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ABSTRACT
Hypocretin/orexin neurons give rise to an extensive projection system, portions of which

innervate multiple regions associated with the regulation of behavioral state. These regions
include the locus coeruleus, medial septal area, medial preoptic area, and substantia innomi-
nata. Evidence indicates that hypocretin modulates behavioral state via actions within each
of these terminal fields. To understand better the circuitry underlying hypocretin-dependent
modulation of behavioral state, the present study characterized the degree to which there
exists: 1) lateralization of hypocretin efferents to basal forebrain and brainstem arousal-
related regions, 2) topographic organization of basal forebrain- and brainstem-projecting
hypocretin neurons, and 3) collateralization of individual hypocretin neurons to these
arousal-related terminal fields. These studies utilized combined immunohistochemical iden-
tification of hypocretin neurons with single or double retrograde tracing from the locus
coeruleus, medial preoptic area, medial septal area, and substantia innominata. Results
indicate that approximately 80% of hypocretin efferents to basal forebrain regions project
ipsilaterally, whereas projections to the locus coeruleus are more bilateral (65%). There was
a slight preference for basal forebrain-projecting hypocretin neurons to be distributed within
the medial half of the hypocretin cell group. In contrast, hypocretin neurons projecting to the
locus coeruleus were located primarily within the dorsal half of the hypocretin cell group.
Finally, a large proportion of hypocretin neurons appear to project simultaneously to at least
two of the examined terminal fields. These latter observations suggest coordinated actions of
hypocretin across multiple arousal-related regions. J. Comp. Neurol. 481:160–178, 2005.
© 2004 Wiley-Liss, Inc.
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The hypocretin (HCRT) system has been implicated in
the regulation of behavioral state and state-dependent
processes. For example, intracerebroventricular (ICV) ad-
ministration of HCRT-1 and HCRT-2 elicits a robust in-
crease in time spent awake. HCRT-induced waking is
accompanied by a variety of behaviors typically observed
during spontaneous waking and/or under stressful, high-
arousal conditions, depending on dose and testing condi-
tions (Hagan et al., 1999; Ida et al., 1999; Piper et al.,
2000; España et al., 2001, 2002, 2003). Consistent with the
posited role of HCRT in waking/arousal, dysregulation of
HCRT neurotransmission appears to underlie symptoms
associated with narcolepsy (Chemelli et al., 1999; Lin et
al., 1999; Nishino et al., 2000; Thannickal et al., 2000).

HCRT is synthesized in a relatively small population of
neurons restricted to the perifornical region of the lateral
hypothalamus (Peyron et al., 1998; Sakurai et al., 1998;
Date et al., 1999). Nonetheless, HCRT-containing fibers

Grant sponsor: The University of Wisconsin Graduate School (to
C.W.B.); Grant sponsor: Public Health Service; Grant number: DA10681;
Grant number: DA00389; Grant number: MH62359 (to C.W.B.); Grant
number: MH02006; Grant number: MH40008 (to R.J.V.).

*Correspondence to: Craig W. Berridge, Psychology Department, Uni-
versity of Wisconsin, 1202 W. Johnson St., Madison, WI 53706-1611.
E-mail: berridge@wisc.edu

Received 27 May 2004; Revised 22 July 2004; Accepted 28 August 2004
DOI 10.1002/cne.20369
Published online in Wiley InterScience (www.interscience.wiley.com).

THE JOURNAL OF COMPARATIVE NEUROLOGY 481:160–178 (2005)

© 2004 WILEY-LISS, INC.



and receptors are found widely throughout the brain, in-
cluding within a variety of basal forebrain and brainstem
regions associated with the regulation of behavioral state
(Peyron et al., 1998; Sakurai et al., 1998; Date et al., 1999;
Nambu et al., 1999; Taheri et al., 1999; Bourgin et al.,
2000; Greco and Shiromani, 2001; Marcus et al., 2001;
España et al., 2001; Hervieu et al., 2001; Backberg et al.,
2002; Cluderay et al., 2002; Suzuki et al., 2002). These
regions include the locus coeruleus (LC), the general re-
gion of the medial preoptic area (MPOA), the general
region of the medial septal area (MS), and the substantia
innominata (SI). Infusion of HCRT into each of these
regions elicits waking and a variety of waking-related
behaviors (España et al., 2001; Bourgin et al., 2000;
Thakkar et al., 2001). A critical question raised by these
latter observations is the extent to which HCRT release is
coordinated across multiple functionally related terminal
fields.

Understanding of the organization of HCRT efferents to
arousal-related terminal fields is essential for a better
understanding of the neurobiology of HCRT-dependent
regulation of behavioral state. Surprisingly, relatively lit-
tle information exists concerning the anatomical organi-
zation of HCRT efferents to arousal-related structures.
For example, the degree to which HCRT efferents are
lateralized and whether HCRT neurons are organized to-
pographically with respect to terminal field is currently
not known. A topographic organization of HCRT neurons
could suggest differential regulation of subpopulations of
HCRT neurons and the differential regulation of HCRT
neurotransmission across terminal fields. For the LC-
noradrenergic system, it has been observed that subsets of
individual neurons project to functionally related struc-
tures (e.g., cortical, thalamic, and brainstem somatosen-
sory nuclei; Steindler, 1981; Van Bockstaele et al., 1996;
Simpson et al., 1997). This presumably permits an indi-
vidual LC neuron to influence simultaneously the activity
of a functional circuit distributed across multiple levels
and involving multiple regions of the neuraxis. Currently,
the extent to which individual HCRT neurons collateralize
to multiple arousal-related regions, and thus might simul-
taneously impact multiple terminal fields, is not known.

The current studies utilized single and double retro-
grade labeling of immunohistochemically identified HCRT
neurons to characterize the anatomical organization of
HCRT efferents to select basal forebrain and brainstem
sites. Retrograde tracing using either wheat germ
agglutinin-horseradish peroxidase coupled to gold parti-
cles (WGA), cholera toxin �-subunit (CTb) or fluorogold
(FG) was combined with immunohistochemical localiza-
tion of HCRT to identify the distribution of HCRT neurons
that project to LC, MS, MPOA, or SI. These studies per-
mitted assessment of the degree to which HCRT efferents
to these regions are topographically organized and later-
alized. Additionally, triple-labeling procedures were used
to examine the extent to which individual HCRT neurons
collateralize to multiple arousal-related terminal fields. In
these studies, animals received a pair of tracer infusions
into different terminal fields (e.g., WGA into LC and FG
into a basal forebrain region, or CTb and FG into two
different basal forebrain regions). The degree to which
HCRT neurons were labeled by both tracers was then
examined.

MATERIALS AND METHODS

Animals

Adult male Sprague-Dawley rats (300–400 g; Sasco,
Oregon, WI) were housed in pairs for at least 14 days prior
to surgery with ad lib access to food and water on an
13:11-hour light:dark cycle (lights on 7:00 AM).

Surgery

All animals were anesthetized with halothane and then
placed in a stereotaxic instrument with the incisor bar set
at –11.5 mm below ear bar zero. Retrograde tracer infu-
sions were made into LC (–4.0A relative to lambda, 1.3L,
–5.9V), MS (–1.0A, 1.6L, –2.8V), MPOA (–1.9A, 1.8L,
–3.4V), or SI (–1.9A, 3.1L, –3.7V) using glass pipettes (see
below). In all cases, an incision was made in the dura
mater with a 30-ga. needle prior to insertion of the infu-
sion pipette. At the end of surgery, all animals received
buprenorphine (0.01 mg/kg; Reckett Beckiser Pharmaceu-
tical, Inc., Richmond, VA) and penicillin (300,000 U/ml;
G.C. Handford Mfg. Co., Syracuse, NY). All facilities and
procedures were in accordance with the guidelines regard-
ing animal use and care put forth by the National Insti-
tutes of Health and were supervised and approved by the
Institutional Animal Care and Use Committee of the Uni-
versity of Wisconsin

Infusion procedures

WGA infusions into LC. Because of its highly re-
stricted intratissue diffusion, WGA was used as a retro-
grade tracer to identify HCRT efferents to LC (Van Bock-
staele et al., 1998). For these infusions, one barrel of a
double-barrel glass micropipette was used to localize LC
via extracellular electrophysiological recordings, and the
second barrel was used to infuse WGA. Double-barrel
pipettes were manufactured as previously described (Val-
entino et al., 1992). Briefly, these pipettes consisted of a
recording pipette (7–10 �m tip diameter; Friedrich and
Dimmock Inc., Millville, NJ) cemented with 3M single-
bond dental adhesive (Patterson Dental Supply, St. Paul,
MN) to a microinfusion pipette (20–50 �m tip diameter;
Fisher Scientific, Itasca, IL). The microinfusion pipette
was angled at 30–45°, with the tip approximately 100 �m
dorsal to the recording pipette tip. The recording pipette
was filled with 2% pontamine sky blue in 0.5 M sodium
acetate buffer (pH 8.4). The microinfusion pipette was
filled with a solution of WGA-horseradish peroxidase
(Sigma, St. Louis, MO) coupled to 10-nm gold (gold chlo-
ride; Sigma) as previously described (Basbaum and Men-
etrey, 1987; Drolet et al., 1992). LC neuronal activity was
identified based on electrophysiological characteristics as
described elsewhere (Valentino et al., 1983). WGA was
infused into the LC nucleus or into the rostromedial peri-
coerulear dendritic zone (Shipley et al., 1996). Infusions of
WGA were made as described previously (Valentino et al.,
1992, 1996). Briefly, the infusion micropipette was con-
nected via tubing to a source of solenoid-activated pneu-
matic pressure (Picospritzer; General Valve, Fairfield,
NJ), and WGA was ejected by applying small pulses of
pressure (40–80 psi, 50–100 msec duration). Pipettes
were calibrated such that known amounts of solution
could be ejected by measuring displacement of the liquid
column (60 nl/mm). For all cases, approximately 150–300
nl of solution was ejected over a period of at least 10
minutes. After injection, the-double barrel micropipette
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was kept in position for an additional 10 minutes. Animals
were killed 7 days following surgery and infusion.

FG and CTb infusions into basal forebrain regions.

FG and CTb were used as retrograde tracers to identify
HCRT efferents to MS, MPOA, or SI. For infusions of FG,
single-barrel glass micropipettes (5–20 �m diameter;
Friedrich and Dimmock) were filled with a 2% FG solution
(dissolved in saline) as described previously (Valentino et
al., 1994). Once the infusion pipette was in position, FG
was iontophoresed (5.0 �A, 15 minutes, 5 second pulses,
50% duty cycle) and the pipette left in place for 10 min-
utes. For infusions of CTb, single-barrel glass micropi-
pettes (20–30 �m diameter; Friedrich and Dimmock) were
filled with 1.0% CTb solution (dissolved in 0.1 M phos-
phate buffer, pH 6.0) as described previously (Valentino et
al., 1994). CTb was ejected by applying small pulses of
pressure (40–80 psi, 50–100 msec duration) to the cali-
brated pipette (60 nl/mm). For all cases, approximately
200–300 nl of solution was ejected over a period of at least
10 minutes, and the pipette was left in place for an addi-
tional 10 minutes.

For both FG and CTb, infusion volume was chosen to
provide diffusion of tracer throughout a substantial por-
tion of each basal forebrain region identified in previous
studies to be sensitive to the wake-promoting actions of
HCRT (España et al., 2001; see Figs. 2, 5). For both FG
and CTb, animals were sacrificed 7 days following infu-
sion.

To examine collateralization of HCRT efferents to LC
and basal forebrain structures, unilateral infusions of
both WGA (within LC) and FG (within MS, MPOA, or SI)
were made in the same animal. In these cases, infusion of
WGA was made prior to FG infusion using the above-
described protocols. To examine collateralization of HCRT
efferents to basal forebrain structures, an infusion of FG
was made into MS, MPOA, or SI, and a CTb infusion was
made into one of the two remaining basal forebrain re-
gions in the same animal. In all cases, combinations of
retrograde tracer infusions were made into the same
hemisphere (e.g., WGA into the left LC and FG into the
left MPOA). Animals were killed 7 days following the
infusions.

Histology and immunohistochemistry

All animals were deeply anesthetized with pentobarbi-
tal (Abbott Laboratories, North Chicago, IL) and perfused
transcardially with 250 ml of heparinized saline (1 U
heparin/ml 0.9% saline; SoloPak Laboratories, Elk Grove
Village, IL), followed by 400 ml of 4.0% paraformaldehyde
in 0.01 M phosphate buffer (pH 7.4). Brains were removed,
stored in formaldehyde overnight, and taken through
graded sucrose solutions (20–30% sucrose in 0.01 M phos-
phate buffer, pH 7.4). A tracking mark was made in the
right lateral cortex and brainstem to identify this hemi-
sphere in tissue sections. Forty-micrometer-thick sections
were collected on a cryostat and placed in 0.01 M
phosphate-buffered saline (PBS; pH 7.4) with 0.1% so-
dium azide and stored at 4°C. To examine the degree to
which HCRT efferents are lateralized, brain sections were
processed to visualize prepro-HCRT and either FG or
WGA alone using standard immunoperoxidase proce-
dures. For animals receiving only WGA infusion, sections
were first reacted for WGA (silver intensification: black
reaction product) and then processed to visualize prepro-
HCRT (brown reaction product). For animals receiving

only FG infusions, sections were first processed for prepro-
HCRT (brown reaction product) and then processed to
visualize FG (blue reaction product).

To examine the extent to which individual HCRT neu-
rons send axon collaterals to LC and individual basal
forebrain structures, brain sections were processed to vi-
sualize prepro-HCRT and both FG and WGA using stan-
dard immunoperoxidase procedures. Sections were first
processed to visualize WGA, stained for prepro-HCRT
(brown reaction product), and then stained for FG (blue
reaction product). To examine collateralization of HCRT
efferents to basal forebrain structures, brain sections were
processed to visualize prepro-HCRT, FG, and CTb by us-
ing immunofluorescence techniques. Sections were first
stained for prepro-HCRT (red fluorophore using a stan-
dard rhodamine fluorescence cube) and then processed to
visualize CTb (green fluorophore using a standard fluores-
cein fluorescence cube). Because FG exhibits autofluores-
cent properties (observed as a yellow/gold fluorophore
with a modified UV fluorescence cube; Chroma Technology
Corporation, Brattleboro, VT), no immunofluorescence
processing was required for visualization of FG. These
staining procedures allowed for optimal microscopic dis-
crimination of single (FG, WGA, or HCRT)-, double (FG �
HCRT, WGA � HCRT)-, and triple (FG � WGA � HCRT)-
labeled cells and did not appear to alter the staining
quality or the average cell counts commonly observed
when staining independently for FG, prepro-HCRT, or
WGA.

Brightfield microscopy

WGA was visualized by using the IntenSE BL silver
enhancement kit (Amersham, Piscataway, NJ) to localize
the transported gold-protein conjugate, as described pre-
viously (Drolet et al., 1992). Sections were rinsed three
times in 0.1 M citrate acetate buffer (pH 5.5) and incu-
bated with the kit enhancer and initiator for 30 minutes in
the dark. The sections were then rinsed twice in citrate
acetate buffer and reacted for 5 minutes with sodium
thiosulfate (2.5% in 0.1 M phosphate buffer, pH 7.4).

For immunoperoxidase processing of prepro-HCRT, sec-
tions were rinsed with 0.01 M PBS and incubated for 30
minutes in a quench solution containing 0.75% hydrogen
peroxide, rinsed again, and incubated for 48 hours at 4°C
with rabbit anti-rat prepro-HCRT antibody (1:2000;
Chemicon International, Temecula, CA). The antibody
was diluted in 0.01 M PBS containing 0.1% Triton X-100
(PBS-TX). After incubation, tissue was rinsed with 0.01 M
PBS, and incubated with biotinylated goat anti-rabbit an-
tisera (1:200; ABC Elite kit; Vector Laboratories, Burlin-
game, CA) for 90 minutes. After incubation, sections were
rinsed with 0.01 M PBS, incubated in avidin-biotin solu-
tion (ABC Elite kit) for 90 minutes, rinsed again with 0.01
M PBS, and then reacted with diaminobenzidene (DAB;
Vector Laboratories) to yield a brown precipitate.

For immunoperoxidase processing of FG, sections were
rinsed with 0.01 M PBS and then incubated for 20 min-
utes in a quench solution containing 0.75% hydrogen per-
oxide. Sections were then rinsed and incubated for 48
hours at 4°C with rabbit anti-FG antibody (1:2,000;
Chemicon International) diluted in 0.01 M PBS-TX. After
incubation, tissue was rinsed with 0.01 M PBS-TX and
incubated with donkey anti-rabbit antibody (1:500; Jack-
son Immunoresearch, West Grove, PA) for 90 minutes.
Tissue was then rinsed with 0.01 M PBS-TX, exposed to
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rabbit PAP (1:500; Dako Corporation, Carpinteria, CA) for
90 minutes, and rinsed with 0.01 M PBS-TX. Sections
were then reacted with SG blue (Vector Laboratories) to
yield a blue/gray precipitate. All sections were mounted on
microscope slides (Fisher Scientific), air dried, taken
through graded alcohols (50–100%), cleared for 24 hours
(Histoclear; Fisher Scientific), and coverslipped with DPX
mounting medium (BDH Laboratory Supplies, Garden
City, NY).

Fluorescent microscopy

For immunofluorescence processing of prepro-HCRT,
sections were rinsed with 0.01 M PBS and incubated for
30 minutes in a 5.0% normal goat serum blocking solution,
rinsed again, and incubated for 48 hours at 4°C with
rabbit anti-rat prepro-HCRT antibody (1:500; Chemicon
International). The antibody was diluted in 0.01 M PBS-
TX. After incubation, tissue was rinsed with 0.01 M PBS
and incubated with biotinylated goat anti-rabbit antisera
(1:200; ABC Elite kit) for 90 minutes. After incubation,
sections were rinsed with 0.01 M PBS and incubated in a
Cy3-conjugated streptavidin (Jackson Immunoresearch)
for 60 minutes. For immunofluorescence processing of
CTb, sections were rinsed with 0.01 M PBS and then
incubated for 3 hours at room temperature with a
fluorescein-conjugated rabbit anti-CTb antibody (1:100;
Accurate Chemical and Scientific Corporation, Westbury,
NY). All sections were mounted on microscope slides
(Fisher Scientific), air dried, and coverslipped with Pro-
long mounting medium (Molecular Probes, Eugene, OR).

Data analyses and photomicrograph
production

Cell counts were performed at various rostrocaudal lo-
cations within LH with an Olympus BX51 light and re-
flected immunofluorescence microscope. Single (FG, WGA,
or HCRT)-, double (FG � HCRT, WGA � HCRT)-, or triple
(FG � WGA � HCRT)-labeled neurons were counted from
both hemispheres in four to six sections per animal. Tissue
sections utilized in these analyses included at least one
rostral, one central, and one caudal HCRT-rich section,
separated by approximately 400 �m. Numbers derived
from these counts were subsequently averaged for analy-
sis.

In a subset of animals, analyses were conducted to ex-
amine the topography of double-labeled neurons in the
rostrocaudal dimension. In these analyses, the percent-
ages of double-labeled neurons were compared across the
three rostrocaudal levels. Additional analyses were con-
ducted to examine the topography of double-labeled neu-
rons within both mediolateral and dorsoventral dimen-
sions. In these latter analyses, digital images were
collected from the densest HCRT-rich section available for
each animal (typically located centrally in the rostrocau-
dal dimension). The HCRT cell group within each of these
images was divided into four quadrants, the origin of
which was positioned within the center of the HCRT pop-
ulation (Fig. 1). In these analyses, single- and double-
labeled neurons were counted from each quadrant. These
numbers were then averaged to provide a value for each
dorsal, ventral, medial, and lateral quadrant for each an-
imal. It was not feasible to assess topographic distribution
of triple-labeled neurons in the dual retrograde tracer
studies because of the low absolute numbers of triple-
labeled neurons obtained in these studies.

Brightfield photomicrographs were acquired with either
a Nikon D100 digital camera (black and white images;
Nikon Corp.) or an Axiocam MRc digital camera (color
images; Carl Zeiss, Inc.) connected to a Zeiss Axioplan
light and reflected immunofluorescence microscope. Fluo-
rescent photomicrographs were acquired with a Zeiss
LSM 510 UV META upright confocal microscope system.
All digital images were matched for brightness and con-
trast in Adobe Photoshop 6.0 software and labeled in
Adobe Illustrator 10.0 software. Figures were printed on a
dye-sublimation printer (Kodak XLS 8600PS; Eastman-
Kodak).

RESULTS

Retrograde labeling of HCRT neurons from
MS, MPOA, and SI

Overview. To examine the extent to which HCRT pro-
jections to basal forebrain arousal-related structures are
lateralized and topographically organized, the retrograde
tracer FG was infused within the general regions of MS,
MPOA or SI. For MS and MPOA, previous studies have
defined boundaries for the wake-promoting actions of
HCRT (España et al., 2001). As determined in these stud-
ies, these regions are anatomically heterogeneous, con-
taining a variety of distinct anatomical structures. Thus,
the general region defined as MS includes the medial
septum, portions of the vertical and horizontal limbs of the
nucleus of the diagonal band of Broca (NDB), and the most
medial portions of the nucleus accumbens and LPO (see
Fig. 3). The general region defined as MPOA contains
several preoptic structures, including the medial preoptic
area proper (MPO), the medial preoptic nucleus (MPN),
and the median preoptic nucleus (see Fig. 6). Given the
anatomical resolution of previously conducted microinfu-
sion studies, the precise site(s) of action in the behavioral
state modulatory actions of HCRT within MS and MPOA
is not known. In contrast to MS and MPOA, SI is a rela-

Fig. 1. Photomicrograph depicting the distribution of prepro-
HCRT-ir neurons within the lateral hypothalamus. For some analy-
ses, the HCRT group was divided into four equal quadrants, as de-
picted by the dashed lines (see Materials and Methods). fx, Fornix;
opt, optic tract; V3, third ventricle. Scale bar � 500 �m.
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tively homogenous region lacking multiple anatomically
defined subnuclei. Nevertheless, an HCRT-responsive re-
gion is located within the general region of SI that in-
cludes the magnocellular preoptic area as well as the
lateral and caudal portions of NDB (see Fig. 9; España et
al., 2001). For the majority of cases, retrograde tracer
infusions were made to fill a substantial portion of a given
HCRT-sensitive region as defined in these previous sleep-
wake studies. FG and prepro-HCRT-ir neurons were iden-
tified by using immunoperoxidase techniques.

MS. FG infusions were made into MS in 14 animals. In
the majority of cases, FG infusions largely targeted the
medial septum and the vertical limb of the NDB (Figs. 2,
3). In four animals, FG infusions were located slightly
ventral to the medial septum, within the dorsal-most as-
pect of the NDB horizontal limb. In one animal, the FG
infusion was placed immediately medial to the anterior
commissure, encompassing portions of the nucleus accum-
bens (shell and core) and the lateral preoptic area (LPO).
In two cases a small amount of FG appeared to cross
midline, and in two cases the FG infusions were largely
bilateral.

FG infusions into MS resulted in retrograde labeling
throughout the posterior hypothalamic region, with par-
ticularly dense concentrations of labeled neurons located
within the ventral portions of the lateral hypothalamic
and perifornical regions. In cases in which the FG infusion
was largely unilateral, retrograde labeling was observed
primarily ipsilaterally, whereas, in cases in which FG was
infused bilaterally, retrograde labeling was also observed
bilaterally. A similar pattern of retrograde labeling was
observed with infusions into dorsal and ventral portions of
MS. In the one case in which FG infusion was made into
the nucleus accumbens (shell and core), little labeling was
observed within the perifornical region of LH.

Double-labeling immunohistochemistry (FG � HCRT)
was conducted with a subset of animals (n � 10) with

medium-sized to large (600–1,000 �m diameter) unilat-
eral FG infusions in MS (see Figs. 2, 3). For these cases,
the percentage of prepro-HCRT-ir neurons retrogradely
labeled with FG was calculated for each hemisphere.
These analyses indicated that 9.3% � 0.7% of prepro-
HCRT-ir neurons were labeled ipsilateral to the infusion
(Table 1). In contrast, only 2.2% � 0.2% of prepro-HCRT-ir
neurons were labeled contralaterally (Table 1). Thus, of
the total prepro-HCRT-ir neurons retrogradely labeled
following MS FG infusions (ipsilateral � contralateral),
approximately 80% were located ipsilateral to the infu-
sion. Examples of prepro-HCRT-ir neurons retrogradely
labeled from MS are shown in Figure 4A,B.

Results obtained from topographic analyses conducted
on a subset of animals (n � 5) indicated no major differ-
ence in the distribution across medial and lateral aspects
of the HCRT-ir field. However, there did appear to be a
trend for preferential distribution of retrograde label
within the medial half of the HCRT-ir cell group (58% �
1.1% medial vs. 42% � 3.0% lateral). No differences in the
distribution of retrogradely labeled HCRT neurons were
observed dorsoventrally or rostrocaudally.

MPOA. FG infusions were made into the general re-
gion defined as MPOA in eight cases. In three of these, FG
infusions were confined to the ventromedial portion of
MPOA encompassing entirely the medial preoptic nucleus
and the majority of MPO (Figs. 5, 6). In three cases,
infusions were placed more dorsally, immediately ventral
to the anterior commissure. Additionally, in two animals,
infusions were located lateral to the medial preoptic nu-
cleus and encompassed the majority of the MPO and a
small portion of the LPO.

Retrograde labeling was observed throughout the pos-
terior hypothalamic region, with particularly dense con-
centrations of labeled neurons located within the ventral
portions of the lateral hypothalamic and perifornical re-
gions. In all cases, retrograde labeling was observed pri-
marily ipsilaterally. Double-label immunohistochemistry
was conducted on a subset of animals in which FG infu-
sions were of moderate to large size (n � 5; see Figs. 5, 6).
Ipsilateral to the infusion, 6.8% � 0.6% of prepro-HCRT-ir
neurons were labeled, whereas 1.2% � 0.2% prepro-
HCRT-ir neurons were labeled contralaterally (Table 1).
Thus, of the total of prepro-HCRT-ir neurons retrogradely
labeled following MPOA FG infusions (ipsilateral � con-
tralateral), approximately 80% were located ipsilaterally.
Examples of prepro-HCRT-ir neurons retrogradely la-
beled from MPOA are shown in Figure 7A,C. Similarly to
the case observed with MS, topographic analyses con-
ducted on a subset of animals (n � 4), indicated no major
difference in the pattern of distribution of FG across the
medial and lateral aspects of the HCRT-ir cell group.
Nevertheless, there might exist a slight preferential dis-
tribution of retrogradely labeled neurons medially within
the HCRT-ir cell group (60% � 1.1% medial vs. 40% �
1.0% lateral). No differences in the distribution of retro-
gradely labeled HCRT neurons were observed dorsoven-
trally or rostrocaudally.

The ventrolateral preoptic area (VLPO) plays a critical
role in the regulation of behavioral state (Sherin et al.,
1996; Lu et al., 2000, 2002). Given the close proximity of
our MPOA infusions to the VLPO, we examined the de-
gree to which encroachment upon VLPO might have in-
fluenced the pattern of retrograde labeling within
HCRT-ir neurons. In five of eight animals receiving FG

Fig. 2. Photomicrograph depicting a representative FG infusion
within MS. Shown is a relatively large FG infusion located largely
within the medial septum and the dorsalmost aspects of the vertical
limb of the diagonal band of Broca. Note the relatively well-
demarcated border of the infusion, with little diffusion into adjacent
regions. The arrow points to midline. aco, Anterior commissure; VL,
lateral ventricle. Scale bar � 400 �m.
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infusions into MPOA, FG did not encroach substantially
upon VLPO. In the remaining three animals, FG infusions
appeared to diffuse into VLPO or the extended VLPO to

varying degrees. Across these two groups, nearly identical
levels of FG labeling of HCRT-ir neurons were obtained
(data not shown).

SI. FG infusions were made into the general region of
SI in nine animals. In seven of these cases, infusions were
largely confined to SI (rostral Ch 4; Mesulam et al., 1983)
directly ventral to the anterior commissure and slightly
rostral to the level of the decussation of the anterior com-
missure (Figs. 8, 9). In two animals, FG infusions were
located more ventrally and encompassed the ventral as-
pects of SI and portions of the posterior horizontal limb of
the diagonal band of Broca and the magnocellular preoptic
nucleus.

As in MS and MPOA, retrograde labeling was observed
primarily ipsilaterally throughout LH and adjacent re-

Fig. 3. Schematic depiction of approximate location of FG infu-
sions within MS. Shown are representative infusion locations within
MS in six rats. The dashed lines denote the general area demon-
strated previously as responsive to the wake-promoting actions of
HCRT (España et al., 2001). ACB, nucleus accumbens; aco, anterior

commissure; LPO, lateral preoptic area; LS, lateral septum; MA,
magnocellular preoptic area; MS, medial septum; NDB, nucleus of the
diagonal band of Broca; SI, substantia innominata; VL, lateral ven-
tricle. Adapted from Swanson (1998).

TABLE 1. Mean Number and Percentage of HCRT Neurons Retrogradely
Labeled from the Basal Forebrain or from the Locus Coeruleus1

Ipsilateral Contralateral

Mean Percentage Mean Percentage

MS (FG � HCRT) 11.0 � 0.9 9.3 � 0.7 2.7 � 0.3 2.2 � 0.2
MPOA (FG � HCRT) 8.1 � 0.7 6.8 � 0.6 1.7 � 0.3 1.2 � 0.2
SI (FG � HCRT) 8.3 � 0.7 6.8 � 0.4 2.9 � 0.4 2.1 � 0.2
LC (WGA � HCRT) 10.9 � 0.7 10.9 � 1.3 5.8 � 0.5 6.0 � 1.5

1Mean (�SEM) number and percentage (�SEM) of HCRT-ir neurons that were retro-
gradely labeled from select basal forebrain regions (MS, MPOA, or SI) with FG (FG �
HCRT) or retrogradely labeled from LC with WGA (WGA � HCRT).
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gions. No obvious differences in retrograde labeling were
observed between infusions contained within SI or those
placed more ventrally. Double-label immunohistochemis-
try was conducted on a subset of animals that received
medium-sized to large FG infusions (n � 7; see Figs. 8, 9).
Ipsilateral to the infusion, 6.8% � 0.4% of prepro-HCRT-ir
neurons were labeled, whereas 2.1% � 0.2% prepro-
HCRT-ir neurons were labeled contralaterally (Table 1).
Thus, of the total of prepro-HCRT-ir neurons retrogradely
labeled following SI FG infusions (ipsilateral � contralat-
eral), approximately 76% were located ipsilaterally. Ex-
amples of prepro-HCRT-ir neurons that were retrogradely
labeled from SI are shown in Figure 10A,B. Topographic
analyses conducted on a subset of animals (n � 4) sug-
gested a preferential distribution of HCRT neurons retro-
gradely labeled from SI within the dorsal half of the
HCRT-ir cell group (60% � 3.2% dorsal vs. 40% � 1.0%
ventral). Additionally, similar to the distribution observed
with MS and MPOA, no major difference in the distribu-

tion of retrograde tracer was observed across medial and
lateral aspects of the HCRT-ir cell group (55% � 1.7%
medial vs. 45% � 2.5% lateral). No difference in rostro-
caudal topography was observed.

Retrograde labeling of HCRT neurons from
the LC and adjacent regions

To characterize the organization of HCRT efferent pro-
jections to LC, WGA infusions were made into the LC
nucleus and adjacent dendritic fields in 15 rats (Figs. 11,
12). WGA was identified by using silver intensification,
and prepro-HCRT-ir neurons were identified by using im-
munoperoxidase techniques. WGA infusions into the LC
nucleus filled approximately one-fourth to three-fourths of
LC and did not extend appreciably outside of the nucleus.
Six of these infusions were centered in the dorsal half,
three were centered in the ventral half, and six were
placed in the center (dorsoventrally) of LC. Of infusions
placed in the center of LC, all but one (located within the

Fig. 4. Photomicrographs depicting retrogradely labeled and
prepro-HCRT-ir neurons from one rat infused with FG in MS and with
WGA in LC. Shown are FG-labeled (FG; blue), prepro-HCRT-ir
(HCRT; brown), and WGA-labeled (WGA; black granules) neurons
within the perifornical region of the lateral hypothalamus. Boxes with
corresponding letters in A indicate neurons displayed at higher mag-

nification in B–D. A: Photomicrograph depicting individual HCRT
neurons that project to MS (FG � HCRT), LC (WGA � HCRT), or both
MS and LC (triple) as well as non-HCRT neurons that project to MS
(FG), LC (WGA), or both MS and LC (FG � WGA). B–D: Photomicro-
graphs of the same section as in A. Scale bars � 50 �m in A; 20 �m in
B–D.
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anterior LC; WGA 44) were generally centered rostrocau-
dally within the main body of LC. In four cases, some
WGA was observed medial to LC proper, within the
periventricular region. In one case, WGA extended dor-
sally beyond LC but did not extend into the parabrachial
region. As depicted in Figure 13, an additional six rats
received WGA infusions within regions adjacent to LC.
Five infusions were placed ventral or ventromedial to LC,
three of which were within the rostromedial pericoerulear
dendritic zone (see Shipley et al., 1996) and two of which
within Barrington’s nucleus. Additionally, one infusion was
placed dorsolateral to LC within the parabrachial nucleus.

Table 1 shows the mean number and percentage of
HCRT-ir neurons retrogradely labeled from LC. In the
cases in which infusions were placed within LC (Figs. 11,
12), WGA retrograde labeling was observed bilaterally
throughout LH and adjacent regions, although the highest
concentration of WGA retrograde labeling was observed
ipsilaterally (at a ratio of approximately 2:1). Double-label
immunohistochemistry demonstrated that, ipsilateral to
the WGA infusion, approximately 10.9% � 1.3% of prepro-
HCRT-ir neurons were labeled with WGA. Contralateral
to the infusion, 6.0% � 1.5% prepro-HCRT-ir neurons
were labeled (Table 1). Thus, of the total of prepro-
HCRT-ir neurons retrogradely labeled with WGA follow-
ing infusions into LC (ipsilateral � contralateral), approx-
imately 65% were located ipsilateral to the infusion.
Examples of prepro-HCRT-ir neurons that were retro-
gradely labeled from LC are shown in Figures 4B and 7B.
Topographic analyses conducted on a subset of animals
(n � 9) suggested a stronger topographic organization of
HCRT efferents to LC than was observed with basal fore-
brain terminal fields. Thus, HCRT neurons retrogradely
labeled from LC appeared preferentially distributed
within the dorsal half of the HCRT-ir cell group (65% �
2.0% dorsal vs. 35% � 1.1% ventral). Similarly to the case in
the basal forebrain, there was no major difference in the
distribution of retrograde label observed across medial and

lateral aspects HCRT-ir cell group following WGA infusions
into LC (55% � 1.3% medial vs. 45% � 1.8% lateral). No
difference in rostrocaudal topography was observed. Addi-
tionally, tracer placement within LC (mediolaterally, dorso-
ventrally, or rostrocaudally) did not result in obvious differ-
ences in the pattern of labeling of HCRT neurons.

The rostromedial pericoerulear dendritic zone com-
prises a dense plexus of dopamine �-hydroxylase-positive
dendrites extending beyond the boundaries of the LC nu-
cleus (Shipley et al., 1996). In contrast to the LC nucleus,
this pericoerulear zone is a target for afferent input from
a diversity of regions (Pickel et al., 1977; Arnsten and
Goldman-Rakic, 1984; Van Bockstaele et al., 1996, 1998,
1999a, b; Peyron et al., 1998). As such, this pericoerulear
zone is considered a critical site for afferent regulation of
LC. To examine the degree to which HCRT neurons target
this LC dendritic field, WGA was infused into the rostro-
medial pericoerulear dendritic zone in three animals (Fig.
13; WGA 6, 7, and 48). Double-labeling immunohisto-
chemistry conducted on these animals demonstrated that
approximately 6.2% � 0.8% of prepro-HCRT-ir neurons
were labeled for WGA ipsilaterally, and 3.4% � 0.4% were
labeled contralaterally (65% ipsilateral vs. 35% contralat-
eral). Similarly to the case with infusions into the LC
nucleus, HCRT neurons retrogradely labeled from the ros-
tromedial pericoerulear dendritic zone were preferentially
distributed within the dorsal half of the HCRT-ir cell
group (67% � 0.7% dorsal vs. 33% � 1.2% ventral; n � 3).

In a limited number of cases, WGA infusions were ob-
served outside of the LC region within Barrington’s nu-
cleus and the parabrachial nucleus. In two cases in which
the infusion was located in Barrington’s nucleus (Fig. 13;
WGA 16 and 56), approximately 4.2% � 1.1% of prepro-
HCRT-ir neurons were labeled for WGA ipsilaterally and
2.8% � 0.8% contralaterally (e.g., 60% ipsilateral labeling
vs. 40% contralaterally). In one case in which the infusion
was located in the medialmost aspect of the central lateral
parabrachial subnucleus dorsolateral to LC (Fig. 13; WGA
41), approximately 5.0% � 1.4% of prepro-HCRT-ir neu-
rons were labeled for WGA ipsilaterally and 4.3% � 1.4%
contralaterally (54% ipsilateral labeling).

Dual retrograde labeling of HCRT neurons
from individual basal forebrain regions and

the LC

To examine the extent to which projections of individual
HCRT neurons collateralize to the LC nucleus and to
individual basal forebrain structures, 15 rats received in-
fusions of both WGA into LC and FG into MS (n � 5),
MPOA (n � 5), or SI (n � 5). WGA was identified by using
silver intensification, and both FG and prepro-HCRT-ir neu-
rons were identified by using immunoperoxidase techniques.

In cases in which FG was infused within MS, cell counts
indicated that 29.6% � 7.8% of prepro-HCRT-ir neurons
retrogradely labeled from MS were also retrogradely la-
beled from LC (Fig. 4A,C,D). When collateralization was
calculated relative to LC, 30.4% � 3.0% of prepro-HCRT-ir
neurons retrogradely labeled from LC were also retro-
gradely labeled from MS. In cases in which FG was in-
fused within MPOA and WGA into LC, 34.1% � 4.8% of
the prepro-HCRT-ir neurons retrogradely labeled from
MPOA were also retrogradely labeled from LC (Fig. 7A,C).
Conversely, 27.8% � 6.3% of prepro-HCRT-ir neurons ret-
rogradely labeled from LC were also retrogradely labeled

Fig. 5. Photomicrograph depicting a representative FG infusion
within MPOA. Shown is a relatively large FG infusion within the
medial aspects of MPOA that abuts the third ventricle. Note the
relatively well-demarcated border of the infusion with little diffusion
into adjacent regions. aco, Anterior commissure; int, internal capsule;
V3, third ventricle. Scale bar � 400 �m.
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from MPOA. In cases in which FG was infused within SI
and WGA into LC, 29.2% � 3.7% of prepro-HCRT-ir
neurons retrogradely labeled from SI were also retro-
gradely labeled from LC (Fig. 10A,C). Conversely, 25.3%
� 2.2% of prepro-HCRT-ir neurons retrogradely labeled
from LC were also retrogradely labeled from SI. For all
combinations of FG and WGA infusions, relatively low levels
of triple labeling were observed within the contralateral
hemisphere.

Dual immunofluorescence retrograde
labeling of HCRT neurons from two distinct

basal forebrain regions

To examine whether projections of individual HCRT
neurons collateralize to two distinct basal forebrain struc-

tures, 15 rats received infusions of both FG and CTb
within two of the three basal forebrain regions described
above (e.g., MS � MPOA, MS � SI, MPOA � SI). For any
given pair of regions, tracer infusions were counterbal-
anced such that each region received each tracer. The
following groups of animals were examined: 1a) FG in
MS � CTb in MPOA (n � 2); 1b) CTb in MS � FG in
MPOA (n � 2); 2a) FG in MS � CTb in SI (n � 2); 2b) CTb
in MS � FG in SI (n � 3); 3a) FG in MPOA � CTb in SI
(n � 3); and 3b) CTb in MPOA � FG in SI (n � 2). FG,
CTb, and prepro-HCRT-ir neurons were identified by us-
ing immunofluorescence techniques. Infusions of FG or
CTb within MS (n � 9), MPOA (n � 9), or SI (n � 10) were
placed consistently within the general regions described
above (see Figs. 2, 3, 5, 6, 8, 9 for examples).

Fig. 6. Schematic depiction of approximate FG infusions within
MPOA. Shown are locations of infusions within MPOA in six cases.
The dashed lines denote the general area demonstrated previously as
responsive to the wake-promoting actions of HCRT (España et al.,
2001). aco, Anterior commissure; BST, bed nucleus of the stria termi-

nalis; fx, fornix; LPO, lateral preoptic area; MPN, medial preoptic
nucleus; MPO, medial preoptic area; MS, medial septum; och, optic
chiasm; NDB, nucleus of the diagonal band; och, optic chiasm; SI,
substantia innominata; V3, third ventricle; VL, lateral ventricle.
Adapted from Swanson (1998).
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Immunofluorescent analyses demonstrated that, in all
regions examined, infusions of FG and CTb resulted in
retrograde labeling throughout the HCRT-rich lateral hy-
pothalamic region. In general, immunofluorescent stain-
ing of FG and CTb resulted in levels of retrograde labeling

comparable to those observed with immunoperoxidase
staining of FG. Nevertheless, in some cases examined,
slightly higher levels of retrograde labeling were observed
following CTb infusions compared with FG infusions (i.e.,
FG visualized either with immunoperoxidase or immuno-
fluorescent labeling) within the ipsilateral and contralat-
eral hemispheres. This difference in levels of retrograde
labeling might be due, in part, to the infusion procedures
used for each retrograde tracer (e.g., pressure vs. ionto-
phoresis; see Discussion). Finally, the number of prepro-
HCRT-ir neurons identified by using immunofluorescence
was comparable to that observed with immunoperoxidase
identification (data not shown).

To confirm that immunofluorescent techniques yielded
retrograde labeling of prepro-HCRT-ir neurons compara-
ble to that observed with immunoperoxidase-based proce-
dures, double-label immunofluorescence was conducted on
a subset of animals with moderate-sized to large (800–
1,000 �m diameter) infusions of FG and CTb (e.g.,
HCRT � either FG or CTb). Levels of retrograde labeling
of HCRT neurons obtained with immunofluorescent tech-
niques following infusion of FG and CTb into MS, MPOA,
and SI were comparable to those obtained using immuno-
peroxidase methods (compare Tables 1 and 2). Similarly to
the case with immunoperoxidase methods, the majority of

Fig. 8. Photomicrograph depicting a representative FG infusion
within SI. Shown is a relatively large FG infusion within SI located
immediately ventral to the anterior commissure and dorsal to the
magnocellular preoptic area. Note the relatively well-demarcated bor-
der of the infusion with little diffusion into adjacent regions. aco,
Anterior commissure; int, internal capsule. Scale bar � 400 �m.

Fig. 7. Photomicrographs depicting retrogradely labeled and
prepro-HCRT-ir neurons from one rat infused with FG in MPOA and
with WGA in LC. Shown are FG labeled (FG; blue), prepro-HCRT-ir
(HCRT; brown), and WGA labeled (WGA; black granules) within the
perifornical region of the lateral hypothalamus. Boxes with corre-
sponding letters in A indicate neurons displayed at higher magnifi-
cation in B and C. A: Photomicrograph depicting individual HCRT
neurons that project to MPOA (FG � HCRT), LC (WGA � HCRT), or
both MPOA and LC (TRIPLE) as well as non-HCRT neurons that
project to MPOA (FG). B,C: Photomicrographs of the same section as
in A. Scale bars � 50 �m in A; 20 �m in B,C.
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retrograde labeling within HCRT-ir neurons was observed
ipsilateral to the infusion site (Table 2).

Triple-label immunofluorescence was conducted in a
subset of animals to examine collateralization of HCRT
efferents to two distinct basal forebrain regions. These
studies indicated that, in cases in which infusions were
placed within both MS and MPOA, 29.0% � 5.6% of
prepro-HCRT-ir neurons retrogradely labeled from MS
were also retrogradely labeled from MPOA. Conversely,
23.0% � 3.3% of prepro-HCRT-ir neurons retrogradely
labeled from MPOA were also retrogradely labeled from
MS (Fig. 14, Table 3). In cases in which infusions were
placed within MS and SI, 25.5% � 3.3% of prepro-HCRT-ir
neurons retrogradely labeled from MS were also retro-
gradely labeled from SI (Fig. 14, Table 3). Conversely,
29.0% � 4.0% of prepro-HCRT-ir neurons retrogradely

labeled from SI were also retrogradely labeled from MS.
Finally, in cases in which infusions were placed within
MPOA and SI, 19.2% � 3.1% of prepro-HCRT-ir neurons
retrogradely labeled from MPOA were also retrogradely
labeled from SI. Conversely, 16.5% � 3.0% of prepro-
HCRT-ir neurons retrogradely labeled from SI were also
retrogradely labeled from MPOA. For all combinations of
FG and CTb infusions into these basal forebrain struc-
tures, relatively low levels of labeling were observed
within the contralateral hemisphere (Table 3).

DISCUSSION

Evidence suggests that the hypocretins modulate be-
havioral state via actions across multiple terminal fields.
Thus, HCRT-containing fibers and HCRT receptors are

Fig. 9. Schematic depiction of the approximate location of FG
infusions within SI. Shown are locations of FG infusion within SI in
six rats. aco, Anterior commissure; BST, bed nucleus of the stria
terminalis; int; internal capsule; LPO, lateral preoptic area; MA,

magnocellular preoptic area; MPO, medial preoptic area; NDB, nu-
cleus of the diagonal band; SI, substantia innominata; VL, lateral
ventrical. Adapted from Swanson (1998).
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located within a variety of arousal-related regions (Peyron
et al., 1998). Infusion of HCRT directly within a number of
basal forebrain and brainstem regions elicits increases in
time spent awake and behavioral activation (Bourgin et
al., 2000; Methippara et al., 2000; Thakkar et al., 2001;

España et al., 2001). Prior to the current study, little was
known regarding the anatomical organization of HCRT
efferents to these structures. This lack of information
regarding the basic organizational features of HCRT ef-
ferents across multiple HCRT terminal fields represented
a substantial deficiency in our understanding of the neu-
robiology of this neurotransmitter system.

To characterize better the anatomical organization of
HCRT efferents to basal forebrain and brainstem arousal-
related regions, the current studies utilized single- and
double-retrograde labeling of immunohistochemically
identified HCRT neurons. In these studies, unilateral in-
fusions of retrograde tracers were made into basal fore-
brain and brainstem regions previously demonstrated to
be sensitive to the behavioral-state-modulatory actions of
HCRT. It was observed that infusions of FG or CTb within
the basal forebrain regions, MS, MPOA and SI, resulted in
moderate labeling of HCRT-ir neurons ipsilaterally and
substantially less labeling contralaterally. Additionally,
these studies suggest the possibility of a slight preferen-
tial distribution of basal-forebrain-projecting HCRT neu-
rons within the medial portion of the HCRT cell group.

In contrast to the case with infusions into the basal
forebrain, infusions into LC (nucleus and pericoerulear
dendritic zones) resulted in considerably more labeling
bilaterally within HCRT neurons, albeit with an ipsilat-
eral bias (e.g., approximately 2:1 ipsilateral:contralat-
eral). Additionally, there appeared to be a stronger topo-
graphic organization of HCRT neurons that projected to
either LC proper or the rostromedial pericoerulear den-
dritic zone, with nearly two-thirds of these neurons lo-
cated within the dorsal half of the HCRT-ir group. Addi-
tionally, somewhat greater labeling was also observed
within the medial half of the HCRT-ir cell group. Compar-
ison of results obtained with WGA infusions into and
outside the region of LC, including within Barrington’s
nucleus and the central lateral parabrachial nucleus, sug-
gest the hypothesis that brainstem structures in general
may receive a greater proportion of HCRT input from the
contralateral hemisphere than do basal forebrain struc-
tures.

The current studies also examined the degree to which
individual HCRT neurons collateralize to target more
than one of these terminal fields. It was observed that a
substantial proportion of individual HCRT neurons that
project to one of the behavioral state-related terminal
fields examined in this study simultaneously projects to
other arousal-related regions. Consistent with the largely
ipsilateral nature of HCRT projections to the basal fore-
brain, HCRT neurons labeled simultaneously from both
the basal forebrain and the LC were observed primarily
within the ipsilateral HCRT cell group. A similar magni-

Fig. 10. Photomicrographs depicting retrogradely labeled and
HCRT-ir neurons from one rat infused with FG in SI and with WGA
in LC. Shown are FG labeled (FG; blue), HCRT-ir (HCRT; brown), and
WGA labeled (WGA; black granules) neurons within the perifornical
region of the lateral hypothalamus. Boxes with corresponding letters
in A indicate neurons displayed at higher magnification in B and C.
A: Photomicrograph depicting individual HCRT neurons that project
to SI (FG � HCRT), LC (WGA � HCRT), or both SI and LC (triple) as
well as non-HCRT neurons that project to SI (FG). B,C: Photomicro-
graphs of the same section as in A. Scale bars � 50 �m in A; 20 �m in
B,C.
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tude of collateralization of HCRT efferents to two distinct
basal forebrain regions (e.g., MS and MPOA) was also
observed.

Methodological considerations

Infusion volume is a critical variable in the use of ret-
rograde tracers (Ader et al., 1980). In the current study,
infusion volumes were used that resulted in diffusion of
tracer throughout a substantial portion of the targeted
region, while avoiding diffusion of tracer into adjacent
structures. The use of infusions of WGA, FG, or CTb that
did not entirely fill the targeted structure likely results in
an underestimation of the absolute number of HCRT neu-
rons projecting to a given structure. None of the retro-
grade tracer infusions filled more than one-half of any
given region, and most filled substantially less than this.
Thus, it is estimated that at least two to three times
higher levels of retrograde labeling of HCRT neurons
would have been observed had an entire terminal field
been filled with retrograde tracer. Prevention of diffusion
of tracer outside LC was of primary concern, given the

small size of the LC nucleus and the close proximity of this
nucleus to a variety of brainstem structures implicated in
the regulation of state and state-dependent processes. For
this reason, relatively small infusions of WGA were used
that resulted in highly restricted distribution of the tracer
in the rostrocaudal, mediolateral, and dorsoventral di-
mensions. Nevertheless, in a limited number of cases,
WGA infusions were observed outside of the LC region. In
general, these infusions resulted in diminished levels of
labeling within HCRT neurons relative to those obtained
with infusions into the LC nucleus and the LC dendritic
zone.

In the case of MS, MPOA, and SI, previous mapping
studies indicate wake-promoting actions of HCRT and
other neurotransmitters within these general regions of
the basal forebrain (Kumar et al., 1986; Mallick and Alam,
1992; Berridge and Foote, 1996; Berridge et al., 1996,
1999, 2003; Berridge and O’Neill, 2001; Thakkar et al.,
2001; España et al., 2001). As defined in previous studies,
these regions are relatively large and anatomically com-
plex. Thus, the region defined as MS and identified as

Fig. 11. Photomicrographs depicting representative WGA infu-
sions within LC. Shown are WGA infusions that filled approximately
30–90% of LC in four separate animals (A–D). Note the relatively

well-demarcated borders of the WGA infusions with little diffusion
into adjacent regions. MEV, mesencephalic nucleus of the trigeminal;
V4, fourth ventricle. Scale bars � 200 �m.
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being sensitive to the wake-promoting actions of HCRT
encompasses the medial septum, the vertical limb of the
diagonal band of Broca, the islands of Calleja, and rela-
tively small portions of LPO (Swanson, 1998). In the case
of wake-promoting actions of HCRT within MPOA, this

region encompasses the MPO; the medial, median, an-
terodorsal, and anteroventral preoptic nuclei; and the an-
teroventral periventricular nucleus of the hypothalamus
(Swanson, 1998). The current experiments were aimed at
a better of understanding the anatomical organization

Fig. 12. Schematic depictions of approximate WGA infusion loca-
tions within LC. Shown are representative infusion locations within
LC in 12 separate rats. B, Barrington’s nucleus; DTN; dorsal tegmen-
tal nucleus; gVIIn, genu of the facial nerve; LC, locus coeruleus; LDT;
laterodrosal tegmental nucleus; MEV, mesencephalic nucleus of the

trigeminal; NI, nucleus incertus; PB, parabrachial nucleus; scp, su-
perior cerebellar peduncle; SLC, subcoeruleus nucleus; SLD, sublat-
erodorsal nucleus; V4, fourth ventrical. Adapted from Swanson
(1998).
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underlying the wake-promoting actions of HCRT within
these general basal forebrain regions. As such, these stud-
ies utilized moderately large infusions that resulted in
distribution of retrograde tracer throughout a substantial
portion of a given region previously identified as being
sensitive to the wake-promoting actions of HCRT. It re-
mains for future studies, using more restricted tracer in-
fusions, to characterize HCRT efferents to individual sub-
nuclei contained within these general regions.

For FG infusions into MS, in some cases infusate might
have encroached on the medial portion of nucleus accum-
bens. However, in one case in which an FG infusion was
made directly into the nucleus accumbens (shell and core)
while avoiding more medial structures, including the me-
dial septum and NDB, low levels of retrograde labeling
were observed within HCRT neurons. Thus, it does not
appear that uptake of retrograde tracer from either shell

or core subregions of the nucleus accumbens contributes
substantially to the labeling of HCRT neurons observed
following infusions into MS. In the case of MPOA, all
infusions were concentrated within the medial portions of
this general region, with little diffusion into the bed nu-
cleus of the stria terminalis or LPO. Comparable patterns
and density of labeling were observed following infusions
into medial, lateral, dorsal, and ventral portions of MPOA.
Infusions that targeted SI were well contained within the
borders of this region and did not result in diffusion out-
side of the SI region. Nevertheless, in two cases, infusions
of FG were made within ventral portions of SI and re-
sulted in substantial diffusion of FG into the posterior
horizontal limb of the diagonal band of Broca and the
magnocellular preoptic nucleus. In these two cases, how-
ever, retrograde labeling within LH appeared to be indis-
tinguishable from that observed with infusions placed
more dorsally within SI. Despite the use of moderately
large infusions of FG and CTb, in no case did these infu-
sions completely fill any of the basal forebrain regions
previously defined as being sensitive to the wake-
promoting actions of HCRT. Thus, as mentioned above,
the current study most likely underestimates the absolute
number of HCRT neurons projecting to these regions.

An additional potential confound with retrograde trac-
ers is the possible uptake and transport by fibers of pas-
sage. Previous studies suggest that axonal uptake is un-
likely with WGA, insofar as injection of this tracer into
peripheral or central fiber tracts results in little or no
retrograde labeling (Menetrey, 1985; Basbaum and Men-
etrey, 1987). In contrast to WGA, it is generally accepted

Fig. 13. Schematic depictions of approximate WGA infusion loca-
tions within several pericoerulear regions. Shown are representative
infusion locations within the rostromedial pericoerulear zone, Bar-
rington’s nucleus, and the parabrachial nucleus. B, Barrington’s nu-
cleus; DTN; dorsal tegmental nucleus; LC, locus coeruleus; LDT;

laterodrosal tegmental nucleus; MEV, mesencephalic nucleus of the
trigeminal; NI, nucleus incertus; PB, parabrachial nucleus; scp, su-
perior cerebellar peduncle; SLC, subcoeruleus nucleus; SLD, sublat-
erodorsal nucleus; V4, fourth ventrical. Adapted from Swanson
(1998).

TABLE 2. Mean Number and Percentage of HCRT Neurons Retrogradely
Labeled with FG or CTb from Individual Basal Forebrain Regions1

Ipsilateral Contralateral

Mean Percentage Mean Percentage

MS (FG � HCRT) 5.8 � 1.2 7.1 � 1.4 1.1 � 0.5 1.2 � 0.6
MS (CTb � HCRT) 11.8 � 1.6 10.4 � 0.9 5.7 � 1.2 5.2 � 1.0
MPOA (FG � HCRT) 7.3 � 1.6 9.1 � 1.5 2.8 � 0.5 2.7 � 0.4
MPOA (CTb � HCRT) 7.0 � 0.9 8.2 � 1.5 2.3 � 0.4 2.8 � 0.6
SI (FG � HCRT) 6.6 � 0.9 6.1 � 0.8 1.0 � 0.3 0.9 � 0.3
SI (CTb � HCRT) 8.5 � 1.3 10.7 � 1.3 2.3 � 0.5 2.1 � 0.3

1Mean (�SEM) number and percentage (�SEM) of HCRT-ir neurons that were retro-
gradely labeled from individual basal forebrain regions (MS, MPOA, or SI) with FG
(FG � HCRT) or CTb (CTb � HCRT).
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that FG and CTb, as well as many other retrograde trac-
ers, can be taken up by fibers of passage, although this
appears to be minimal with iontophoretic application com-
pared with pressure injection (Pieribone and Aston-Jones,

1988). Thus, the slightly higher levels of retrograde label-
ing observed in the current studies with CTb pressure
ejection vs. FG iontophoretic ejection might in part reflect
variations in the degree to which these tracers were taken
up by fibers of passage. However, the fact that both qual-
itatively and quantitatively similar patterns of retrograde
labeling were observed with iontophoretic and pressure
ejection of tracers suggests that results obtained in the
present study accurately reflect the pattern of HCRT ef-
ferents to these basal forebrain regions.

Functional implications

HCRT-containing fibers and HCRT receptors are lo-
cated within a variety of basal forebrain and brainstem
regions, including, LC, MS, MPOA, and SI (Peyron et al.,
1998; Sakurai et al., 1998; Date et al., 1999; Nambu et al.,
1999; Taheri et al., 1999; Bourgin et al., 2000; Greco and
Shiromani, 2001; Marcus et al., 2001; Hervieu et al., 2001;
Backberg et al., 2002; Cluderay et al., 2002; Suzuki et al.,
2002). Each of these regions has been implicated in the

Fig. 14. Fluorescent photomicrographs depicting retrogradely la-
beled and HCRT-ir neurons from one rat infused with FG in MS and
with CTb in MPOA. Shown are photomicrographs depicting FG-
labeled (A; yellow/gold), HCRT-ir (B; red), and CTb-labeled (C; green)
neurons within the perifornical region of the lateral hypothalamus. D

is a composite of A–C, showing an HCRT-ir neuron that is retro-
gradely labeled from MPOA (CTb � HCRT) and an additional
HCRT-ir neuron retrogradely labeled from both MS and MPOA (tri-
ple). Arrows point to this triple-labeled neuron. Scale bars � 125 �m.

TABLE 3. Percentage of Basal-Forebrain-Projecting HCRT Neurons
Retrogradely Labeled from a Second Basal Forebrain Region1

Ipsilateral Contralateral

MS � MPOA 29.0 � 5.6 3.8 � 2.9
MPOA � MS 23.3 � 3.3 7.9 � 3.8
MS � SI 25.5 � 3.3 5.2 � 2.8
SI � MS 29.0 � 4.0 8.8 � 4.0
MPOA � SI 19.2 � 3.1 5.2 � 3.0
SI � MPOA 16.5 � 3.0 9.7 � 6.1

1Shown are the percentage (�SEM) of HCRT neurons that project to one basal fore-
brain region (MS, MPOA, or SI) that are also retrogradely labeled from a second basal
forebrain region (�MS, �MPOA, �SI; see Results). Percentage collateralization is
expressed relative to each structure for any give pair of structures. For example, in the
case of infusion of tracers into MS and MPOA, the percentage of MS-projecting neurons
also projecting to MPOA (MS � MPOA) and the percentage of MPOA-projecting
neurons also projecting to MS (MPOA � MS) are presented.
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regulation of behavioral state and state-dependent pro-
cesses (Hobson et al., 1975; Foote et al., 1980; Kumar et
al., 1986; Buzsaki et al., 1988; Metherate et al., 1992;
Mallick and Alam, 1992; Berridge and Foote, 1996; Ber-
ridge and O’Neill, 2001). Infusion of HCRT-1 directly into
each of these regions elicits robust increases in waking
and reductions in slow-wave and rapid-eye-movement
(REM) sleep (Bourgin et al., 2000; Thakkar et al., 2001;
España et al., 2001). These changes in sleep-wake state
are accompanied by alterations in a variety of state-
dependent behavioral activities (España et al., 2001).

A question raised by these observations is the degree to
which the activity of HCRT efferents across terminal
fields is independently regulated. One possibility is that
the actions of HCRT on arousal state and/or state-
dependent processes involve the simultaneous activation
of HCRT efferents to diverse brainstem and basal fore-
brain structures involved in the regulation of state and
state-dependent processes. Alternatively, HCRT neurons
that project to specific terminal fields might be differen-
tially activated/regulated, depending on physiological and
environmental conditions. A distinct topographic organi-
zation of HCRT neurons with respect to terminal field
projections might suggest segregated input to subpopula-
tions of HCRT neurons and the differential regulation of
HCRT efferents across multiple terminal fields. In the
current studies, basal-forebrain-projecting HCRT neurons
did not display a strong topographic organization. This
could suggest that HCRT neurons that project to distinct
basal forebrain terminal fields are not differentially reg-
ulated. This conclusion is consistent with the observation
that a large percentage of basal-forebrain-projecting
HCRT neurons target more than one basal forebrain ter-
minal field. In contrast to the basal forebrain, a stronger
topographic organization of LC-projecting HCRT neurons
was observed, with approximately two-thirds of these neu-
rons located within the dorsal half of the HCRT cell group.
Thus, it is possible that, under certain conditions, LC-
projecting HCRT neurons may be differentially regulated
relative to basal-forebrain-projecting HCRT neurons.
Nonetheless, among individual LC-projecting HCRT neu-
rons, a large percentage simultaneously projects to a basal
forebrain structure. It will be of interest for future studies
to determine the degree to which afferent input to the
HCRT group displays a similar topographic organization.

Combined, these observations suggest that the organi-
zation of the HCRT efferent system results in the coordi-
nated (e.g., simultaneous) actions of HCRT across multi-
ple anatomically distinct, yet functionally related, basal
forebrain and brainstem terminal fields. Of course, the
terminal fields examined in the current study support a
diversity of distinct, nonoverlapping functions. Thus, the
collateralization of HCRT efferents to these regions re-
flects coordinated actions of HCRT across functionally dis-
tinct terminal fields. Nonetheless, these four terminal
fields share the ability to modulate sleep-wake state when
individually manipulated by a variety of pharmacological
treatments. To date, all studies examining the potential
role of HCRT within these basal forebrain and brainstem
regions have examined the sleep-wake effects of HCRT
infusion into one terminal field only. A critical question for
future studies is what are the quantitative and qualitative
behavioral modulatory actions of HCRT when simulta-
neously applied to two or more of these terminal fields.

HCRT efferents to basal forebrain regions are largely
ipsilateral. This could suggest hemisphere-dependent ac-
tions of HCRT that could be differentially regulated. In
contrast to what is observed with basal forebrain effer-
ents, HCRT projections to LC and other dorsal pontine
structures are more bilateral in nature. It is interesting
that this pattern of predominantly ipsilateral projections
to forebrain and bilateral projections to brainstem is sim-
ilar to that observed with LC, another ascending modula-
tory transmitter system implicated in the regulation of
behavioral state (Waterhouse et al., 1983; Simpson et al.,
1997).

The current studies limited examination of HCRT effer-
ent projections to a subset of HCRT terminal fields previ-
ously demonstrated to participate in HCRT-induced alter-
ations in behavioral state (España et al., 2001). It remains
for future studies to characterize HCRT efferent projec-
tions to other arousal-related and nonarousal-related
HCRT terminal fields. In addition to MPOA, a variety of
hypothalamic structures have been implicated in the reg-
ulation of behavioral state (Sallanon et al., 1987; Sherin et
al., 1996; Lu et al., 2000, 2002). It will be of particular
interest to characterize better the behavioral state modu-
latory actions of HCRT within these structures and to
characterize the HCRT efferent system to these regions.
Finally, HCRT projects widely throughout the brain, tar-
geting a variety of structures implicated in a variety of
behavioral processes. Thus, it will be important to com-
pare the organization of HCRT efferents to arousal-
related and arousal-independent structures.

In summary, the present studies demonstrate that
HCRT efferents to individual basal forebrain regions arise
primarily from neurons located within the ipsilateral
HCRT cell group. In contrast, HCRT neurons that project
to LC appear to project in a bilateral manner, albeit with
an ipsilateral bias. Additionally, LC-projecting HCRT
neurons appear to be distributed preferentially within the
dorsal HCRT group. Finally, individual HCRT neurons
simultaneously target multiple basal forebrain/brainstem
structures involved in HCRT-induced increases in waking
and behavioral activity. Together these observations sug-
gest a broadly projecting efferent system, which ensures
coordinated actions across functionally related terminal
fields.
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