and
arching over the optic tract to innervate the amygdaloid
division of the bed nucleus of the stria terminalis, the
medial subdivision of the central nucleus (Fig. 11,J), and,
to a lesser extent, the medial amygdaloid nucleus. Both
the HCRT-containing and the DBH-containing fibers in
these regions were arborized and contained numerous
boutons, resembling fibers seen, for example, in the bed
nucleus of the stria terminalis and the dorsal substantia
innominata. This heavy dual innervation ended at the
medial border of the lateral subdivision of the central
nucleus, which contained only a few, scattered DBH- or
HCRT-containing fibers, and was thereby similar in ap-
pearance to the overlying amygdalostriatal transition
zone and the caudate putamen (Figs. 1I-K, 3A,B).

The basolateral amygdaloid complex contained a mod-
erate density of DBH-immunopositive fibers; however,
there were few HCRT-containing fibers within this struc-
ture (Figs. 1J,K, 3C). Unlike the fibers in the central and
medial amygdaloid nuclei, the DBH-immunopositive ax-
ons in the basolateral complex were long, thin, and con-
tained very small boutons. These fibers resembled those
seen throughout the cortex. Scattered amid the DBH-
containing fibers in the basolateral complex were a few
thick, varicose HCRT-immunopositive axons.

Hippocampus

The hippocampus contained almost no overlap between
hypocretin-containing and DBH-containing fibers (Fig. 11—
P). Only a very few, randomly scattered hypocretin-
containing axons were observed in the hippocampus. In
contrast, DBH-containing fibers were present throughout
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the entire hippocampus; these axons were observed to be
most heavily concentrated in the dentate gyrus and, more
posteriorly, adjacent to fields CA1-CA3 (see also Swanson
and Hartman, 1975).

Midbrain, pons, and medulla

The periaqueductal gray contained substantial overlap
between HCRT-containing and DBH-containing fibers
(Fig. 1IN-P). Thick, varicose HCRT-immunopositive axons
were observed surrounding the cerebral aqueduct and fill-
ing the medial aspects of the ventral and lateral quad-
rants of the gray matter. These HCRT-containing fibers
were intermingled with thin, varicose DBH-immunoreactive
axons. The dorsal regions of the periaqueductal gray con-
tained fewer HCRT-containing and DBH -containing fi-
bers. Extending laterally from the periaqueductal gray
was a strip of HCRT-immunopositive axons, which tra-
versed the midbrain and extended into the medial aspect
of the medial geniculate complex (Fig. 10). Within this
region, the HCRT-containing axons were intermingled
with thin, varicose, highly arborized DH-immunopositive
fibers.

At more caudal levels, the intense HCRT innervation of
the midline and ventrolateral portions of the periaqueduc-
tal gray spread more laterally. Within these sectors, par-
ticularly at more caudal levels, the thick, varicose HCRT-
immunoreactive axons were intermingled with a
moderate-to-heavy density of branching DRH-containing
fibers with numerous prominent boutons. This overlap
was particularly apparent in the vicinity of the dorsal
raphe (Figs. 1Q,R, 5C). The DBH axons and terminals in
these areas were associated with bilateral DpH-
containing fiber bundles localized just outside the ventro-
lateral border of the periaqueductal gray. Interspersed
through these bundles was a moderate density of HCRT
innervation, part of a strip of HCRT-containing fibers
extending ventrally and laterally from the periaqueductal
gray. Similar to the pattern seen at more rostral levels,
the density of HCRT and DBH immunoreactivity thinned
somewhat in dorsal sectors of the periaqueductal gray.

Moderate overlap between HCRT-containing and DRH-
containing fibers was also observed in the ventral tegmen-
tal area (Fig. 1IN-P). This region contained a moderate
concentration of thick, varicose HCRT-containing fibers
intermingled with highly varicose and arborized DRH-
immunopositive axons. The HCRT innervation of the ven-
tral tegmental area continued laterally along the ventral
contour of the medial lemniscus, partially extending into
the medial lemniscus itself, as well as the paranigral
nucleus, the parabrachial pigmented nucleus, and the dor-
sal portion of the substantia nigra pars compacta, but
avoiding the substantia nigra pars reticulata (Fig. 10,P).
Thin, varicose DBH-immunopositive axons overlapped the
HCRT innervation along the ventral contour of the medial
lemniscus but penetrated further ventrally into the sub-
stantia nigra pars compacta than did the HCRT-
containing fibers. A dense collection of DBH-
immunoreactive axons was also observed arching along
the dorsal contour of the medial lemniscus; there were
relatively few HCRT-containing axons within this region.
Moderate overlap between the two fiber types was also
seen more caudally in the vicinity of the retrorubral field
and pedunculopontine tegmental nucleus (Fig. 1Q).

In accordance with previous reports (Peyron et al., 1998;
Cutler et al., 1999; Hagan et al., 1999; Horvath et al.,
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1999), a dense concentration of HCRT-immunopositive
fibers was observed intermingled with the DpH-
immunopositive noradrenergic cell bodies of the locus co-
eruleus. These axons were branching and varicose and
were distributed throughout both the cell body-containing
and dendritic regions of the locus coeruleus (Fig. 1S).
Varicose HCRT-immunopositive axons were also noted in
the dorsal aspect of the pontine central gray, along the
boundary of the fourth ventricle. These axons were inter-
mingled among the DBH-containing elements (both den-
drites and varicose axons) extending from the locus coer-
uleus. Considerable overlap between the two fiber types
was also noted in the parabrachial area (Fig. 1S) and in a
strip extending through the subcoerulear region along the
trajectory of DBH-containing cell bodies, extending be-
tween the locus coeruleus and the A5 noradrenergic
group. There was a moderate-to-high density of HCRT-
containing axons in this strip just lateral the DBH-
containing soma, in the dendritic zones of these neurons
(particularly in the vicinity of A5). Nevertheless, only a
few clear instances of actual contacts onto DRH-
containing dendrites or cell bodies were noted.

There was a moderate-to-dense concentration of HCRT-
immunopositive fibers in the nucleus of the solitary tract,
where the A2 noradrenergic neurons are found (Fig.
1T,U). The densest concentrations of these axons were
located just dorsally and laterally to the A2 noradrenergic
cells, with scattered fibers extending into the A2 region,
and, in a few cases, making apparent contacts onto nor-
adrenergic neurons. The Al noradrenergic area contained
only a few, randomly scattered HCRT-containing fibers
(Fig. 1T,U).

DISCUSSION

Summary of results

Substantial overlap between HCRT- and DBH-
containing projections was noted in the following zones:
(1) a ventrally situated corridor extending rostrally from
the HCRT-containing neurons in the perifornical/lateral
hypothalamus through the anteroposterior extent of the
forebrain (including medial hypothalamus, preoptic area,
substantia innominata, bed nucleus of the stria termina-
lis, medial and lateral septal regions, and medial nucleus
accumbens shell), penetrating into a circumscribed area in
the deep layers of infralimbic and dorsal peduncular cor-
tex; (2) a ventrally situated corridor extending caudally
from the perifornical and lateral hypothalamus into mid-
brain structures such as the ventral tegmental area, ret-
rorubral field, and pedunculopontine tegmental nucleus;
(3) ventral portions of the central gray, particularly in the
vicinity of the dorsal raphe, and, further caudally, in the
mesencephalic gray and locus coeruleus; (4) a region ex-
tending laterally from the perifornical hypothalamus, over
the optic tract, and into the intra-amygdaloid division of
the bed nucleus of the stria terminalis and medial division
of the central amygdaloid nucleus, ending abruptly at the
medial border of the lateral division of this nucleus; (5) a
very distinct area in the dorsal diencephalon including the
parataenial, paraventricular, and mediodorsal thalamic
nuclei. Except as noted above in (1), the majority of cortex
contained a moderately dense network of long, thin,
branching DRH-containing fibers, which were similar in
morphology to those seen in the hippocampus and baso-

233

lateral amygdala. Intermixed with these cortical fibers
was a low density of randomly scattered, varicose HCRT-
containing axons. Basal ganglia structures such as the
caudate putamen, nucleus accumbens core, and globus
pallidus were devoid of both fiber types. Within HCRT cell
body-rich hypothalamic regions, a dense plexus of DRH-
immunoreactive fibers and boutons was observed, with
many cases of apparent contacts of DBH-containing bou-
tons onto HCRT soma and dendrites.

Although densely intermingled HCRT- and DpBH-
immunoreactive fibers were observed in numerous brain
structures (see above), the degree to which these processes
contacted identical postsynaptic targets was not assessed;
indeed, a general limitation of the light microscopy tech-
niques used here is that they provide suggestive, rather
than conclusive, evidence of synaptic contacts. Regardless,
the present work was designed to provide a broad perspec-
tive and descriptive catalog of the neuroanatomic sites
that might support functional interactions between
HCRT- and norepinephrine-containing terminal fields.
These data can serve as a framework to guide both elec-
tron microscopy studies, wherein more direct evidence of
synaptic contacts can be obtained, as well as functional
studies of HCRT/norepinephrine interactions.

Our general hypothesis was that DBH-immunoreactive
elements represented components of the norepinephrine
system. Norepinephrine, however, is also a substrate for
the synthesis of epinephrine by means of the actions of
phenylethanolamine-N-methyl-transferase (PNMT) in ad-
renergic neurons. Thus, the previously reported presence
of PNMT immunoreactivity in structures like the para-
ventricular thalamic nucleus, perifornical hypothalamus,
and medial amygdala (Hokfelt et al., 1984; Astier et al.,
1987) raises the possibility that the DBH-containing pro-
cesses in those structures represent adrenergic, rather
than noradrenergic, fibers. Presently, the functional role
of epinephrine in the central nervous system is not well-
characterized, although it is likely that this amine exerts
some of the same effects as norepinephrine, considering
that its affinity for noradrenergic receptors is close to that
of norepinephrine itself (Hoffman and Lefkowitz, 1995).
Nevertheless, in general, DBH-containing projections in
the brain vastly outnumber PNMT-containing projections
(Swanson and Hartman, 1975; Hokfelt et al., 1984), indi-
cating that the majority of DRH-immunoreactive fibers
observed in the present study represented noradrenergic
processes. More specifically, previous work examining the
medial amygdala, stained separately in adjacent sections
for DBH and PNMT, revealed greater numbers of DRH-
containing fibers than PNMT-immunopositive processes
(Fallon and Ciofi, 1992; Asan, 1993). This finding indicates
that the majority of DBH-containing elements in the
amygdala are noradrenergic, and supports the principle
that “. . .levels of the earlier enzymes in the sequence of
catecholamine synthesis are thought to be quite low in
catecholaminergic fibers and terminals” (Fallon and Ciofi,
1992).

HCRT/DBH overlap and the
extended amygdala

The present findings provide support for the notion of
contiguity and common modulation among several basal
forebrain structures comprising the extended amygdala
(for an extensive review of extended amygdala anatomy,
see Alheid et al., 1995). For example, intermingled DRH-
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containing and HCRT-containing fibers were seen
throughout the bed nucleus of the stria terminalis. The
innervation of the lateral bed nucleus of the stria termi-
nalis appeared contiguous with a dense collection of both
fiber types in an area of the substantia innominata corre-
sponding to the central and medial divisions of the sub-
lenticular extended amygdala (Alheid et al., 1995). Pro-
ceeding caudally, moderate concentrations of both fiber
types were noted in the medial subdivision of the central
amygdaloid nucleus. However, this dual innervation ter-
minated at the medial border of the lateral subdivision of
the central amygdaloid nucleus.

This distinction between the medial and lateral subdi-
visions of the central nucleus is interesting in terms of
ongoing debates regarding the classification and charac-
terization of the various amygdaloid subregions. It has
been argued that portions of the central and medial amyg-
daloid nuclei can be viewed as a specialized region of the
striatum. For example, in situ hybridization for glutamic
acid decarboxylase mRNA reveals an unbroken swath of
neurons extending from the posterior caudate, through
the amygdalostriatal transition zone, and into the central
and medial divisions of the amygdala (Swanson and
Petrovich, 1998). This observation is in general agreement
with the present finding that the caudate putamen, amyg-
dalostriatal transition zone, and the lateral subdivision of
the central nucleus presented as a homogeneous region
devoid of either HCRT- or DRH-containing fibers. Others
have proposed that the projections, intrinsic connectivity,
and histochemical features of central amygdala subdivi-
sions recapitulate features of core-shell-ventral pallidum
organization, with the lateral and medial subdivisions of
the central nucleus nuclei displaying, respectively, “core-
like” and “pallidum-like” histochemical features and cir-
cuitry (Cassell et al., 1999). Again, this model is consis-
tent, in a general sense, with the present observation that
the medial subdivision of the central nucleus, like portions
of the ventral pallidum, contains intermingled HCRT- and
DBH-containing fibers, whereas the lateral subdivision,
like the nucleus accumbens core, is devoid of either fiber
type. Hence, the present data reveal further similarities
between portions of the central amygdaloid nucleus and
striatum, with regard to distributions of overlapping
HCRT and DBH projections to these areas.

The basolateral amygdaloid complex displayed a strik-
ingly different pattern of innervation relative to the cen-
tral amygdala subregions described above. Dopamine-f3-
hydroxylase immunopositive axons in the basolateral
nucleus resembled the long, thin, branching DBH-
containing fibers in the cortex, but differed from the short,
varicose fibers and terminal boutons seen in the medial
portions of the amygdala (see also Fallon and Ciofi, 1992;
Asan, 1993, 1997). Moreover, the relative densities of
HCRT-containing vs. DBH-containing fibers in the baso-
lateral nucleus of the amygdala (i.e., a moderate-to-heavy
density of DBH-containing fibers but only a few, scattered
HCRT-immunopositive axons) was very similar to the ra-
tio of these two fiber types seen throughout the cortex but
differed markedly from the ratio seen in the medial sub-
division of the central amygdala, where both fiber types
were present in abundance. Thus, the present results lend
further support to the idea that the basolateral amygdala
is structurally more similar to the cortex than it is to the
central and medial divisions of the amygdala (McDonald,
1992; Alheid et al., 1995; Swanson and Petrovich, 1998).
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Functional considerations

Perhaps the most straightforward implication of the
present data is that hypocretin and norepinephrine may
interact functionally within the brain regions containing
overlapping projections from both systems. A comparison
of the distributions of hypocretin-1 receptor mRNA,
hypocretin-2 receptor mRNA, and mRNA for a-adrenergic
and B-adrenergic receptors reveals that some combination
of hypocretin and norepinephrine receptor subtypes is
present in the main areas we identified as receiving over-
lapping HCRT and DBH input (Asanuma et al., 1991;
Talley et al., 1996; Rosin et al., 1996; Trivedi et al., 1998;
Marcus et al., 2001), supporting the idea of functional
interactions between these two neuromodulators. The
question then arises as to whether there is a unified set of
physiological or behavioral processes subject to dual
hypocretin/norepinephrine regulation that can be deduced
on the basis of anatomic considerations. A review of the
established functional roles of the areas most heavily in-
nervated by the hypocretin and norepinephrine systems
indicates that these structures are involved in the regu-
lation of arousal or behavioral state, autonomic function
and stress, and appetitively motivated behavior.

A compelling framework for hypocretin/norepinephrine
interactions in the control of behavioral state comes from
studies of EEG and behavioral measures of arousal after
remote-controlled administration of either noradrenergic
agonists or HCRT into the basal forebrain of sleeping rats.
Infusions of either the B-adrenergic receptor agonist iso-
proterenol (Berridge et al., 1996), the monoamine-releaser
amphetamine (Berridge et al., 1999), or HCRT peptides
(Espana et al., 2001) into a region encompassing the me-
dial septum, caudomedial nucleus accumbens shell, and
the medial preoptic area elicited low-voltage cortical EEG
patterns indicative of waking, along with increased motor
activity. Examination of chartings from these studies re-
veals an excellent concordance between the sites most
sensitive to the arousal-related effects of HCRT and nor-
epinephrine, and the areas identified in the present work
as containing moderate-to-dense concentrations of inter-
mingled HCRT-containing and DBH-containing axons, es-
pecially the medial septal region and the medial preoptic
area. It would be of considerable interest, therefore, to
determine, in future studies, whether the combined ad-
ministration of HCRT and norepinephrine into these sites
interacts in an additive or superadditive manner in the
control of behavioral state.

In addition to HCRT-norepinephrine interactions
within arousal-related forebrain regions, overlapping pro-
jections from these two systems were noted within several
monoaminergic nuclei within the midbrain and pons. For
example, in agreement with prior studies, a dense concen-
tration of HCRT-containing processes was observed
within the locus coeruleus (Peyron et al., 1998; Cutler et
al., 1999; Hagan et al., 1999; Horvath et al., 1999). We also
noted considerable HCRT/ DBH overlap in the dorsal ra-
phe and ventral tegmental area. Thus, HCRT and norad-
renergic projections may interact to coordinate arousal-
related dopaminergic, serotonergic, and noradrenergic
input to the basal forebrain and cortex.

Because we observed that HCRT-containing cell bodies
in the perifornical and lateral hypothalamus receive sub-
stantial DBH innervation (including many cases of appar-
ent contacts of DBH-immunopositive boutons onto HCRT-
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containing soma), the question arose as to whether these
two systems interact reciprocally at the cell-body level.
Thus, HCRT input to the Al and A2 noradrenergic cell
groups, major sources of perifornical/lateral hypothalamic
norepinephrine (Woulfe et al., 1990; Aston-Jones et al.,
1995), was examined. Although numerous HCRT-
containing fibers were observed within the nucleus of the
solitary tract, site of the A2 noradrenergic cell group, most
of these HCRT fibers were in proximity to but not directly
contacting DBH-containing dendrites or soma (although a
few examples of apparent contacts were noted). Only scat-
tered HCRT fibers were seen in the vicinity of the Al
region. These observations support the notion that HCRT
may modulate neuronal activity in the A2 cell group by
influencing local circuitry in the vicinity of the noradren-
ergic cell bodies, but do not form direct synapses onto
these cells.

Currently, there is a strong emphasis on the roles of
hypocretin and norepinephrine in arousal and sleep-wake
regulation. However, an examination of the distribution of
overlapping HCRT and DBH innervation indicates that
these neuromodulators are well-situated to mediate auto-
nomic and endocrine functions as well. For example, the
bed nucleus of the stria terminalis, which contains among
the densest concentrations of intermingled HCRT-
containing and DBH-containing processes in the entire
brain, projects to medullary centers such as the nucleus of
the solitary tract and the parabrachial area to modulate
autonomic processes (Schwaber et al., 1982; Sofroniew,
1983; Grove, 1988; Moga et al., 1989; Loewy, 1991). More-
over, there is substantial HCRT/DBH overlap in portions
of the extended amygdala, which projects to the paraven-
tricular nucleus of the hypothalamus, a well-established
control center for hypothalamic—pituitary—adrenal axis
regulation. The paraventricular nucleus itself contains
numerous, intermingled HCRT-containing and DBH-
containing fibers. As a group, these brain structures are
involved in centrally mediated autonomic and endocrine
responses associated with high arousal states, including
stress (e.g., Henke, 1984; Gray, 1993; Pacak et al., 1995;
Koob, 1999), raising the possibility that joint hypocretin/
norepinephrine actions in the bed nucleus of the stria
terminalis and related areas of the extended amygdala
produce a stressful or aversive behavioral state. This hy-
pothesis is supported by the observation that central in-
fusions of hypocretin enhance stress-related behaviors
like grooming, face-washing, and nonspecific chewing, be-
yond a simple proportional increase resulting from the
arousal-enhancing actions of this peptide (Espana et al.,
2002).

It is important to note that a role for norepinephrine/
hypocretin interactions in the control of appetitive or
reward-related processes cannot be ruled out. For exam-
ple, substantial HCRT/DBH overlap was seen in brain
regions involved in feeding, such as the lateral hypothal-
amus and caudomedial nucleus accumbens shell. We also
observed overlap within the ventral tegmental area. In-
deed, HCRT-containing cell bodies are confined to the
lateral/perifornical hypothalamus suggesting a funda-
mental involvement, at least in a modulatory sense, in
brain reward processes. Thus, taken together, our obser-
vations support a potential role for HCRT/adrenergic in-
teractions in neural processes associated with both appet-
itive and aversive states.
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One of the most circumscribed areas of HCRT/DRH
overlap was found in the paraventricular thalamic nu-
cleus. This region of the thalamus receives inputs from the
suprachiasmatic nucleus (Watts et al., 1987) and projects
to the infralimbic cortex, nucleus accumbens, lateral sep-
tum, bed nucleus of the stria terminalis, and amygdala
(Moga et al., 1995; Bubser and Deutch, 1998), areas that
themselves receive abundant overlapping HCRT-
containing and DBH-containing projections. Based on its
connectivity, it has been proposed that the paraventricu-
lar thalamic nucleus is well-situated to modulate stress-
related dopaminergic activity in the forebrain (Bubser and
Deutch, 1999). Interestingly, the paraventricular tha-
lamic nucleus also contains among the highest levels of
melatonin receptor binding in the brain (Weaver et al.,
1989; Williams et al., 1991). On the basis of these ana-
tomic findings, it could be hypothesized that this region of
the thalamus represents a control site where circadian
information is received and then relayed to basal fore-
brain regions that mediate adaptive behavioral state-
related and motivational responses to environmental chal-
lenges. Inputs from the hypocretin and norepinephrine
systems (and possibly the epinephrine system as well—
see Hokfelt et al., 1984 and Astier et al., 1987) to the
paraventricular nucleus are positioned to influence these
circadian inputs, thereby potentially representing a
means for these neuromodulators to override circadian
control over basal forebrain sites relevant to motivation
and arousal.

CONCLUSIONS

Although they originate in distinctly different parts of
the brain, the hypocretin and norepinephrine systems
both target structures implicated in an array of state-
dependent physiological, cognitive, and affective pro-
cesses, including those associated with appetitive and
aversive motivational states. Within these regions,
HCRT- and DBH-containing fibers are closely intermin-
gled and, in several areas, respect precisely the same
boundaries. There are also numerous DBH-containing fi-
bers and boutons in close apposition to HCRT-containing
cell bodies, in a manner suggestive of synaptic contacts.
Conversely, HCRT-containing axons contact the norad-
renergic cells of the locus coeruleus and are positioned to
influence neural circuitry in the vicinity of the A2 and A5
noradrenergic cell groups. Thus, the present results pro-
vide anatomic evidence supporting coordinated
hypocretin/norepinephrine actions within the brain.
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